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RESUMO

A Serrania de San Lucas (SSL) é o extremo mais setentrional da Cordilheira Central
Colombiana e ¢ considerada como parte do Terreno Chibcha, caracterizado por rochas de
meio a alto grau do Mesoproterozoico Superior-Neoproterozdico Inferior. Na parte norte da
SSL aflora um conjunto de rochas composto por granito-gnaisse e rochas metamaficas que
incluem metamonzogabro, anfibolito e granulito retrogradados, intrudidos por um batdlito
granodioritico. Altos teores de elementos traco incompativeis permitem classificar as rochas
graniticas gnaissicas na categoria tipo A, enquanto que os padrdes nos diagramas multi-
elementos indicam uma afinidade com OIB para as rochas metamaficas. No entanto, essas
mesmas feigdes geoquimicas e valores do indice de saturagdo de aluminio e a razdo
MgO/TiO, no granito-gnaisse sugerem a presenca de materiais relacionados a arco e/ou
sedimentares na fonte que deu origem aos magmas precursores das rochas félsicas e
maficas. Levando em conta essas caracteristicas e alguns outros exemplos da literatura,
estas rochas podem ser relacionadas a um contexto tectonico pds-colisional, tendo sido
geradas a partir de magmas com influéncia de materiais de arco e/ou orogénicos. Analises
de U-Pb em zircao sugerem idades de cristalizagdo entre 1.54 ¢ 1.50 Ga para os protolitos
do granito-gnaisse € o metamonzogabro. Adicionalmente, valores de eng(T) entre +2.3 e
+4.7 e razdes iniciais *’Sr/**Sr entre 0.7020 e 0.7037 (este ultimo sendo o caso das rochas
metamaficas) sugerem uma origem mantélica para os dois tipos de rochas, as quais possuem
um carater esencialmente juvenil como indicado por valores de Tpy entre 1.5 ¢ 1.7 Ga.
Uma correlagdo geoquimica e geocronologica entre as rochas graniticas estudadas e a Suite
Granitica tipo A do Rio Uaupés (~1.52 Ga) na Provincia Rio Negro do Craton Amazonico
pode ser estabelecida, o que permite inferir um transporte desde o sul para o Terreno
Chibcha como indicado por modelos anteriores. Bordas metamorficas em zircdes do
granito-gnaisse € 0 metamonzogabro apresentaram idades entre 1180 e 930 Ma consistentes
com idades de terrenos metamorficos relacionados no Equador, Venezuela, Peru, México e
América Central. Esses terrenos sdo considerados como parte da margem noroeste de
Amazbénia durante a sua colisio com Baltica no contexto da Orogenia

Grenvilliana/Sveconorueguesa relacionada a conformagao final de Rodinia.

Palavras chave: Serrania de San Lucas; Granito Tipo A; Granito Pds-colisional; Rochas
Maficas Transicionais; Mesoproterozoico Inferior; Amazonia; Orogenia

Grenvilliana/Sveconorueguesa; Terreno Chibcha.



ABSTRACT

The San Lucas Range (SLR) makes up the northernmost end of the Colombian
Central Cordillera and is regarded as a part of the Chibcha Terrane, which is characterized
by medium- to high-grade Upper Mesoproterozoic-Lower Neoproterozoic rocks. To the
north of the SLR, outcrops of granite-gneiss and metamafic rocks including retrograded
metamonzogabbro, amphibolite and granulite can be found, all those units being intruded
by a granodioritic batholith. High amounts of incompatible trace elements allow classifying
the granite-gneissic rocks into the A-type category, while the multi-element diagram
patterns of the metamafic rocks indicate an affinity with OIB. However, the same
geochemical proxies and values of the aluminum saturation index and MgO/TiO, ratios in
the granite-gneiss suggest the presence of arc-related/sedimentary materials within the
source from which the precursor magmas of both the felsic and mafic rocks were originated.
Taking into account these features and some other examples within the literature, these
rocks might be related to a post-collisional context, having been generated from magmas
influenced by arc-related and/or orogenic components. U-Pb zircon geochronology suggests
crystallization ages between 1.54 and 1.50 Ga for the protoliths of the granite-gneiss and the
metamonzogabbro. Furthermore, values of eng(T) between +2.3 and +4.7 and 87Sr/80Sr
initial ratios from 0.7020 to 0.7037 (the latter being the case of the metamafic rocks)
suggest a mantle origin for both rock types, which display an essentially juvenile nature as
indicated by values of Tpy between 1.5 and 1.7 Ga. A geochemical and geochronological
correlation between the studied granitic rocks and the A-type Rio Uaupés Granitic Suite
(~1.52 Ga) in the Rio Negro Province of the Amazonian Craton can be established, thus
constraining a provenance from southern latitudes for the Chibcha Terrane as stated by
earlier models. Metamorphic rims of zircons from both the granite-gneiss and the
metamonzogabro yielded ages between 1180 and 930 Ma, which are consistent with ages of
related metamorphic terranes in Ecuador, Venezuela, Pert, México and Middle America.
These terranes are regarded as part of the northwestern border of Amazonia during its
collision with Baltica in the context of the Grenvillian/Sveconorwegian Orogeny related to

the final assembly of Rodinia.

Keywords: San Lucas Range; A-type Granite; Post-collisional Granite; Transitional Mafic
Rocks; Early Mesoproterozoic; Amazonia; Grenvillian/Sveconorwegian orogeny; Chibcha

Terrane.



RESUMEN

La Serrania de San Lucas (SSL) constituye el extremo mas septentrional de la
Cordillera Central Colombiana y es considerada como parte del Terreno Chibcha,
caracterizado por rocas de medio a alto grado del Mesoproterozoico Superior-
Neoproterozoico Inferior. En la parte norte de la SSL aflora un conjunto de rocas
compuesto por gneiss granitico y rocas metamaficas incluyendo metamonzogabro,
anfibolita y granulita retrogradadas, intruidas por un batolito granodioritico. Altos
contenidos de elementos traza incompatibles permiten clasificar las rocas graniticas dentro
de la categoria tipo A, mientras que los patrones de diagramas multiclementos indican una
afinidad con OIB para las rocas metamaficas. No obstante, esas mismas caracteristicas
geoquimicas y valores del indice de saturacion de aluminio y la razén MgO/TiO; en el
gneiss granitico sugieren la presencia de materiales de arco y/o sedimentarios en la fuente
que did origen a los magmas precursores de las rocas félsicas y maficas. Teniendo en cuenta
esas caracteristicas y algunos ejemplos de la literatura, estas rocas pueden ser relacionadas a
un contexto tectonico post-colisional, habiendo sido generadas a partir de magmas con
influencia de componentes de arco y/o orogénicos. Analisis de U-Pb en zircon sugieren
edades de cristalizacion entre 1.54 y 1.50 Ga para los protolitos del gneiss granitico y el
metamonzogabro. Adicionalmente, valores de exg(T) entre +2.3 y +4.7 y razones iniciales
¥S1/*°Sr entre 0.7020 y 0.7037 (siendo este wltimo el caso de las rocas metamaficas)
sugieren un origen mantélico para ambos tipos de rocas, las cuales poseen un caracter
esencialmente juvenil segiin valores de Tpy entre 1.5 y 1.7 Ga. Una correlacion geoquimica
y geocronologica entre las rocas graniticas estudiadas y la Suite Granitica tipo A del Rio
Uaupés (~1.52 Ga) en la Provincia Rio Negro del Craton Amazonico puede ser establecida,
lo que permite inferir un transporte desde el sur para el Terreno Chibcha como habia sido ya
indicado por modelos anteriores. Bordes metamorficos en zircones del gneiss granitico y el
metamonzogabro proporcionaron edades entre 1180 y 930 Ma, las cuales son consistentes
con edades de terrenos metamorficos relacionados en Ecuador, Venezuela, Pertu, México y
Centroamérica. Estos terrenos son considerados como parte de la margen noroeste de
Amazonia durante su colision con Baltica en el contexto de la Orogenia

Grenvilliana/Sveconoruega relacionada a la conformacion final de Rodinia.

Palabras clave: Serrania de San Lucas; Granito Tipo A; Granito Post-colisional; Rocas
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CAPITULO 1: INTRODUCAO

1.1.  APRESENTACAO

A serrania de San Lucas (SSL) localiza-se no extremo mais setentrional da
Cordilheira Central da Colombia, no limite entre os vales médio ¢ inferior do rio
Magdalena, na margem oeste do mesmo. A SSL tem sido reconhecida por habitantes
locais e algumas empresas de mineragao nacionais € internacionais como um importante
prospecto de mineralizagdes de ouro e prata, com as primeiras ocorrendo tanto na forma
de veios hidrotermais quanto em depositos aluviais. Também ¢ um dos lugares chave
onde o embasamento do Terreno Chibcha pode ser observado diretamente (Restrepo &
Toussaint, 1988; Toussaint & Restrepo, 1996; Ordonez-Carmona et al., 2006). Apesar
da sua importancia econdmica e geocientifica, a SSL ¢ ainda uma 4area virtualmente
inexplorada carente de estudos geologicos detalhados, exceto por alguns trabalhos
recentes conduzidos por universidades colombianas que tratam temas relacionados com
petrografia, geologia estrutural, geoquimica e aspectos relacionados ao minério. Parte
da cartografia geoldgica bésica também tem sido melhorada recentemente pelo Servigo
Geologico Colombiano (INGEOMINAS). A caréncia geral de conhecimento geologico
detalhado ¢ devida a auséncia de infraestrutura civil apropriada que facilite o acesso e a
sua instavel situagdo de seguranca gerada a partir dos conflitos sociais que ainda

existem na regido.

Como exemplo, ¢ conhecido que a unidade denominada Gnaisse de San Lucas
esta longe de ser litologicamente homogénea visto que agrupa varios tipos de rochas
metamorficas com diferentes protolitos (e.g., Feininger ef al., 1973). Porém, esse carater
heterogéneo ainda ndo foi expresso cartograficamente e a unidade ¢ atualmente
mapeada como uma unica entidade s6 ao longo de toda sua extensdo. Outro exemplo do
escasso conhecimento geologico da regido tem a ver com a natureza e origem das suas
mineralizagdes de ouro, para as quais uma classificagdo clara e um modelo

metalogenético quantitativo e robusto ainda ndo foram propostos.

Este trabalho, embora ndo dirigido a resolver todos os problemas e incognitas
relacionadas com a geologia da SSL, constitui uma contribui¢do para o entendimento da
geologia e o arcabougo geodinamico da regido, especialmente da sua parte setentrional

abrangendo o sul do departamento de Bolivar.
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Figura 1 — A area de estudo encontra-se localizada no extremo norte da SSL (retangulo vermelho). A
SSL constitui o extremo mais setentrional da Cordilheira Central Colombiana. As linhas amarelas
indicam os limites departamentais. Informagdo geografica e topografica tomada de
www.naturalearthdata.com e srtm.csi.cgiar.org.

1.2. LOCALIZACAO E ACESSO

A area de estudo encontra-se localizada na Colombia, no sul do departamento de
Bolivar, em jurisdi¢do do corregimento de Pueblito Mejia, ~30 km a sul da zona urbana
do municipio de Barranco de Loba (figura 1). Essa regido constitui a parte norte da SSL,
a qual por sua vez ¢ a porcao mais setentrional da Cordilheira Central Colombiana.
Trata-se de uma zona relativamente isolada, de dificil acesso e com estradas em ma
condicdo. O acesso desde as principais cidades pode ser conseguido tomando a rodovia
principal do Magdalena Meio seguindo a rota Bogot4d (ou Medellin)-Barrancabermeja-
Aguachica-Pailitas. Em Pailitas, pode continuar-se de carro pela estrada que leva até El

Banco, e neste ultimo lugar o rio Magdalena ¢ cruzado de lancha até chegar ao



http://www.naturalearthdata.com/
http://srtm.csi.cgiar.org/

1.3. Justificativa e objetivos do trabalho

municipio de Barranco de Loba desde onde se pode chegar por estrada de terra até
Pueblito Mejia. Alternativamente, apds passar em Aguachica na rodovia do Magdalena
Meio, toma-se o desvio que leva até o povoado de Regidor, lugar no qual o rio
Magdalena ¢ cruzado de lancha ou de balsa para depois tomar uma estrada de terra que

leva diretamente até Pueblito Mejia.

1.3. JUSTIFICATIVA E OBJETIVOS DO TRABALHO

O presente trabalho foi desenvolvido com o interesse de comecar a preencher os
vazios que existem no conhecimento geoldgico do extremo setentrional da Cordilheira
Central Colombiana. Tradicionalmente, os estudos realizados na regido durante a
segunda metade do século XX ndo conseguiam acrescentar o conhecimento geoldgico
além das descrigdes petrograficas e estratigraficas das unidades que afloram na SSL,
deixando sempre de lado as consideracdes relacionadas com as suas origens e contextos
geodinamicos de geragdao. Nos anos 90 e na primeira década do século XXI comegaram
aparecer os primeiros modelos tectonicos modernos para os Andes Colombianos que
indicaram a importancia da orogenia Grenvilliana na sua evolugdo geoldgica (e.g.,
Toussaint & Restrepo, 1996; Restrepo-Pace et al., 1997; Ordonez-Carmona et al., 1999,
2002b, 2006; Cordani et al., 2005; Cardona et al., 2010a). Este foi um grande avanco,
visto que conseguiu articular geologicamente essa parte dos Andes Colombianos junto
com o resto da cadeia Andina para a qual foi reconhecida a presenca de assinaturas
Grenvillianas nos blocos que constituem o seu embasamento (Fuck et al., 2008; Ramos,
2009, 2010). Porém, atualmente ¢ dificil enxergar mais para |4 da histéria
Neoproterozodica Grenvilliana das Cordilheiras Colombianas, e este trabalho ¢ uma das
primeiras tentativas de estabelecer a origem de algumas das unidades que conformam o
seu embasamento, € que tém as suas raizes no Mesoproterozoico. Esse novo
conhecimento vai contribuir para o refinamento dos atuais modelos de evolugdo

paleocontinental pré-gondwanica.

Por outro lado, a SSL ¢ uma regido onde tradicionalmente tem sido reconhecida a
presenca de mineralizagdes de ouro de alto teor, sendo que o conhecimento da geologia
basica da zona constitui o primeiro passo para encaminhar futuros estudos de pesquisa
mineral que permitam identificar e desenvolver projetos de minera¢do que tragam um

avanco econdmico para a regiao e para o pais.
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Entre os objetivos da pesquisa foi contemplado: 1) fazer uma cartografia
geologica a escala de detalhe (1:25000) de uma pequena area do distrito mineiro de
Barranco de Loba, especificamente no distrito de Pueblito Mejia; 2) determinar o
ambiente tectonico de formagdo das unidades do embasamento, baseado em andlises
quimicas de elementos maiores, menores € traco e de geoquimica isotopica; e 3) obter
idades absolutas por meio de andlises geocronoldgicas para essas unidades e formular
modelos conceituais da origem e evolucao geologica para a parte setentrional dos Andes

Colombianos.

Os resultados do trabalho sdo apresentados na forma de artigo, que constitui o
capitulo 4 e serd submetido ao Journal of South American Earth Sciences. Atendendo as
normas do programa de Pds-Graduacao em Geologia, para dissertagdes na forma de
artigo em inglés, sdo apresentados, em portugués, os capitulos de Introdugdo, Materiais
e Métodos e Geologia Regional e um capitulo final com as principais conclusdes do

trabalho.




CAPITULO 2: CONTEXTO GEOLOGICO REGIONAL

2.1. CONTEXTO ANDINO

A cadeia Andina ¢ um dos principais sistemas de montanhas do mundo,
estendendo-se por mais de 8000 km ao longo da margem Pacifica da América do Sul
desde Terra do Fogo (Chile e Argentina) até o norte da Coldmbia e a Venezuela. Esta
faixa ¢ considerada o sistema orogénico gerado pela subduccao de crosta oceanica sob
uma placa continental mais representativo no presente (Aleman & Ramos, 2000).
Gansser (1973) foi pioneiro na subdivisdo da cadeia Andina nos segmentos Norte,
Central e Sul (figura 2), os quais sdo diferenciados na base de critérios fisiograficos,
litologicos, estruturais, tectonicos, vulcanologicos e sismicos. Atualmente, ¢
reconhecido que os Andes estdo longe de serem gerados por um processo orogénico
simples, e que pelo contrario sdo o resultado de uma complexa interacdo entre varios
fendmenos que incluem colisdo, acrecdo, erosdo, extensao, sedimentagao, subduccao,

magmatismo e metamorfismo.

Os Andes do norte, assim como o resto da cadeia, evoluiram comecando pela
acre¢do de fragmentos continentais e terrenos a placa sul americana desde o
Neoproterozoico, com a grande maioria desses blocos possuindo uma importante
assinatura geocronoldgica Grenvilliana (Fuck et al., 2008; Ramos, 2009, 2010). A partir
do Mesozoico, esta parte do Andes tem sido caracterizada por eventos metamorficos de
baixa temperatura/alta pressdo, acre¢do e obduccdo de terrenos oceanicos Cretaceos e
Paledgenos (Aleman & Ramos, 2000) como resultado de interagdes com as placas do
Caribe e Nazca, gerando uma complexa configuracao tectonica que tem influenciado
importantes caracteristicas tais como vulcanismo e sismicidade (figura 3). Isto ¢
expresso por exemplo na terminacdo da cadeia vulcanica ativa a latitude 4.9°N e na
concentracdo de hipocentros de tremores profundos nos “ninhos” de Cauca e
Bucaramanga nas cordilheiras Colombianas. O primeiro deles € associado a auséncia de
subduccdo profunda da microplaca de Coiba causada pelo bloqueio da trincheira sob o
segmento Andino setentrional da Colombia, enquanto que o segundo ¢ associado com
quebramento transversal ao mergulho dos segmentos subducidos das placas de Coiba e
Caribe (Corredor, 2003; Cortés & Angelier, 2005), embora a colisdo entre eles em
profundidade também poderia gerar o agrupamento dos sismos observado no ninho de

Bucaramanga (Zarifi et al., 2007). Adicionalmente, a configuracdo dos esforcos e as
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Figura 2 — Principais fei¢cdes ¢ subdivisdes da cadeia Andina. Modificado de Ramos (2009). Informagio
geografica tomada de www.naturalearthdata.com.

dire¢des de movimento dos blocos litosféricos desta regido que resultam a partir das
interacdes ja mencionadas, tém sido traduzidos num trend geral NNE dos principais
sistemas de falhas regionais, as quais mostram importantes componentes transcorrentes

de movimento. Sistemas de falhas com orientagbes NW ¢ ENE também
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existem nos Andes Colombianos, o primeiro deles consistindo em estruturas
extensionais pré-Cretaceas reativadas enquanto que o segundo representa estruturas
dextrais que resultaram da convergéncia obliqua entre a placa de Nazca e os Andes do
Norte (Acosta et al., 2007). O movimento geral em dire¢do NE desta parte dos Andes
causado por aquela convergéncia foi responsavel pelo comeco da zona de subducc¢ao do

Caribe durante o final do Nedgeno (Ramos, 2009).

2.2. SINTESE DA GEOLOGIA DA COLOMBIA

A historia geoldgica e tectonica da Colombia ¢ caracterizada dentro do contexto

de acrecdo de terrenos aldctones mencionado anteriormente. Os primeiros modelos
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abrangentes propostos nesse sentido foram aqueles de INGEOMINAS (1983), McCourt
et al. (1984) e Restrepo & Toussaint (1988). Este ultimo teve refinamentos posteriores
(Toussaint & Restrepo, 1994; 1996) seguindo o conceito de terrenos “suspeitos”
sintetizado anteriormente por Coney et al. (1980), Jones et al. (1983) e Schermer et al.
(1984). Segundo Toussaint & Restrepo (1988; 1994; 1996), a por¢do ocidental do
territorio Colombiano consiste em um mosaico de blocos litosféricos que foram
acrecionados sucessivamente a margem noroeste do Craton Amazdnico desde o

Neoproterozodico (figura 4). A seguir € apresentado um resumo da constituicdo

—
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geologica e historia acreciondria de cada terreno com énfase no Terreno Chibcha, onde

a SSL ¢ englobada. Para referéncias geologicas e geograficas confira a figura 5.

A parte mais oriental da Coldombia encontra-se composta por um "bloco
autoctone", que segundo Toussaint & Restrepo (1994; 1996) corresponderia a porgao
noroeste do Craton Amazonico coberta quase totalmente por rochas sedimentares do
Paleozoico Inferior, Mesozoico e Cenozodico. Os principais afloramentos localizam-se
proximos as fronteiras com o Brasil e a Venezuela, definindo a unidade denominada
Complexo Migmatitico de Mita, composto por biotita-gnaisses ¢ migmatitos intrudidos
pelo Granito Rapakivi de Parguaza. Essas unidades teriam sido o resultado de eventos
tectono-magmaticos ocorridos entre 1.56 e 1.45 Ga que retrabalharam rochas mais
antigas do Craton, com idades entre 1.78 ¢ 1.85 Ga (Priem ef al., 1982; Gaudette et al.,
1978). Observagoes similares foram reportadas por Ibanez-Mejia et al. (2011), que
descreveram sienogranitos de 1.71-1.77 Ga na regido de Araracuara e biotita-anfibolio
granitos de 1.53-1.59 Ga da regido dos rios Vaupés e Apoporis na Amazdnia
Colombiana. Unidades vulcanicas, sedimentares e intrusivas mais recentes do
Mesoproterozoico, Neoproterozdico e Paleozodico tém sido descritas também na regido

(cf., Priem et al., 1982; Huguett et al., 1979; Pinson et al., 1962).

O Terreno Andaqui encontra-se representado pelas unidades que afloram no
Macico de Garzén e na Serrania de La Macarena, e que consistem em paragnaisses,
migmatitos, granulitos maficos e félsicos, rochas ultramaficas e calci-silicaticas,
ortognaisses, mica-xistos e anfibolitos (Trumpy, 1943; Kroonenberg, 1982b; Jiménez-
Mejia et al., 2006). Idades de cristalizacdo ignea e metamorfismo destas rochas variam
entre 1280 e 900 Ma, com idades de componentes herdados e Tpy Nd entre 1450 e
1970 Ma (Priem et al., 1989; Restrepo-Pace et al., 1997; Cordani et al., 2005; Ibafez-
Mejia et al., 2011). Para este terreno, Ibafiez-Mejia et al. (2011) propuseram
recentemente um modelo tectonico no qual uma faixa Meso- a Neoproterozodica (o
Orégeno de Putumayo) evoluiu comecando pelo desenvolvimento de um arco
pericratonico fora da margem de Amazonia entre 1.3 e 1.1 Ga, onde os protdlitos das
unidades metaigneas e metasedimentares deste terreno e outros similares no México
teriam sido formados. Posteriormente, um metamorfismo de facies anfibolito e
migmatizacdo destas rochas teriam acontecido entre 1.05 e 1.01 Ga gerados como

resultado da acre¢ao desses
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Regido da Orinoquia (RO), Regido Amazdnica (RA). Modificado de INGEOMINAS (2007).

10

—
—



2.2. Sintese da Geologia da Colombia

terrenos paraautoctones de arco a borda continental do Craton Amazonico (evento que
marca a acre¢do do Terreno Andaqui). Por fim, um metamorfismo de facies granulito de
ca. 990 Ma teria ocorrido como consequéncia da colisdo continental com a provincia

sueco-norueguesa de Baltica durante a constituicao final de Rodinia.

O Terreno Tahami ¢ um bloco litosférico limitado a leste pela Falha Otu-Pericos e a
oeste pela Falha San Jerénimo que constitui a parte intermediaria-norte da Cordilheira
Central Colombiana. Este terreno estd composto por xistos de baixo a meio grau,
anfibolitos, marmores, gnaisses, granulitos ¢ migmatitos de metamorfismo de baixa
pressdo intrudidos por platons principalmente acidos, tanto sintectonicos quanto post-
tectonicos (Gonzalez, 2001; Vinasco et al., 2006). Idades permianas tém sido
determinadas para os protolitos dos platons sintectonicos, enquanto que o posterior
metamorfismo destas rochas e das suas encaixantes paraderivadas estd em torno de 250-
220 Ma, com os plutons mais jovens mostrando pouca ou nenhuma fabrica
deformacional (Vinasco et al., 2006; Restrepo et al., 2011). Um segundo grupo de
plutons ndo deformados ¢ representado por grandes volumes de granodioritos e tonalitos
com fases monzograniticas e maficas subordinadas. Estes corpos definem um
expressivo cinturdo magmatico composto por duas faixas com idades de 130-107 Ma e
98-58 Ma (Gonzalez, 2001; Correa et al., 2006; Ordonez-Carmona et al., 2008a; 2011;
Leal-Mejia et al., 2010; Bayona et al., 2012). Na parte noroeste da Cordilheira Central
existem rochas metasedimentares de facies anfibolito a granulito intrudidas por tonalitos
nao deformados. Este conjunto ¢ separado do resto do Terreno Tahami pela Falha
Espiritu Santo e possui idades de ~300 Ma para as rochas metamorficas e ~250 Ma para
os tonalitos. Baseado nestas idades e dados de geoquimica isotopica de Nd, Ordoniez-
Carmona & Pimentel (2002a) propuseram que este conjunto representa um bloco
independente do terreno Tahami para o qual deram o nome de Terreno Panzenu. A
continuagdo para NNE deste terreno parece estar coberta pelos sedimentos Cenozdicos
da Chapada Caribe, nas areas marcadas como "Tahami Incerto" da figura 4. Dados
geocronologicos de U-Pb de testemunhos do embasamento apresentados por Montes et
al. (2010) naquela regido parecem confirmar esta ultima hipdtese. Por outro lado, a
oeste da parte norte da Cordilheira Central afloram xistos e anfibolitos de
metamorfismo de média pressdo com idades entre 400 e 360 Ma (Restrepo et al.,
2008b; Restrepo et al., 1991) intrudidos por plitons graniticos metamorfizados com

idade proxima a 390 Ma (Restrepo et al., 1991; Vinasco et al., 2007). Segundo Restrepo
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et al. (2008b) estas caracteristicas indicariam que aquele grupo de rochas constitui um
terreno independente o qual denominaram Terreno Anacona. Adicionalmente, para
norte deste ultimo terreno, perto da cidade de Medellin, afloram anfibolitos e dunitos
serpentinizados que, com base em petrografia, litogeoquimica e geocronologia foram
interpretados como parte de um complexo ofiolitico de zona de supra-subduccdo que
poderia ter sido gerado no Tridssico para depois ser obductado no continente entre o
Triassico Tardio e o Cretaceo (Correa et al., 2005; Restrepo, 2008a). Dados
geocronologicos dessas unidades indicam perturbagdes termais causadas pela obducgao
sobre o Terreno Tahami (Restrepo et al., 2008a). Este terreno teria sido amalgamado
junto com o Terreno Calima durante o inicio do Cretaceo antes de ser acrecionado ao
Terreno Chibcha durante o Cretdceo Tardio (Toussaint & Restrepo, 1996). Porém,
dados geocronologicos de Kerr ef al. (1997) de rochas do Terreno Calima restringiriam

o momento de amalgamacao entre este Gltimo terreno e o Tahami ao Cretaceo Tardio.

Na regido entre os terrenos Calima e Tahami existe uma faixa com trend NNE-
SSW contida entre as falhas San Jeronimo e Cali-Patia caracterizada pela presenca de
varios blocos autdctones e paraautdctones de diversas naturezas e mostrando complexas
relagdes estruturais entre eles. Estes blocos, os quais representam fragmentos
litosféricos que existiam entre os terrenos Calima e Tahami e que ficaram presos entre
eles apOs a sua amalgamacdo, consistem em rochas maficas, ultramaficas e vulcano-
sedimentares do Cretaiceo geradas num ambiente oceanico com caracteristicas
relacionadas a subduccdo e platos (e.g., Nivia et al., 2006; Kerr et al., 1997; Moreno-
Sanchez & Pardo-Trujillo, 2002). Também existem nessa area unidades gabrodicas e
ultramaéficas isoladas (Gonzélez, 2001), rochas metamorficas de meia a alta pressao com
protoélitos vulcano-sedimentares e de tipo MORB (Restrepo et al., 2008b; Bustamante &
Juliani, 2011; Villagobmez et al., 2011), blocos continentais retrabalhados, granitoides
do Cretaceo Tardio (os quais intruem as unidades anteriores) e rochas vulcano-clasticas

e sedimentares do Cenozodico (Gonzélez, 2001).

O Terreno Calima ¢ composto quase exclusivamente por rochas de afinidade
oceanica, principalmente basaltos, tanto maci¢os quanto em pillow, gabros isotropicos e
acamadados, noritos, olivina-noritos, gabro-noritos, dunitos, clinopiroxenitos, tufitos,
folhelhos, calcarios, grauvacas e cherts do Cretaceo Superior. Em alguns casos as
rochas sedimentares apresentam efeitos metamorficos de baixo grau passando para

ardosias e filitos (Barrero, 1979; INGEOMINAS-BGS, 1984; INGEOMINAS, 2005).
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As rochas maficas e ultramaficas deste Terreno teriam sido geradas num ambiente de
platd oceanico associado a uma pluma (Kerr et al., 1997; Kerr, 2005), embora uma
origem relacionada a uma slab-window do Cretaceo Tardio no proto-Caribe também
tem sido proposta (Serrano et al., 2011). Este terreno encontra-se limitado a leste pela
Falha Cali-Patia e a oeste pelas falhas de Dabeiba-Pueblo Rico e Buenaventura. A sua
amalgamacdo junto com o Terreno Tahami teria ocorrido durante o Cretaceo Tardio

segundo consideracdes geocronologicas de Kerr et al. (1997).

O Terreno Gorgona corresponde a um bloco de crosta ocednica localizado na
parte sul do litoral Pacifico Colombiano, composto por basaltos, komatiitos, brechas
picriticas, gabros e olivina-gabros do Cretaceo Superior acompanhados por rochas
sedimentares marinhas do Eoceno Meio a Mioceno (Gansser, 1950; Echeverria, 1980;
Kerr et al., 1996). Segundo as caracteristicas texturais, geoquimicas e isotdpicas das
rochas vulcanicas maficas e ultraméficas da ilha de Gorgona, tanto uma origem
relacionada a uma pluma (Kerr et al., 1996; Sinton et al., 1998; Kerr, 2005) quanto uma
slab-window no proto-Caribe durante o Cretaceo Tardio (Serrano et al., 2011) tem sido
propostas para as unidades que compdem o Terreno Gorgona. Este terreno ¢ separado
dos terrenos Calima e Cuna pelas falhas de Buenaventura e Garrapatas,
respectivamente, € a sua acre¢do ao primeiro teria ocorrido durante o Eoceno Tardio

(Kerr, 2005; Cediel et al., 2010; Serrano et al., 2011).

O Terreno Cuna teria sido acrecionado ao resto do mosaico de blocos litosféricos
dos Andes Colombianos durante o Mioceno ao longo da Falha Dabeiba-Pueblo Rico
(Toussaint & Restrepo, 1996; Cediel et al., 2010), embora uma idade creticea tardia
também tem sido sugerida para essa acrecao (Kerr ef al., 1997; Kerr, 2005). Este terreno
¢ composto por basaltos macigos e em pillow, brechas basalticas, doleritos, gabros,
andesitos e tufitos com intercalagoes de siltitos, arenitos ¢ cherts do Cretaceo Tardio.
Rochas vulcanicas de possivel idade paledgena também tém sido reportadas na forma de
domos que cortam as unidades anteriores ou como fluxos cobrindo as mesmas em
inconformidade (Kerr et al., 1997, INGEOMINAS, 2005). O conjunto litologico
anterior ¢ intrudido por batolitos e stocks de composi¢ao tonalitica, granodioritica e
quartzo-dioritica (localmente apresentando texturas porfiriticas) do Eoceno (Sillitoe et
al., 1982; Botero, 1975; Gobel & Stibane, 1979) com alteragdes hidrotermais e

mineralizacdes de Au e Cu do Oligoceno (Sillitoe et al., 1982). A origem das rochas
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maficas do Terreno Cuna estaria associada aos mesmos contextos indicados por Kerr et

al. (1997) e Serrano et al. (2011) para as rochas méaficas dos terrenos Calima e Gorgona.

O Terreno Chibcha possui caracteristicas que t€ém sido mais dificeis de observar
visto que se encontra coberto quase totalmente por rochas sedimentares do Paleozoico,
Mesozoico e Cenozoico da Cordilheira Oriental, o vale do rio Magdalena e as bacias
Cesar-Rancheria e da Guajira. As exposi¢cdes do embasamento deste terreno ocorrem ao
longo da margem oriental da Cordilheira Central, no Maci¢o de Santander, na Serra
Nevada de Santa Marta, na Peninsula da Guajira e na Serrania de San Lucas (Toussaint
& Restrepo, 1996; Ordoénez-Carmona et al., 2006). Porém, dados paleomagnéticos
apresentados por Bayona ef al. (2006; 2010) sugerem que esses maci¢os, em grande
parte, ndo constituem uma unidade litosférica sO, e sim um mosaico de blocos com
idades e historias tectono-magmaticas similares. O limite oriental do terreno ¢
representado pelo sistema de falhas de Guaicaramo, enquanto que a falha Otu-Pericos
na margem oriental da Cordilheira Central marcaria o seu limite ocidental (Restrepo &
Toussaint, 1988). A acre¢ao do Terreno Chibcha a margem noroeste da América do Sul

teria ocorrido durante o Paleozoico Tardio (Toussaint & Restrepo, 1996).

A Serra Nevada de Santa Marta ¢ constituida por trés dominios limitados por
falhas ou lineamentos paralelos com direcdo NE-SW (Gansser, 1955; Tschanz et al.,
1974). De SE para NW esses dominios correspondem a Provincia Serra Nevada,
composta por rochas metasedimentares pré-cambrianas em facies granulito cobertas por
sedimentos do Paleozoico Tardio, depdsitos de ignimbritos tridssico-jurassicos e
sedimentos marinhos do Cretdceo, além de serem intrudidas por plutons graniticos
contemporaneos com os ignimbritos. Posteriormente aparece a Provincia de Sevilla,
constituida por um embasamento de gnaisses maficos e xistos intrudidos por platons
sintectonicos, ¢ a Provincia Santa Marta, composta por uma faixa interna de xistos em
facies anfibolito e uma faixa externa estruturalmente complexa que agrupa xistos verdes
e filitos intrudidos por granitdides do Eoceno. As rochas paraderivadas em facies
granulito da Provincia Serra Nevada tém mostrado idades de metamorfismo entre 1140
e 970 Ma e Tpy Nd em torno de 1700 Ma (Ordonez-Carmona et al., 2002b; Restrepo-
Pace et al., 1997; Cordani et al., 2005). O metamorfismo dos paragnaisses da Provincia
de Sevilla foi datado em ~500 Ma (Cardona et al., 2006), enquanto que na provincia
Santa Marta, geocronologia de U-Pb em zircao e K-Ar em micas, hornblendas e rocha

total nos xistos e gnaisses permite estabelecer uma idade creticea tardia para o
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metamorfismo com perturbagdes termais durante o Eoceno (MacDonald et al., 1971;

Tschanz et al., 1974; Cardona et al., 2008; Cardona et al., 2010b).

A Peninsula da Guajira apresenta uma geologia correlacionavel com aquela da
Serra Nevada de Santa Marta, com macigos isolados de rochas metasedimentares pré-
cambrianas de alto grau intrudidas por plitons do jurdssico e separadas estruturalmente
de sequéncias metavulcanosedimentares creticeas intercaladas com rochas ultramaficas
intrudidas por magmas do eoceno (MacDonald, 1964; Lockwood, 1965; Alvarez, 1967).
As rochas paraderivadas de alto grau mostraram idades metamorficas U-Pb entre 1160 e
915 Ma, enquanto que rochas da Formagdo Macuira apresentaram idades similares
aquelas das rochas metamorficas da Provincia de Sevilla na Serra Nevada de Santa
Marta, com as quais compartilham semelhangas litoldgicas e estratigraficas (Cardona et
al., 2006). As rochas da Formagdo Macuira sdao intrudidas por dioritos com idades
proximas a 160 Ma, valores negativos de eng € Tpm Nd de 1450 Ma (Cardona et al.,

2006).

O embasamento do Maci¢o de Santander ¢ composto por silimanita-cordierita-
granada paragnaisses, Xistos € migmatitos pré-cambrianos de alto grau cobertos
possivelmente em inconformidade por filitos, xistos, metasiltitos, metaarenitos,
marmores ¢ metabasitos. Corpos de orto-gnaisses cortam os dois grupos litologicos
anteriores. Esse embasamento encontra-se coberto por rochas sedimentares do
devoniano médio até o cretaceo, que apresentam fraco ou nenhum metamorfismo, e ¢
intrudido por granitoéides do Triassico-Jurdssico (Ward et al., 1973). Os paragnaisses de
alto grau possuem idades de metamorfismo entre 1110 e 860 Ma (Goldsmith et al.,
1971; Cordani et al., 2005) enquanto os ortognaisses possuem idades proximas a 413
Ma, o que indicaria uma idade minima para as rochas de baixo grau que recobrem
discordantemente os paragnaisses de alto grau (Goldsmith et al., 1971). Os granitoides
apresentam idades entre 185 e 210 Ma (Goldsmith et al., 1971; Dorr et al., 1995) e
produzem efeitos termais que sdo refletidos em idades aparentes menores das unidades

encaixantes.

A margem oriental da Cordilheira Central, a leste da Falha Otu-Pericos, ¢
caracterizada pela presenca de rochas metamorficas de médio a alto grau representadas
por gnaisses, anfibolitos e marmores com idades entre 890 e 1100 Ma (Ordodiez-
Carmona et al., 1999; Restrepo-Pace ef al., 1997) cobertos em alguns lugares por rochas

sedimentares fracamente metamorfizadas com fosseis de graptolitos ordovicianos
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(Harrison, 1929; Botero, 1940; Mojica et al., 1988). Estas unidades s3o intrudidas por
batdlitos de granitdides geralmente alongados em sentido NS e com idades entre 130 e
214 Ma (Feininger et al., 1973; Vesga & Barrero, 1978; Sillitoe et al., 1982; McCourt et
al., 1984; Jaramillo et al., 1980).

Na Serrania de Perija e no Macigo de Quetame, este ultimo localizado para norte
da Serrania de La Macarena, afloram metaarenitos e filitos de baixo a meio grau
cobertos por rochas sedimentares do Devoniano (Forero, 1970; Renzoni, 1962, 1968;
Stibane, 1969; Groser & Prossl, 1991). Estas rochas poderiam ser correlacionaveis com
o embasamento metamorfico pré-devoniano de baixo a médio grau descrito no Macigo

de Santander (Ordofiez-Carmona et al., 20006).

2.3. GEOLOGIA DA SSL: TRABALHOS ANTERIORES

A SSL corresponde ao extremo setentrional da Cordilheira Central e localiza-se a
leste da Falha Otu-Pericos, fazendo entdo parte do Terreno Chibcha descrito na se¢ao

anterior. O mapa geoldgico regional desta zona pode ser conferido na figura 6.

Entre os primeiros trabalhos realizados na SSL pode ser citado aquele de Bogota
& Aluja (1981), que apresenta a primeira sintese geologica baseada em trabalhos de
campo para prospeccao de uranio ordenada pelo Governo Colombiano. Eles propuseram
modificagdes ao mapa fotogeologico publicado anteriormente por INGEOMINAS
(1977) e descreveram aspectos litologicos, estratigraficos e estruturais da regido. Os
autores reconheceram gnaisses e anfibolitos de médio a alto grau de possivel idade pré-
cambriana, mica-xistos e xistos carbonosos do Paleozodico Inferior, rochas sedimentares
subaéreas e vulcanicas intermediarias a félsicas do Jurassico Inferior a Médio,
atualmente agrupadas dentro da Formagdo Noredn, que foram intrudidas por corpos
dioriticos-granodioriticos do Batolito de Norosi, o qual ¢ considerado a continuagdo
para norte do Batodlito de Segovia no Departamento de Antioquia. Calcérios, margas e
folhelhos de ambiente marinho raso do Cretaceo foram depositados acima das unidades
anteriores. Trés sistemas de falhas foram destacados na regido: sistema NS, que ¢
expressivo na parte ocidental da serrania e ¢ associado as falhas de Palestina e Otu-
Pericos, sistemas N55E e N25W ressaltados no dominio central e aparecendo também
na por¢do oriental, embora atenuados devido aos processos geomorfologicos da

depressdo do vale do rio Magdalena.
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Figura 6 — Mapa geologico regional da SSL. Modificado de INGEOMINAS (2007).

Galvis & De La Espriella (1992) fizeram uma revisdo das caracteristicas
litologicas e estruturais da parte norte da SSL. As suas observacdes sao
fundamentalmente similares aquelas feitas por Bogotd & Aluja (1981), enfatizando a
presenga de paragnaisses migmatizados, granitos anatécticos e a ocorréncia de supostas
rochas vulcanicas e sub-vulcanicas félsicas do Terciario. Entretanto, a idade terciaria
proposta pelos autores ¢ suportada s6 na base de feigdes geomorfoldgicas, sem datagdes
radiométricas ou relagdes com rochas fossiliferas que permitam inferéncias confidveis

da idade.

Ordoiniez-Carmona et al. (2008b) reportaram a presencga de granulitos méaficos no

municipio de Barranco de Loba, na parte norte da SSL. Estas rochas ainda possuem
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ortopiroxénio, mas encontram-se parcialmente retrogradadas para a facies anfibolito.
Embora sem datacdes radiométricas, estes autores acharam razoavel supor uma idade
neoproterozoica para estas rochas, na base de correlagdes com o embasamento
metamorfico de alto grau da Serra Nevada de Santa Marta e o Macigo de Garzon
(Ordonez-Carmona et al., 1999). Posteriormente, Ordonez-Carmona et al. (2009)
reportaram uma idade U-Pb em zircdo de 1501 Ma para os Gnaisses de San Lucas, a
qual foi interpretada como o momento da cristalizacdo do protélito igneo dessas rochas.
Adicionalmente, datagdes com o mesmo método em zircdes dos granodioritos do
Batolito de Norosi apresentaram uma idade proxima de 184 Ma para a cristalizag@o

destes magmas.

INGEOMINAS e a Universidade Industrial de Santander (UIS) apresentaram em
2006 os resultados de um projeto de mapeamento cobrindo a SSL e partes dos vales
médio e inferior do rio Magdalena. Litologicamente, os Gnaisses de Sdo Lucas sdo
descritos como quartzo-feldespato gnaisses e hornblenda-gnaisses com paragéneses
minerais indicando um metamorfismo em facies anfibolito, zona da silimanita. O
Batolito de Norosi foi descrito como uma suite intrusiva do Jurassico Médio contendo
monzogranitos ¢ granodioritos com enclaves maficos. As suas caracteristicas quimicas e
isotopicas permitiram classificar aquelas rochas dentro da série calci-alcalina de alto
potassio, com fei¢des de granitoides tipo I e S. As rochas vulcanicas e vulcano-clésticas
da Formag¢ao Norean foram descritas como dacitos, riolitos, tufitos latiticos soldados,
lavas rioliticas porfiriticas e andesitos calci-alcalinos de alto potassio, com raras

ocorréncias de basaltos acompanhando essas unidades.

Analises de U-Pb ID-TIMS em fragdes de zircoes de granulitos da parte norte da
SSL permitiram estimar idades médias **’Pb/**°Pb entre 1140 ¢ 1170 Ma, com duas
fragdes apresentando idades de 1215 e 1781 Ma, interpretadas como a idade do
metamorfismo Grenvilliano destas rochas (INGEOMINAS-UIS, 2006). Adicionalmente
os mesmos granulitos apresentaram Tpy Nd de 1.6 Ga, enquanto que diques de gabros
foliados proximos ao povoado de Pueblito Mejia apresentaram idades modelo de 0.6 Ga
(INGEOMINAS-UIS, 2006). Para amostras de stocks associados ao Batolito de Norosi,
conjuntos de analises de feldspato potdssico e rocha total apresentaram idades
errocronas Rb-Sr de 166.9 + 6 Ma com razdes ° Sr/*°Sr iniciais de 0.70717. Analises
similares de outro stock da mesma unidade mostraram uma idade de 185 + 46 Ma com

razdes *'Sr/*Sr iniciais de 0.7067 (INGEOMINAS-UIS, 2006). Trés data¢des K-Ar de
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riolitos, anfibolio-xistos e quiastolita-xistos revelaram idades de 194 + 6 Ma, 86 + 3 Ma
e 92 + 5 Ma, respectivamente. A primeira idade foi interpretada como o momento de
solidificacdo da lava, enquanto que as idades cretaceas tardias dos xistos indicariam
eventos de cisalhamento ¢ exumacao, associados a atividade da Falha Palestina.

(INGEOMINAS-UIS, 2006).

Mesz (2008) realizou andlises quimicas de elementos maiores e trago e de
geoquimica isotopica nas rochas do Batolito de Norosi e em algumas das unidades
metamorficas encaixantes na parte norte da SSL. Datagdes K-Ar de biotita de
granodiorito mostraram idades entre 190 e 200 Ma. A quimica de elementos maiores
indicou um carater metaluminoso e uma tendéncia calci-alcalina para estas rochas, com
os elementos traco mostrando padrdes compativeis com origem em zona de subduccao.
Dados isotopicos de Nd e Sr revelaram valores de eng(T) entre -6 e -4 ¢ uma média da
razdo *’Sr/**Sr inicial de 0.707, valores que sugerem um importante componente crustal
para a fonte do magma que gerou o batolito. Valores de Tpy Nd variaram entre 1000 e
1200 Ma, o que indicaria um envolvimento do embasamento Grenvilliano na origem do
Batoélito de Norosi. Rochas Grenvillianas ja tinham sido reconhecidas em setores
proximos na Cordilheira Central e macigos similares (e.g., Kroonenberg, 1982a, 1982b;

Ordoniez-Carmona et al., 1999; 2006).

Na consideragdo do potencial econdmico, andlises isotopicas de enxofre em
sulfetos de veios com mineralizagdes de ouro encaixados tanto nas rochas metamorficas
quanto nos granitdides do norte da SSL deram valores de & 4SCDT entre -0.1 ¢ +3.1%o,
indicando uma origem do enxofre a partir de um reservatdério manto-derivado.
Estimagdes com base em pares isotopicos de galena e pirita permitiram obter
temperaturas de formagao/equilibrio dos sulfetos entre 343 e 556°C. Estas temperaturas
contrastam com aquelas estimadas a partir de microtermometria de inclusoes fluidas em
veios com direcdo N8OW/78NE encaixados nos Gnaisses, que apresentaram valores
menores de 200°C para inclusdes do sistema aquoso (INGEOMINAS-UIS, 2006).
Porém, os autores ndo deixam claro se estes veios pertencem ao mesmo sistema no qual
foram feitas as andlises isotopicas de enxofre e se eles sdo associados também a

mineralizagdes de ouro.

Ordofiez-Carmona et al. (2008c) descreveram algumas fei¢cdes estruturais dos
veios auriferos localizados na parte norte da SSL. Eles observaram um importante

controle estrutural nos veios exercido por estruturas tectonicas com caracteristicas de
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deformagdo transtensional progressiva num regime ruptil a transicional. Os principais
trends dos veios correspondem aqueles de falhas e juntas pré-existentes com disposigdes
N5-20E e N55-70W. O primeiro deles ¢ considerado coetdneo com estruturas
extensionais de veios que sofreram deslocamentos contemporaneos a tardios produzidos
por estruturas de cisalhamento do segundo sistema NWW. Estes dominios teriam sido
posteriormente afetados por movimentos transcorrentes sinistrais de estruturas regionais

representadas por lineamentos NW-SE.

Na parte sul ocidental da SSL, Londofio et al. (2009) descreveram as
mineralizagdes auriferas do distrito mineiro Bagre-Nechi o qual consiste, para sul, em
veios de quartzo e sulfetos com disposicdes NSE/45SE e N20W/52SW encaixados em
granitdides do Batodlito de Segovia, enquanto que, para norte, os veios correspondem a
estruturas N25E/40NW que cortam quartzo-dioritos e migmatitos, estes ultimos
associados ao Gnaisse de San Lucas. Levando em conta aspectos tais como baixa
propor¢ao modal de sulfetos, estruturas internas bandadas, encaixantes deformadas em
regimes rupteis a ducteis, deformacao contemporanea com aquela das encaixantes,
presenca de ouro livre e proximidade a Falha Ota-Pericos que teve uma antiga
cinematica transcorrente dextral, e ao distrito mineiro de Segovia-Remedios, os autores
propdem classificar os veios mineralizados do distrito Bagre-Nechi como parte de um
deposito de ouro orogénico, sem desconsiderar a possibilidade de relagdo com outros

contextos metalogenéticos.
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3.1. GEOQUIMICA DE ELEMENTOS MAIORES E TRACO

As analises em rocha total foram realizadas pela AcmelLabs Ltd. seguindo as
rotinas analiticas 4A e 4B. A primeira delas consistiu na determinagdo de elementos
maiores e menores por meio de ICP-AES de 0.2 g de amostra moida e homogeneizada
ap6s fusdo com metaborato/tetraborato de litio e digestado em HNOj; diluido. As perdas
por igni¢dao foram medidas por diferenca em peso apds queima a 1000°C, enquanto que
as andlises de carbono e enxofre totais foram feitas por meio da rotina 2A em forno
Leco. Na rotina 4B, as concentragdoes dos ETR e elementos refratarios foram
determinadas com ICP-MS aplicando a mesma preparagdo usada na rotina 4A.
Adicionalmente, uma fragao separada de 0.5 g foi dissolvida em agua régia e analisada
por ICP-MS. Os resultados dos elementos maiores e menores foram reportados como
porcentagens em peso dos 6xidos com limites médios de detec¢ao (LMD) de 0.01 % em
peso (exceto para o Cr,03 e o Fe,O3 que tiveram LMD de 0.002 e 0.04 % em peso,
respectivamente; todo o ferro nas amostras foi reportado como Fe,O3). O LMD para as
analises 2A Leco foi 0.02 % em peso. Para os elementos traco, os LMD obtidos foram
0.01 ppm (Tb, Tm e Lu), 0.02 ppm (Pr, Eu e Ho), 0.03 ppm (Er), 0.05 ppm (Sm, Gd, Dy
e Yb), 0.1 ppm (La, Ce, Cs, Hf, Nb, Rb, Ta, U, Y, Zr e Cu), 0.2 ppm (Th), 0.3 ppm
(Nd), 0.5 ppm (Ga e Sr) e 1 ppm (Ba, Sn e Zn).

3.2. GEOCRONOLOGIA DE U-Pb

O método e arranjo dos equipamentos usados nas analises isotdpicas de U-Pb
foram baseados naqueles apresentados por Biithn er al. (2009). As andlises foram
realizadas no laboratério de geocronologia da Universidade de Brasilia usando um
espectrometro de massa Thermo Finnigan Neptune Multicollector ICP-MS. A entrada
da substancia mineral no espectrometro foi conseguida por meio de ablacdo com um
laser de estado s6lido New Wave 213 um Nd-YAG. As condi¢gdes de andlise variaram
segundo as caracteristicas das amostras com o objetivo de otimizar os sinais isotopicos;
o didmetro do feixe variou entre 10 e 30 um com uma energia entre 0.5 ¢ 1.2 J/em? ¢

frequéncia de 10 Hz.

Graos de zircdo separados a mao, concentrados com ajuda de uma bateia a partir

de amostras de rocha britada ou de saprolito, foram colocados em tubos plasticos de 9
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mm de didmetro preenchidos com resina. Os graos foram posteriormente polidos
usando pasta de diamante de 3 e 1 um de didmetro e limpados com ultrassom em HNO3
a 3% e agua purificada. Posteriormente, imagens de catodoluminiscéncia (CL) foram
adquiridas para ajudar a posicionar corretamente o feixe do laser de acordo com a

estrutura interna dos minerais durante a fase de ablagao.

O preparado com os graos foi inserido numa cadmara com um fluxo de He entre
0.35 ¢ 0.45 I/min. A remocdo do ***Hg no fluxo de He foi conseguida passando o gas
através de tubos de vidro contendo particulas de quartzo cobertas com ouro; isto foi

204

feito para minimizar a interferéncia isobdrica com o “ Pb e permitir a aplicagdo das

corregoes do Pb comum.

Depois de passar no plasma de argdnio, o material vaporizado foi transportado até
a zona do detector que consistiu em seis contadores de ions multicanal (MICs). Para a
andlise do padrdo e as amostras, os sinais foram coletados num bloco tinico com 40
ciclos de 1.049 s cada, comegando as leituras dos sinais s6 apds os ultimos terem

atingindo a méxima intensidade no inicio da ablagao.

A técnica de bracketing entre padroes foi aplicada por meio das leituras da analise
de um ponto no padrdo e um “branco” a cada quatro ou oito pontos analisados nas
amostras, com o objetivo de considerar o erro causado pela deriva instrumental do
espectrometro. O padrdo internacional usado foi o zircdo GJ-1, fornecido pelo ARC
National Key Centre for Geochemical Evolution and Metallogeny of Continents
(GEMOC) na Australia. As suas idades de referéncia segundo Jackson et al. (2004) sdo:
608.6 + 1.1 Ma (idade *°’Pb/**°Pb), 600.4 + 1.8 Ma (idade **°Pb/***U) e 602.1 + 3.0 Ma
(idade **’Pb/APU).

A reducdo dos dados foi conseguida usando uma planilha elaborada no mesmo
laboratorio de geocronologia, avaliando as razdes isotdpicas dos 40 ciclos com um
critério de rejei¢do baseado num nivel de confianca 26. As razdes isotdpicas corrigidas
junto com as suas idades calculadas associadas foram plotadas usando a rotina

ISOPLOT 3.71 (Ludwig, 2009).

3.3. GEOQUIMICA ISOTOPICA DE Nd E Sr

As analises de Sm-Nd e Sr-Sr foram realizadas no laboratério de geocronologia da
Universidade de Brasilia. Os procedimentos aplicados sdo os mesmos descritos por

Gioia & Pimentel (2000). As amostras de rocha foram moidas e homogeneizadas para
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separar 50-100 mg de material homogéneo o qual foi dosado com solu¢des '*Sm e
30Nd e posteriormente atacado com 1 ml de HNOs3 e 4 ml de HF em bombas de teflon
com revestimento de agco. Apos dissolucao, as amostras foram secadas e atacadas de
novo com a mesma mistura acida durante quatro dias a 190°C, o qual foi seguido por
uma nova fase de secagem e posterior dissolucdo com 2 ml de HNOj3 concentrado.
Depois de secar, o residuo foi dissolvido mais uma vez com 6 ml de HCI (6N) para ser

novamente secado e por fim dissolvido em 2 ml de HCI (2.5N).

A separacao dos ETR foi feita numa coluna primdaria de quartzo de 15 cm altura
contendo 12 cm de resina cationica Bio-Rad AG 50W-X8 200-400 mesh em solugdo
aquosa. A amostra em solucdo foi eluida através da coluna usando HCI. Os ETR foram
coletados na fragao entre 1 e 15 ml do HCI 6N apos eluicao com 32 ml de HC1 2.5 N. A
coluna foi regenerada com 15 ml de HCI 6N e armazenada em solugdao com acido
diluido. O HCI 2.5N foi padronizado mediante titrimetria usando NaCOj3 (anidro) como

base e alaranjado de metila como indicador.

Para conseguir separar o Sm do Nd, a solu¢gdo de ETR em 200 pl de HC1 0.18N
foi passada através de uma coluna secundaria de Savillex® de 10 cm de altura contendo
6.5 cm de resina LN-Spec (resina liquida HDEHP 270-150 mesh em teflon coberto com
di-etilexil acido fosforico). A fragdo de Nd foi coletada em 4 ml de HCI 0.3N apo6s 10
ml iniciais de HCI 0.18N. Com a coleta do Nd completada, 2 ml de HCI 0.3N foram
descartados para depois obter o Sm em 4 ml de HCI 0.4N com uma velocidade de fluxo
de ~1 ml/30 min. A regeneracao da resina foi feita usando 6 ml de HCI 6N, e a coluna
foi condicionada novamente com 3 ml de agua purificada seguida de duas rodadas com

3 ml de HC1 0.18N.

A fragdo coletada na coluna secundaria foi evaporada junto com duas gotas de
H3;PO4 0.025N. O residuo foi dissolvido em 1 ul de HNO3; destilado a 5% e colocado
num filamento duplo de Re. O espectrometro de massa usado foi um Finnigan MAT

262 com sete coletores em modo estatico.

As incertezas nas razdes ' Sm/'**Nd e 'Nd/"**Nd foram menores do que 0.2%
(20) e 0.0045% (20), respectivamente, com base na andlise do padrdo internacional
BHVO-1. A razio '“Nd/'*'Nd foi normalizada usando '*Nd/'*Nd = 0.7219. A

constante de decaimento radioativo usada foi 6.54 x 10"? a’! (Lugmair & Marti, 1978).
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Para a separagdo do Sr, 200 mg de rocha pulverizada foram dissolvidos em 4 ml
de HF e 1 ml de HNO3; em bombas de teflon. Apds secagem, uma nova dissolucao foi
feita com 6 ml de HNOs3 a qual foi seguida de secagem e dissolu¢do com 6 ml de HCI
6N. Mais uma fase de secagem foi realizada antes de dissolver o residuo resultante em
3ml de HCI 2.5N. Esta ultima solucdo foi centrifugada para depois coletar 1ml de
sobrenadante e passa-lo através de uma coluna de troca catidnica com resina AG S0W
X8 peneira 200-400. A eluicao foi conseguida usando 37 ml de HCI1 2.5N e coletando o
Sr nos primeiros 15 ml de solucdo a qual foi posteriormente evaporada para obter o
elemento na forma de sais. Estes solidos foram colocados junto com 1pul de H3PO4 num
filamento de Ta do mesmo espectrometro usado nas andlises de Sm-Nd. Com base em
analises do padrio internacional NBS987, as incertezas das razdes medidas de ®’Sr/*°Sr
foram menores do que 0.0036% (20). A razdo “'Rb/*°Sr foi calculada a partir das
concentragdes de Rb e Sr obtidas nas analises litogeoquimicas de rocha total usando a

formula:

87ph _ Rb % Ab. 87Rb * A.w. Sr
86Sr ™ Sr* Ab. 86Sr * A.w.Rb

Onde:
Rb=concentraciao de Rb obtida nas analises de elementos traco.
Ab.}Rb=abundéncia do *'Rb (igual a 27.835%; Steiger & Jiger, 1977).

A.w.Sr=peso atdmico do Sr recalculado para cada amostra a partir das abundancias de
84Sr, 86Sr, ¥Sr e 88Sr, e segundo as razdes constantes 0Qr/%88r=0.1194 ¢

84S1r/*°Sr=0.056584 (Steiger & Jager, 1977).
Sr=concentra¢do do Sr obtida nas analises de elementos traco.

Ab.*Sr=abundancia do *Sr recalculada para cada amostra a partir das razdes ° Sr/*°Sr
medidas no laboratério ¢ das razdes constantes “°Sr/**Sr e 3*Sr/*°Sr de Steiger & Jager

(1977).

A.w.Rb=peso atdmico do Rb (igual a 85.46776 u.m.a.).

A constante de decaimento radioativo usada foi aquela de Nebel ef al. (2011) com

um valor de 1.393 x 107" a7,
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ABSTRACT

The San Lucas Range (SLR) is located at the northernmost end of the Central
Cordillera of Colombia and is considered to be a part of the Chibcha Terrane, characterized
by medium- to high-grade rocks yielding Late Mesoproterozoic-Early Neoproterozoic
metamorphic ages. Granite-gneiss and metamafic rocks including metamonzogabbro,
amphibolite and granulite crop out in the northern portion of the SLR, with a Lower
Jurassic granodioritic batholith intruding all of the above mentioned units. Geochemical
features in terms of major and trace element contents and U-Pb zircon geochronology
suggest protolith crystallization of both felsic and mafic rocks in a post-collisional context
between 1.54 and 1.50 Ga. In addition, positive eng(T) values and initial 87Sr/%Sr ratios less
than 0.7045 indicate a mantle origin for this bimodal association, with Tpy values between
1.5 and 1.7 Ga suggesting a juvenile character. A correlation between the studied rocks and
the A-type Rio Uaupés Granitic Suite in the Rio Negro Province of the Amazonian Craton
can be established, thus constraining a provenance from southern latitudes for the Chibcha
Terrane as stated by earlier models. Metamorphic rims of zircons from both felsic and mafic
rocks yielded ages between 1180 and 930 Ma, which are consistent with ages of related
metamorphic terranes in Ecuador, Venezuela, Pert, México and Middle America. The latter
are regarded as having been part of the northwestern border of Amazonia during its
collision with Baltica in the context of the Grenvillian/Sveconorwegian orogeny related to

the final assembly of Rodinia.

Keywords: San Lucas Range; A-type Granite; Post-collisional Granite; Transitional Mafic
Rocks; Early Mesoproterozoic; Amazonia; Grenvillian/Sveconorwegian orogeny; Chibcha

Terrane.
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4.1. INTRODUCTION

The SLR is located at the northern end of the Central Cordillera of Colombia and
has been long recognized by local inhabitants and some national and international
mining companies as an important mineral prospect concerning Au and Ag
mineralizations, with the former associated either to hydrothermal lodes or alluvial
deposits. It is also one of the key places where the basement of the Chibcha (or Eastern
Colombian) Terrane can be observed directly (Restrepo & Toussaint, 1988; Toussaint &
Restrepo, 1996; Ordonez-Carmona et al., 2006). Despite its economic and geoscientific
importance, the SLR remains as a virtually unexplored area devoid of detailed
geological studies except for some recent works by Colombian universities, dealing
with petrographic, structural, geochemical and ore-related aspects, and geological
mapping by the Colombian Geological Service (INGEOMINAS). This general low
amount of detailed knowledge is mainly the result of the lack of proper civil
infrastructure in the region, which makes difficult to get access to the area and carry out

the field work, as well as its unstable situation concerning security and social issues.

As an example, it has been recognized that the unit known as the San Lucas
Gneiss is far from being lithologically homogeneous, as it groups several metamorphic
rock types having different protoliths (e.g., Feininger et al., 1973). Nevertheless, this
heterogeneous character has not come yet into a cartographic expression and the unit
remains currently mapped as a whole entity along its entire extension. Another example
of the poor geological understanding of this area has to do with the nature and origin of
its gold mineralizations, for which a clear classification and a robust, quantitative data-

supported metallogenetic model has not been stated yet.

The researches carried out in the SLR during the second half of the 20™ century
did not take the geological knowledge of the region beyond the petrographic and
stratigraphic descriptions of its units, with few or no considerations about their genesis
or geodynamic settings of formation having been made. During the 1990s and the first
decade of the 21* century the first modern tectonic models for the Colombian Andes,
particularly for the eastern and northern flanks of the Central Cordillera, began to be
published, stressing the importance of the Grenvillian orogeny on its geological
evolution (e.g., Toussaint & Restrepo, 1996; Restrepo-Pace et al., 1997; Ordofiez-
Carmona et al., 1999, 2002b, 2006; Cordani et al., 2005; Cardona et al., 2010a). This

was a major breakthrough since it allowed articulating geologically that portion of the
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Colombian Andes with the rest of the Andean chain, for which a Grenvillian
geochronological signature has been recognized in the blocks that constitute its

basement (e.g., Fuck et al., 2008; Ramos, 2009; 2010).

At present, it is difficult to unravel the pre-Neoproterozoic geological history of
the Colombian cordilleras, and this study constitutes one of the first attempts to assess
the origin of some of the units that make up their basement. This work, although not
intended to solve all of the problems and unknowns dealing with the regional geology
of the SLR, does provide an insight into the nature and geodynamic evolution of one
small part of the Range, namely its northernmost portion in the municipality of

Barranco de Loba, south of the Bolivar department.
4.2. GEOLOGICAL SETTING

4.2.1. Regional framework

The geological evolution of the Colombian territory has been described within the
context of terrane accretion models which state that the western portion of the country
consists of a mosaic of allochthonous lithospheric blocks docked to the northwestern
border of the Amazonian Craton (INGEOMINAS, 1983; McCourt et al., 1984; Restrepo
& Toussaint, 1988). One of those blocks corresponds to the Chibcha Terrane, with its
basement being almost entirely covered by Phanerozoic sedimentary rocks and
displaying restricted exposures along the eastern flank of the Central Cordillera, the
Quetame and Santander Massifs in the Eastern Cordillera, the Perija Range, the Sierra
Nevada de Santa Marta Massif and the Guajira Peninsula (Toussaint & Restrepo, 1996;
Ordoénez-Carmona et al., 2006). A common characteristic linking these provinces is the
presence of amphibolite to granulite facies, mainly paraderived metamorphic rocks that
have yielded Grenvillian U-Pb ages between 1200 and 890 Ma for their metamorphism
and resulted from reworking of pre-existent crustal materials as old as 1800 Ma (e.g.,
Restrepo-Pace et al., 1997; Ordoénez-Carmona et al., 1999, 2002b, 2006; Cordani et al.,
2005; Cardona et al., 2006; Cardona et al., 2010a). Locally, this basement is
unconformably overlain by low-grade metasedimentary rocks displaying Ordovician-
Silurian faunas and palynomorphs and unmetamorphosed sedimentary strata ranging
from Devonian to Cenozoic in age (e.g., Harrison, 1930; Botero, 1940; Mojica et al.,
1987; Groser & Prossl, 1991; Ward et al., 1973), which allows constraining a low-grade

metamorphic event that took place during Late Silurian-Early Devonian times.
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Figure 1 — Regional geological map of the SLR. Modified from INGEOMINAS (2007).

Early to Middle Jurassic volcaniclastic rocks intermediate to felsic in composition were

deposited mainly on the western margin of the Chibcha Terrane. These rocks, as well as

the pre-Devonian metamorphic basement, were intruded by quartz-dioritic to

monzogranitic batholiths that have yielded ages between 130 and 214 Ma (Feininger et
al., 1973; Vesga & Barrero, 1978; Sillitoe et al., 1982; McCourt et al., 1984; Jaramillo
et al., 1980; Dorr et al., 1995; Cardona et al., 2006) and host important prospects of Au,

Ag Cu and Mo mineralizations. The Chibcha Terrane is thought to be separated from

the Amazonian Craton to the east by the faults of the Guaicdramo system, while the

western boundary between it and the Tahami Terrane is marked by the Ota-Pericos

—
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Figure 2 — Geological map of the area of study displaying the location of samples. Position in theSLR as
shown in figure 1. Some samples were taken outside this area (see table 1 and table 2).

Fault. The docking of the Chibcha Terrane onto its current position could have taken
place during the Late Paleozoic (Restrepo & Toussaint, 1988; Toussaint & Restrepo,
1996).

The SLR is located at the northern end of the Central Cordillera, east to the Ota-Pericos
Fault (figure 1), and thus making part of the western border of the Chibcha Terrane.
Orthoderived quartz-feldspar gneisses, amphibolites and retrograded mafic granulites
grouped into the unit known as the San Lucas Gneiss make up the basement of this
region, for which a ID-TIMS **’Pb/*”°Pb age in zircon close to 1150 Ma has been
obtained (INGEOMINAS-UIS, 2006), although Ordoénez-Carmona et al. (2009)
reported a LA-ICPMS U-Pb age in zircon of ca. 1500 Ma. The San Lucas Gneiss is
overlain on its northern portion by volcaniclastic rocks composed of tuffs, breccias,

agglomerates, sandstones and siltstones of the Norean Formation, for which an Early to
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Middle Jurassic age has been assigned based on stratigraphic relations to other fossil-
bearing rocks further south (Bogota & Aluja, 1981). Granodioritic rocks of the Norosi
Batholith, which corresponds to the northern extension of the Segovia Batholith in the
department of Antioquia (Gonzalez, 2001), intrude the former units and have yielded
crystallization ages between 160 and 200 Ma (INGEOMINAS-UIS, 2006; Mesz, 2008;
Ordofiez-Carmona et al., 2009).

Next, the field and petrographic descriptions of the units found within the area of
study are presented. For geographical and geological references see figure 1 and figure

2.

B
Figure 3 — A: Banded granite gneiss displaying alternate felsic and mafic layers. B: Metamafic intrusive
rock cross-cutting banding/foliation of the gneiss.

Figure 4 — A: Ptygmatic folding in migmatized (stromatic) mafic rocks. B: Diatexitic migmatite derived
from mafic rock. Some of melanosome can be seen as rafts of schollen within massive to vein-like
leucosome at the center of the picture.
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4.2.2. Local geology

4.2.2.1.Granite-gneiss

This group makes up the bulk of the area of study and comprises medium-to-
coarse grained rocks ranging from monzo- to syenogranitic in composition. They are
leucocratic and display a compositional banding/foliation manifested as alternate light
and dark layers, the former being quartz- and feldspar-rich, while the latter are often
enriched in biotite and/or amphibole (figure 3A). Locally, the rocks are enriched in
potassic feldspar, which imprints a characteristic pinkish color on the rock massifs. In
thin section, the mineral paragenesis consists of quartz, microcline, plagioclase, biotite
and hornblende, with chlorite commonly replacing the two latter minerals as a result of
retrograde reactions in rims and along cleavage planes (figure 5C). Masses of chlorite
and/or biotite and hornblende relicts are arranged as narrow strips that give the rock a
banded appearance. Opaque minerals commonly consist of magnetite and ilmenite, with
small grains of pyrite being rare and apparently derived from hydrothermal alteration
along with sericite, clays and epidote. Zircon, allanite and apatite are the most common
accessory minerals in these rocks, with titanite associated to chloritized biotite crystals.
The texture is mainly relict aphyric, xenoblastic and equigranular, with grain boundaries
ranging from lobate to curved. Metamorphic growth is evidenced by poikiloblastic
textures of feldspar crystals engulfing small rounded quartz grains (figures 5A and 5D).
The quartz commonly displays sutured boundaries, polygonization textures, oriented
stretched grains, undulose extinction and local micro-graphic and myrmekitic textures

(figures 5A and 5B).

4.2.2.2.Metamafic rocks
Rocks from this group display a fairly similar mineralogy but with variable modal
proportions and degrees of recrystallization. They are seen intruding the granite-gneiss
cross-cutting its banded structure (figure 3B). Their occurrence is more restricted than
that of the granite gneiss, and its recognition is in some instances hindered by
migmatization processes that imprint a more leucocratic and, sometimes, even layered

aspect, causing confusion with the quartz-feldspathic rocks (figure 4).

In outcrop, one of the rock types (petrographically classified as leuco-norite but
referred to as metamonzogabbro hereafter; see section 4.4.1) displays dark tones which

turn a little lighter when weathered. However, in thin section the color index of these
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Figure 5 — Photomicrographs of studied rocks. A: (CPL) Poikiloblastic microcline engulfing smaller
rounded crystals of plagioclase and quartz. Notice the sutured grain boundaries in microcline and quartz
(granite-gneiss). B: (CPL) Oriented quartz grains in granite-gneiss. C: (PPL) Granite-gneiss displaying
chlorite forming along cleavage planes and around borders in hornblende. D: (CPL) Same field as in C,
showing a large poikiloblastic microcline crystal engulfing a rounded quartz grain and a smaller potassic
feldspar crystal displaying micro-graphic intergrowth with quartz in the lower portion of the picture. E:
(PPL) Hornblende-plagioclase amphibolite. Notice the poikiloblastic texture of the hornblende engulfing
smaller crystals of plagioclase. A symplectic intergrowth between biotite and quartz can be seen at the
center of the picture. Relicts of granoblastic texture (triple joints of crystals) are observed at the left and
lower fields of the picture. F: (PPL) Possible chloritized pyroxene relicts in hornblende-plagioclase
amphibolite. Opaque minerals in and around these relicts are mainly magnetite and ilmenite, but pyrite
and minor chalcopyrite were also observed. Abbreviations: Q=quartz, Pl=plagioclase, Mic=microcline,
Hb=hornblende, Chl=chlorite, Px=pyroxene, CPL=cross-polarized light view, PPL=plane-polarized
light view.
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rocks hardly attains 30%. The mineral paragenesis consists of plagioclase, hornblende,
biotite, orthopyroxene, clinopyroxene, apatite and Fe-Ti oxides. Hornblende and biotite
are commonly sub- to euhedral, display intergrowth relationships and have a tendency
to occur at the interstitial spaces between plagioclase grains (figures 7C and 7D).
Locally, the ferromagnesian minerals display retrogradation to chlorite, with pyroxenes
being more susceptible to this. In particular, the orthopyroxene is the most susceptible
phase, always appearing as internally fragmented crystals with accumulation of fine-
grained opaque masses along the cracks. Locally, orthopyroxene displays poikiloblastic
texture engulfing small lamellae of biotite (figure 7A). Hornblende, in turn, displays
poikiloblastic and partial corona textures engulfing both clino- and orthopyroxene
crystals (figure 7B). Potassic feldspar is found in low amounts and quartz, which is
generally absent, is sometimes found as tiny interstitial crystals or within myrmekitic
intergrowths. The textures are xenoblastic and equigranular, preserving what could have
been a magmatic cumulate texture, with plagioclase as the cumulus phase and
clinopyroxene, hornblende, biotite, apatite and Fe-Ti oxides as the intercumulus phases,
although some tiny euhedral crystals of the latter minerals can also be found within
larger plagioclase crystals. Despite the poikiloblastic texture shown by some
orthopyroxene crystals, it is likely that the mineral had also been part of the magmatic
paragenesis, forming the preferred nucleation sites for later metamorphic
orthopyroxene. Recrystallization is also recognized by local triple junctions of mafic
minerals (figure 7B) and anhedral shapes of the plagioclase which displays sutured
grain boundaries. Weak compositional zoning and wedge-shaped twining lamellae are
also observed in the latter mineral. Fine-to-medium grained apatite is fairly abundant,

making up to 1-2% of the modal composition.

A second rock type is represented by amphibolites which have color indexes
between 40 and 50%. One subtype of amphibolite is basically composed of anhedral
plagioclase and poikiloblastic hornblende. Although the xenoblastic texture is
widespread in this rock, granoblastic texture relicts are locally preserved (figure SE).
There are some instances in which small chloritized grains are observed, which could
probably be pyroxene relicts (figure 5F). Less abundantly, some symplectic
intergrowths between biotite and quartz can be found in this amphibolite subtype (figure
SE). Fine-grained apatite appears as the main accessory mineral in the rock. Another

subtype of amphibolite has a smaller grain size and plagioclase, hornblende and
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E

Figure 6 — Photomicrographs of studied rocks. A: (PPL) Poikiloblastic hornblende engulfing smaller
clinopyroxene crystals in hornblende-plagioclase-clinopyroxene amphibolite. A chlorite vein is seen
cutting the rock vertically at center-left portion of the picture. B: (PPL) Same rock as in A. Corona-like
textures of hornblende around clinopyroxene crystals. C: (PPL) Corona-like textures of hornblende
around clino- and orthopyroxene crystals in retrograded mafic granulite. D: (PPL) Relict granoblastic
texture of clinopyroxene in retrograded mafic granulite. Hornblende forms corona-like textures around
clino- and orthopyroxene. E: (PPL) Poikiloblastic hornblende engulfing clinopyroxene in retrograded
mafic granulite. Hornblende is also forming corona-like textures around orthopyroxene at the upper
portion of the picture. F: (PPL) Poikiloblastic orthopyroxene engulfing a clinopyroxene crystal in
retrograded mafic granulite. Abbreviations: Hb=hornblende, Chl=chlorite, CPx=clinopyroxene,
OPx=orthopyroxene, PPL=plane-polarized light view.
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Figure 7 — Photomicrographs of studied rocks. A: (PPL) Poikiloblastic orthopyroxene engulfing small
biotite laths (metamonzogabbro). B: (PPL) Poikiloblastic hornblende engulfing a clinopyroxene grain and
displaying granoblastic texture at the lower portion of the picture (metamonzogabbro). C: (PPL)
Intergrowth between hornblende and biotite forming a triple junction. A small euhedral crystal of
hornblende is shown at the upper-left corner of the picture (metamonzogabbro). D: (PPL) Intergrown
crystals of subhedral biotite and anhedral hornblende in metamonzogabbro. E: (CPL) Small biotite
lamella grown interstitially between two plagioclase grains along with hornblende and clinopyroxene
(metamonzogabbro). F: (CPL) Migmatized granulite. The migmatitic front (leucosome) composed in this
view by coarse-grained plagioclase can be seen at the upper-half of the picture, separated by a yellow
discontinuous line from the paleosome composed by hornblende, plagioclase, clinopyroxene,
orthopyroxene. Small hornblende “rafts” can be observed within the leucosome at the left portion of the
picture. Abbreviations: Hb=hornblende, Bio=biotite, CPx=clinopyroxene, OPx=orthopyroxene,
PL=plagioclase, Ap=apatite, CPL=cross-polarized light view, PPL=plane-polarized light view.
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clinopyroxene as essential minerals. The general texture of the rock is xenoblastic, with
hornblende displaying a poikiloblastic texture defined by rounded clinopyroxene
inclusions within its interior or defining partial corona textures around the latter (figures
6A and 6B). Some hornblende crystals seem also to be part of the engulfed phases,
which possibly indicates the existence of a pre-metamorphic generation of hornblende
as deduced also from small hornblende inclusions in poikiloblastic orthopyroxenes of
the metamonzogabbro (see above). Chlorite hydrothermal veinlets are commonly found

cutting these rocks.

The third rock type consists of retrograded mafic granulite composed of
plagioclase, hornblende, clinopyroxene and orthopyroxene, with null or too little
amounts of Fe-Ti oxides. The general texture of the rock is xenoblastic with curved
grain boundaries. Although poikiloblastic texture can be found in some orthopyroxenes
(figure 6F), poikiloblastic and partial corona textures of hornblende engulfing both
clino- and orthopyroxene can also be observed (figures 6C - 6E). Relicts of granoblastic
texture are widespread (figure 6D) and plagioclase is commonly equigranular, anhedral

and displays wedge-shaped twining lamellae.

When migmatized, the metamafic rocks mentioned above display melanosomes
which are very similar to the original high-grade rocks (i.e., coinciding with the
paleosome). In one of the samples a stromatic-phlebitic structure can be observed in a
migmatized granulite, which in thin section consists of coarse-grained layers composed
of quartz, plagioclase and biotite (leucosome) cutting the original mafic paleosome of
generally smaller grain size (figure 7F). “Rafts” of the original minerals belonging to
granulite are in some instances preserved within the leucosome (figures 8A and 8B). In
the latter case, those minerals display accentuated alteration and corrosion, being this
more evident in the orthopyroxene which transforms into chlorite and Fe oxides along

grain boundaries and internal cracks.

4.2.2.3.Leucogranite-gneiss
This group of rocks is rather rare in the studied area, having been found in one
single outcrop; therefore this unit was not studied in detail. These rocks display a
foliation defined by a parallel arrangement of biotite strips and strong folding. Local
hydrothermal alteration is evidenced by coarse grained epidote and potassic feldspar
around siliceous veinlets. This gneiss seems to be intruded by the metamonzogabbro

described above. In thin section, it displays xenoblastic texture and is composed of
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quartz, plagioclase, potassic feldspar and biotite, with widespread epidote formed by
hydrothermal alteration. Mineralogically, the rock displays a granodioritic-tonalitic
composition, with a color index no greater than 5%. Recrystallization is evidenced by
poikiloblastic texture of some potassic feldspar and plagioclase grains and sutured grain
boundaries in quartz and feldspar. Myrmekitic textures are common, and the quartz can
also be observed displaying polygonization and undulose extinction. Biotite displays

irregular-to-lamellar habits and moderate-to-strong chloritization along cleavage planes.

4.2.2.4.Volcanic rocks

Since the Mesozoic volcanic processes were not part of the main focus of this
work, these rocks were not characterized in detail and only a general mention is given
here. These rocks range from intermediate to rhyolitic in composition, and are
represented mainly by tuffs, breccias, agglomerates and ignimbrites indicative of
explosive activity. Lavic rocks, although present, seem to be subordinate to the former
group. The texture is commonly porphyritic, with the coarse-grained population
composed of phenocrysts and crystal and rock fragments. The groundmass is commonly
hyalocrystalline and in some instances very small oriented feldspar laths define a
trachytoid texture. Phenocrysts are composed of clinopyroxene and plagioclase in the
more mafic members, while plagioclase and quartz dominate the more silicic rocks.
Fragments commonly include plagioclase, quartz and pumice, although zircon and
chloritized mafic minerals are sometimes observed. The volcanic rocks are deposited on
the metamorphic basement described above, and dacitic dykes can also be found cutting

those rocks at some locations.

4.2.2.5.Granodiorite

This unit, which intrude all the metamorphic and volcanic rocks described above,
commonly display mafic enclaves at hand specimen scale which are indicative of
magma mingling. It is coarse-grained, undeformed and have quartz, plagioclase,
potassic feldspar, biotite and hornblende as essential minerals. Zircon and apatite
constitute the accessory mineral assemblage. The general texture is aphyric,
subidiomorphic and equigranular, although some porphyritic-like textures can be locally
seen with medium-grained quartz composing the groundmass between larger subhedral-
to-euhedral crystals of feldspars, biotite and hornblende (figure 8D). Plagioclase
commonly occurs as large crystals displaying oscillating zoning and moderate to strong

argillization and sericitization. Potassic feldspar crystals tend to be subhedral and are
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Figure 8 — Photomicrographs of studied rocks. A (PPL) and B (CPL): Clino- and orthopyroxene “rafts”
within quartz and plagioclase leucosome in migmatized granulite. Breakdown of the orthopyroxene can
be recognized by the numerous opaque grains forming within it. C: (CPL) Clinopyroxene core preserved
within hornblende crystal in granodiorite. To the right, a large, euhedral plagioclase crystal displaying
oscillating zoning can be observed. D: (PPL) Argillized euhedral plagioclase crystals and chloritized
biotite in granodiorite. The clear matrix between larger crystals corresponds to fine-grained anhedral
quartz defining a rather porphyritic texture in the rock. Notice the numerous small opaque grains
(probably ilmenite) formed as an alteration product of the biotite. Abbreviations: Hb=hornblende,
Bio=biotite, Q=quartz, CPx=clinopyroxene, OPx=orthopyroxene, PL=plagioclase, CPL=cross-polarized
light view, PPL=plane-polarized light view.

easily recognized by their perthitic blebs and weaker alteration. Hornblende can be
subhedral or skeletal with inclusions of opaques, quartz and apatite. This mineral often
displays chloritization and colorless cores of clinopyroxene (figure 8C) with fairly
irregular boundaries, which indicates an unequilibrated reaction rim. Biotite is generally
skeletal and poikilitic, engulfing smaller crystals of plagioclase, opaques and apatite. It
displays variable chloritization, and as a result of this alteration numerous small opaque
grains (probably ilmenite) accumulate internally within the chlorite. It is common to
observe intergrowths between hornblende and biotite, which indicates equilibrium
crystallization between these minerals. Local hydrothermal alteration is recognized by
formation of epidote and muscovite associated to the biotite. The quartz constitutes a

late phase characterized by small anhedral grains grown interstitially between larger
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crystals of other minerals. Myrmekitic intergrowths with plagioclase are quite common.
Opaque minerals constitute 1-2% of the modal composition and consist of anhedral

grains of magnetite displaying exsolution lamellae of ilmenite.

4.2.2.6.Gold-bearing quartz veins

They are widespread within the studied area and consist of variable proportions of
pyrite, galena, chalcopyrite and sphalerite accompanied by quartz as main gangue
mineral, and subordinated feldspar, chlorite and calcite. At the locality of Culo-Alzao
(further south of the area of study), massive chalcopyrite engulfs hessite (Ag,Te) cores
rimmed by tetradymite (Bi,Te,S) coronas. The latter telluride can also be seen filling
thin cracks in the chalcopyrite. The texture of the ore ranges from massive to brecciated
and the vein thickness varies between a few centimeters up to 1 m. Small gold grains a
few micrometers in size and fineness between 590 and 670 (with silver as main
companion) can be found within the sulfides (mainly pyrite). Associated hydrothermal
alterations correspond to sericitization and silicification within the proximal zones near
the veins (typically a few meters wide), while chloritization and epidotization dominate
the distal alteration assemblages. The veins display a remarkable structural control,
following both regional and local structures trending NNE-SSW and ESE-WNW. They
correspond in several instances to shear-zone fillings and are found cutting all the above

mentioned metamorphic, volcanic and plutonic units.
43. ANALYTICAL METHODS

4.3.1. Major and trace element geochemistry
Chemical analyses of rock powder were performed by AcmeLabs Ltd. following
4A and 4B routines. The former involved ICP-AES analysis of major and minor
elements after lithium metaborate/tetraborate fusion and dilute HNOj digestion. In
routine 4B trace elements were analyzed by ICP-MS following the same preparation as

in 4A and digestion in aqua regia of an additional separate split.

4.3.2. U-Pb geochronology
The methodology and equipment set-up used for U-Pb geochronology closely
followed those presented by Biihn et al. (2009) to whom the reader is referred for
further details. Geochronological U-Pb analyses were carried out at the geochronology
laboratory of the University of Brasilia, using a Thermo Finnigan Neptune

multicollector inductively coupled plasma mass spectrometer. The input of mineral
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substance into the spectrometer was achieved by means of the laser ablation technique,
using a New Wave 213um Nd-YAG solid state laser. The sampling conditions of the
latter varied according to the sample characteristics as to optimize isotope signals, with
a beam diameter of 10-30 um and a laser energy ranging from 0.5 to 1.2 J/cm2 at a
frequency of 10 Hz. The samples were inserted into a He-flushed laser chamber
maintaining the gas flux between 0.35 and 0.45 1/min. Removing of ***Hg from the He
flux was attained by passing the gas through glass tubes containing gold-coated quartz
particles intended to minimize the isobaric interference with **Pb, thus allowing the
application of common lead corrections where necessary. After passing through argon-
sustained plasma, the ablated material was then conveyed to the detector arrangement
which for this study consisted of six ion counters or multichannel ion counters (MICs).
For standard and sample analysis, the signals were collected in a single block with 40
cycles of 1.049 s each, starting the reading of the signals after the latter had attained

their maximum following the onset of ablation.

The standard-sample bracketing technique was applied by analyzing one standard
point and one blank every four or eight sample points, thus accounting for instrumental
drift. The international standard used here was the GJ-1 zircon, provided by the ARC
National Key Centre for Geochemical Evolution and Metallogeny of Continents
(GEMOC), Australia. Its reference ages after Jackson et al. (2004) are: *’Pb/*”°Pb age
= 608.6 + 1.1 Ma, **°Pb/**U age = 600.4 + 1.8 Ma, **’Pb/**°U age = 602.1 + 3.0 Ma.
Data reduction was achieved using a spreadsheet set up at the geochronology laboratory
of the Brasilia University; this spreadsheet allows evaluating the isotope ratios of the 40
cycles on a 2c rejection basis. The corrected ratios and associated calculated ages were

then displayed using Isoplot 3 (Ludwig, 2009).

4.3.3. Nd and Sr isotope geochemistry

All the Sm, Nd and Sr isotope analysis were performed at the Geochronology
Laboratory of the University of Brasilia. The analytical procedures applied in this study
for measuring the "*’Sm/'**Nd and "“Nd/'"**Nd isotope ratios were the same as those
described by Gioia & Pimentel (2000). Rock samples were ground down to powder and
added with "Sm and "°Nd spike solutions. Separation of Sm from Nd was
accomplished by using cation exchange columns, after which obtained fractions were
evaporated with two drops of 0.025N H3;POy. The residue was dissolved in 1 pl of 5%

distilled HNO3 and loaded onto a double Re filament assembly. The mass spectrometer
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used was a Finnigan MAT 262 with 7 collectors with analyses accomplished in static
mode. Uncertainties for "*’Sm/'*Nd and "*Nd/'**Nd ratios were better than +0.2% (20)
and +0.0045% (20), respectively, based on analysis of BHVO-1 international rock
standard. The '*Nd/"**Nd ratio was normalized using '**Nd/'**Nd=0.7219 and the
employed decay constant was 6.54x10"2 y' (Lugmair & Marti, 1978).

For the Sr isotope analyses, the methodology employed was that of Gioia et al.
(1999). After acid digestion and separation in cation exchange columns, the Sr-bearing
fractions were deposited along with 1 ul of H3PO4 onto a Ta filament of a Finnigan
MAT 262 mass spectrometer. Based on analysis of the NBS987 international standard,
¥7Sr/*Sr ratio uncertainties were better than £0.0036 % (20). The *’Rb/*°Sr ratio was
calculated from the Rb and Sr concentrations reported in the trace element whole-rock

analysis using the formula:

87Rb _ Rb * Ab. 8’Rb * A.w. Sr
86Sr ™ Sr « Ab. 8Sr x A.w. Rb

Where:
Rb = Rb concentration from trace element analysis.
Ab.}Rb = abundance of *’Rb (equal to 27.835 % according to Steiger & Jiger; 1977).

A.w.Sr = atomic weight of Sr recalculated for each sample from **Sr, **Sr, *’Sr and **Sr
abundances as calculated from *°Sr/**Sr=0.1194 and **Sr/*°Sr=0.056584 ratios (Steiger
& Jager, 1977).

Sr = Sr concentration from trace element analysis.

Ab.*Sr = abundance of **Sr recalculated for each sample from its *’Sr/*®Sr ratio results

and Steiger & Jager (1977) **St/**Sr and *St/*°Sr ratios.
A.w.Rb = atomic weight of Rb (equal to 85.46776 a.m.u.).

The Rb decay constant employed was that from Nebel ez al. (2011) with a value
of 1.393x10-11 y™'.
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44. RESULTS

4.4.1. Geochemistry
Results of major and trace element analysis are summarized in table 1. Granite-gneiss
displays high SiO, values ranging between 65 and 73 wt.% and total alkalis
(Na,O+K,0) between 7.2 and 8.7 wt.%. When plotted in the P-Q diagram of Debon &
Le Fort (1982) these rocks show compositions between adamellite (or monzogranite, as
preferred by Le Maitre et al., 2002) and more alkaline granite (figure 9B) reflecting
enrichments in Na,O and K,O which grant an alkali-calcic (or nearly so) character to
this unit (figure 10B). Samples 021-03 and JS-020 have a metaluminous character as
evidenced by Shand’s A/NK values > 1 and A/CNK < 1 (Manniar & Piccoli, 1989),
while samples 021-01 and 021-02 fall within the field of peraluminous rocks (figure
10A). Positive values of feldspathoid-silica saturation index (Frost & Frost, 2008) for
these rocks imply a silica-saturated character, which is evident from the abundant quartz
observed during petrographic analysis. In general, the granite-gneiss is enriched in REE
and incompatible trace elements (table 1; figure 12A). Owing to this behavior, the
granite-gneiss plots in the within-plate granite field of the Nb vs. Y diagrams of Pearce
et al. (1984; figure 10D). This feature, along with the high values of Ga/Al and
Zr+Nb+Y+Ce (figure 10E) allows classifying the protolith of the granite-gneiss as an
A-type granite following the geochemical criteria of Whalen et al. (1987). Location of
these samples within the anomalous and normal granite fields of El Bouseily & El
Sokkary (1975) indicate that the high amounts of incompatible elements are not likely
to be the result of strong magmatic differentiation (figure 11C). The granite-gneiss also
displays high Fe* values, falling within or at the boundary of the field of ferroan
granites (figure 10C); this is an important characteristic of most A-type granites (Frost
et al., 2001). When plotted in the ASI vs. MgO diagram of Bilal & Giret (1999) the
granite-gneiss shows a distribution of the samples which is intermediate between
alkaline-anorogenic and calc-alkaline orogenic trend groups (figure 11A). In terms of
MgO/TiO; ratio, these rocks display values between 0.93 and 1.75 and define a nearly
linear arrange in the TiO, vs. MgO diagram (figure 11B). However, the highest
MgO/TiO; ratio of 1.75 which belongs to sample 021-03 could also be related to slight
Mg enrichment caused by metasomatic fluids; this is consistent with that sample falling
within the “anomalous granite” field of figure 11C, where granites disturbed by

metasomatic processes usually plot (El Bouseily & El Sokkary, 1975). The MgO/TiO,
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Figure 9 — A: Projection of whole-rock compositions on the R1-R2 space of De La Roche et al. (1980)
showing the transitional nature and relatively homogeneous chemistry of the metamafic rocks. B: P-Q
space of Debon & Le Fort (1982) displaying the compositional variation of the granitic rocks. Color key:
red=granite-gneisses; green=metamafic rocks; orange=granodiorites.

figures also suggest a transitional tectonic setting between anorogenic and subduction-
related according to the criteria of Bilal & Giret (1999). Major element-based
discriminant functions of Agrawal (1995) yield D;, R;, D, and R, values ranging
between -0.47 and 1.46, -1.24 and 1.60, -2.22 and 1.47 and -1.59 and 2.00, respectively,

which indicates a post-orogenic setting of formation for the granite-gneiss, except for
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Figure 10 — Major and trace element geochemical characteristics of granitic rocks. A: Diagram of Shand’s
A/NK vs A/CNK of Maniar & Piccoli (1989). All of the samples display positive feldspathoid-silica
saturation index (FSSI; Frost & Frost, 2008). B: Modified alkali-lime index (MALI=Na,0+K,0-Ca0)
vs. SiO, diagram of Frost et al. (2001). Granite-gneiss tends to be alkali-calcic in nature, while
granodiorite is essentially calc-alkalic. C: Diagram of Fe*=FeQ"(FeO'+MgO) vs. SiO, of Frost et al.
(2001) showing the ferroan and magnesian affinities of the granite-gneiss and granodiorite, respectively.
D: Nb vs. Y tectonic discrimination diagram of Pearce et al. (1984) suggesting a within-plate
environment of formation for the protolith of the granite gneiss. Notice that post-collisional granites also
plot near the triple junction between the WPG, VAG+Syn-COLG and ORG fields (Pearce, 1996). E:
FeO*/MgO vs. Zr+Nb+Ce+Y diagram of Whalen et al. (1987) suggesting an A-type nature for the
protolith of the granite-gneiss. F: The A-type granite-gneiss is further classified into the A, subtype,
according to the Y-Nb-3Ga ternary diagram of Eby (1992). Color key as in figure 9.

46

—
—



4.4. Results

10

1.4
7
E 1.2 + N 0\4\ .
| @% 'o{/
] 7%
g 1 ® _ & 0\4\0‘ 5
~ ¢ & X <5 \(\o{
+ | o
v 0.8 2 1 “\é)
+ ~ >
Zos - AN : i
; ]
< 0.4 4
1}
@
< 0.2 4
0 - - - 0.1 T
0.01 0.1 1 10 0.1 1 10
MgO (wt.%) MgO (wt.%)
A B
Rb

Strongly Differentiated

Granites
Norrr_lal Anomalous
Granites .
Granites
7 Granodiorites &
A Quartz-diorites
[ 34 4 -
Diorites \
Ba Sr
C

m(021-01 A 021-02 < 021-03 eJS-020 029-01 030-02

Figure 11 — Major and trace element geochemical characteristics of granitic rocks. A: ASI vs. MgO
diagram. Upper shaded field: Calc-alkaline differentiation trends of Hercynian orogenic suites from
France and I- and S-type granite suites from the Lachland Fold Belt, Australia; Lower shaded field:
differentiation trends of alkaline anorogenic suites from Niger and Kerguelen Islands. Fields drawn after
Bilal & Giret (1999). B: TiO, vs. MgO diagram of Bilal & Giret (1999). C: Ba-Rb-Sr ternary diagram of
El Bouseily & El Sokkary (1975) showing a moderately differentiated character for all the analyzed
samples. Color key as in figure 9.

sample 021-02 which is classified within the anorthosite/rapakivi group of anorogenic
suites. The latter classification is probably related to the slightly higher amount of K,O
displayed by this sample. The granite-gneiss displays enrichment in REE (La and Lu
normalized values of 245-455 and 35-53, respectively) with a moderately fractionated
pattern ([La/Lu]y between 7 and 9) and a conspicuous negative europium anomaly
(Eu/Eu* of 0.27-0.5). The fractionation is more pronounced for the LREE, while HREE
define a nearly flat pattern (figure 12A). Incompatible trace element patterns normalized
to the ocean ridge granite of Pearce ef al. (1984) reveal an enriched nature for the

granite-gneiss (particularly in LILE) with slightly negative anomalies of Nb, Ta, Zr and
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Figure 12 — REE and trace element patterns for both granitic and mafic rocks. A: REE patterns of granite-
gneiss and granodiorite. Chondrite normalization values are from Evensen et al. (1978). B: Trace element
patterns of granite-gneiss and granodiorite. Normalization to the Ocean Ridge Granite of Pearce et al.
(1984). C: REE patterns of metamafic rocks. Chondrite normalization values are from Evensen et al.
(1978). D: Trace element patterns of metamafic rocks normalized to MORB of Pearce (1982). E: Trace
element patterns of metamafic rocks. Normalization values and mean ocean-island basalt (OIB), enriched
mid-ocean ridge basalt (E-MORB) and normal mid-ocean ridge basalt (N-MORB) patterns are from Sun
& McDonough (1989). Color key as in figure 9.

Hf (figure 12B). These patterns are similar to those of within-plate granites of

attenuated continental lithosphere from Skaergaard and Mull (Pearce et al., 1984).

The granodiorite has SiO, and Na,O+K,0O contents close to 62 and 6 wt.%,
respectively, which along with a CaO amount of ca. 5 wt.% reflect a calc-alkalic nature

for these rocks (figure 10B). Using the cationic classification of Debon & Le Fort
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(1982) leads to a confirmation of the petrographically assessed granodioritic nature of
this group (figure 9B). A/CNK values of ~0.89 allow classifying these rocks as
metaluminous (figure 10A), while a positive feldspathoid-silica saturation index
indicates a silica-saturated character (Frost & Frost, 2008). Relatively low values of Fe*
(close to ~0.65) implies that the granodiorite falls within the field of magnesian
granitoids (figure 10C) corresponding mainly to the domain of cordilleran granites
(Frost et al., 2001). The moderate contents in REE and incompatible trace elements of
the granodiorite are manifested in the Nb vs. Y (Pearce et al., 1984) and FeO'/MgO vs.
Zr+Nb+Ce+Y (Whalen et al., 1987) diagrams, which allow designating a convergent
margin environment of formation of these rocks, as well as either a M-, S- or I-type
nature (figure 10). The MgO/TiO, values of 3.80 and 4.05 (figure 11B) indicate a high-
K calc-alkaline character and association to an orogenic setting and a mixed,
crust/mantle source (Bilal & Giret, 1999). Ba, Rb and Sr contents of these rocks are
consistent with a granodioritic nature displaying moderate degrees of differentiation
(figure 11C) and Agrawal’s (1995) discriminating functions allocate this unit to a late-
orogenic setting (-5.78 <D; <-5.13,6.94 <R, <7.77,-2.75 <D, <-2.38,2.02 <R; <
2.37). Granodiorite REE patterns indicate both moderate enrichment and fractionation
with normalized La and Lu contents of 94-97 and ~15, respectively, and a (La/Lu)y
ratio of ~6.5 (figure 12A). In addition, a flat HREE pattern and a subdued negative Eu
anomaly are observed, the latter being characterized by Eu/Eu* values of ~0.6.
Incompatible trace element patterns are characterized by Nb and Ta negative anomalies
and LILE enrichments. The lines shown in figure 12B display an affinity to those of
volcanic arc granites from Jamaica and Chile published by Pearce ef al. (1984). Given
the metaluminous character, the moderately fractioned REE and flat HREE patterns and
the incompatible element characteristics, the granodiorite more likely represents an I-

type granitoid generated within a volcanic arc environment.

The metamafic rocks yielded fairly uniform geochemical results, with SiO;
varying between 49 and 56 wt.% and Na,O+K,0O between 4.5 and 6.6 wt.%. When the
R1-R2 cationic classification scheme of De La Roche et al. (1980) is implemented, the
samples display a tendency to cluster within the monzogabbro field, half way between
the alkalic and subalkalic domains (figure 9A). This moderate enrichment in alkalis is
manifested in the presence of some quantities of potassic feldspar and an andesine

composition of the plagioclase. Because of these enrichments in Na,O, K,0 and Al,0O3
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(the latter being the case of the leucocratic plagioclase-rich samples), series
classification diagrams (e.g., Kuno, 1966; Irving & Baragar, 1971; Jensen, 1976;
Peccerillo & Taylor, 1976) turn out to be misleading, and were therefore not considered.
It is worthwhile to notice that the analyzed samples have relatively high P,Os values
(close to 0.5-0.6 wt.%), which is manifested in abundant apatite as accessory mineral.
Enriched REE patterns for these rocks (normalized La and Lu values of 78-111 and 9-
17, respectively) are characterized by moderate degrees of fractionation ([La/Lu]y
between 6 and 9), subtle to almost null Eu anomalies (Eu/Eu* between 0.77 and 1) and
a rather flat HREE distribution (figure 12C). The incompatible trace element patterns
normalized to primitive mantle (figure 12E) indicate a general affinity with an OIB
composition, with some elements above and below the mean value. In general, negative
anomalies of Rb, Th, Ta, Nb, Zr and Hf are outstanding. For the amphibolite (sample
005-01), radiogenic elements such as Th and Pb display markedly low normalized
values similar to those of E-MORB. Normalization to MORB of Pearce (1982) indicates
no substantial anomalies of Nb and Ta, and slight to moderate ones of Zr and Hf. All
samples are depleted in Cr, except for sample 005-01 which displays contents similar to
that of MORB (figure 12D). This pattern resembles that of transitional to alkalic within-
plate basalts from Gregory Rift and Azores (Pearce, 1982) and dolerites and gabbros

associated to A-type granites from Corsica (Bonin, 2007).

4.4.2. U-Pb geochronology
Results of LA-ICPMS U-Pb analysis of zircon from two granodiorites, three
granite-gneisses and two metamonzogabbros are summarized in table 2. Both core and

rim of grains were analyzed where possible with the aid of CL images (see appendix I).

4.4.2.1.Granodiorite

Zircons from this unit are relatively small (70-100 um) and commonly display
euhedral to subhedral habits with well-developed prismatic and bi-pyramidal forms.
They are generally colorless with small black-colored opaque inclusions being common.
CL imaging reveals that, although not conspicuous, grains display oscillatory zoning
(OZ) and are quite rich in inclusions which sometimes display elongated shapes parallel
to crystal faces defined by the OZ. Lighter, irregularly bordered patches within which
OZ can be observed are a common feature occurring mainly at the apexes (pyramidal

areas) of these zircons (figure 13). This texture is similar to that related to complex

50

—
—



4.4. Results

Sy 98y 6'68¢ v'e LyL1 4 ¥'061 69CS°0 [ S¥S0°0 ¥l GLTO00 9C £€90C°0 99089 LT0 8¢°0 8¢ 66 iz

SS S'LS 1'ove 96 1881 L 8661  0LSLO 9¢ €€50°0 0°¢ 9620°0 0 SLITO TILLS 120 wo 0L L91 A1z
6§ v'8L 8'0C€ ST 8681 89 6661  1SS€0 s¢ 8750°0 €1 6620°0 8¢ 9L1T0 L'ETPS ¥€0 §S°0 9L LET o1z
8¢ 1'89 L'L9Y L 9°GLI 89 SL6T  0%9S0 I'e £950°0 I'C 9L20°0 8¢ LY1TO L'9LSt 0t°0 SE0 0T LS 61Z
79 128 98¢ vy 6vLI S'L ST81 8950 L€ 61500 ST SLTO0 S¥ 6961°0 0°886S 1€0 050 43 9 817
$6 969 9061 9°¢ 1081 19 6081  €¥SS0 I'e 6600 0T €820°0 L€ 0S61°0 81601 SH0 850 IS 88 L1Z
Y01 9'88 8981 €Y 9°¢61 6L 16l 8S6t°0 6'¢ 86+0°0 T S0£0°0 S¥ Y6020 6'€vL9 9¢°0 €€°0 43 86 A91Z
¥ST S'e8 908 YL L0 I'6 I'S61  TEILO 9¢ 9LY0'0 L €2€0°0 TS 61120 6'€T0L 920 ST°0 9C1 658 S1Z
89 €19 L'89C I'e S'T8l $'S 8881  S6TS0 LT 9150°0 LT L8T00 4 0T 0 v 16CCl ST°0 970 IS 11 €1Z
3% 8'€6 8 19% 6 9'861 66 9°07C 66810 vt 7950°0 ST €1£0°0 0'S 9THT 0 Tovlil 091 €10 91 6C1 R (A4
LET 9601 L0Vl 3 TE61 S8 €681  €6vE0 9y 6800 LT ¥0£0°0 0 6¥0C0 8'TE0S LEO €9°0 16 Sl otz
4 619 128¢ €Y 1281 89 TL6T  €£€9°0 6'C €v50°0 v'C L8T0°0 8¢ P10 ¥ 11201 620 €570 It 8L 11z
9 I'¢el 0+0€ I'e I'ILT S01 081 68870 19 ¥2S0°0 8l 6920°0 ¥'9 ¥r61°0 9'86CC 080 LEO Sl o 01Z
LT Tle 8'1L9 6'C 6'8LI (7 L'8IT  T6ELO Sl 61900 91 1820°0 (4 €0¥T0 S'€8LTI v1°0 SY°0 79 9€1 6Z
3% 601 0°SIS 801 6'61C 96l TLYT  SIL90 Ts 9L50°0 LY L¥E€0°0 L 9$LT0 ¥'18¢C 759 970 18 0r¢ LZ
S8 6Ll 978IC I's L'S81 601 T88T  OvEVO LS S050°0 8'C 76200 ¥'9 9€07°0 9'TYT6 870 50 101 v61 97
4! o€ 0'995¢ TL LTy 10T TEOPT  T6T9°0 0T T61€°0 91 8L90°0 LT ST86'C L91¢ 0€'8 620 € 01 Y4
(3y101poue.d) [0-0€0 drdures
16 S8y 1'v0C 6'¢ 1681 I's $'981  TOILO I'C 70500 I'C 1620°0 0°¢ 910C°0 1'68€01 81°0 95°0 0€T 1€ (4
9 oSt 143 e 0°€81 LY L'€61  8LS90 0T 62500 8l 88200 LT 20120 TTEsYl 61°0 090 Y91 SLT (494
s YIIL SIS €6 1'€€C Lyl 6'€ST  €219°0 Ts 0950°0 0t 89€0°0 99 1820 L'LT9€ 150 020 (44 LOT 0SZ
9 949 9°1¢¢ 0°¢ S6LI 8'S 0061 99050 6'C 8750°0 LT 78200 v'e LSOTO $'T69¢ 050 wo 8¢ 89 LYZ
T 6'tS 0029 vy 98yl 99 Y081  €LSLO 9¢ $090°0 0°¢ €€20°0 0 ¥r61°0 9967t L8°0 870 s 801 (574
8 'Sk 1°T0vC v'e €81 9Tl L'88y  0v9S0 LT 0SST°0 81 6820°0 3 1819°0 8'L881 860 LY0 LT 8¢ vz
Ly $'s9 00t 9y 8681 TL 90T  STE90 0°¢ L¥S0°0 v'C 6620°0 6'¢ ¥STTO 616511 620 LEO 43 L8 6£Z
9T LLLT  L'€0L L€ I'v81 €81 S'LTT  8STTO 8’8 6290°0 0¢C 0620°0 I'6 TISTO €'6bST L0 750 9T 0 9¢7Z
T 61L '8 6'C 6681 8'S €81 €EVP 0 I'e LLYO0 Sl 6620°0 S¢ L9610 ¥'2669 920 L9°0 16 SET sezZ
86 1'6L YLLT I'e vELT 9 LELT  €65t°0 s 96+0°0 8l €LT0°0 6'¢ 9981°0 v'zeoy 90 050 1€ €9 (V4
08 1'tv¢C T9¢T v'e L'881 L TTW6I  8L98°0 I'1 60500 8l L6200 1'C ¥80T°0 87TS9€El €10 ¥1°0 801 €6L [4¥4
01 L0y 6'€8CC 6 v'LTT L€l S'8YS  ¥6£9°0 v'C LYYT0 0T 65€0°0 4 €91L°0 8'80C LL'8 9¢'0 61 €S 1€Z
1291 $'T6 801 v'C 8081 $9 €691  9ITE0 0t £9%0°0 €l $820°0 T Y1810 066 LS'] 0 0L 091 0€Z
891 6'8¢€1 €101 8'C TOLT L6 L'S91  819T0 19 0800 LT 8920°0 ¥'9 €LLTO 76881 860 01’0 11 6C 877
9¢ $'96 0081 L€ LTLT 09 S'S61  ¥6£9°0 9C L9500 TT TLT00 v'e €TIT0 TEPIIT 91°0 1€°0 s L1 LTZ
4! THET 65Tl 0 TSLI Tars 0LLT  TTLI0O  0€l 92800 €T SLTO0  TEL  9EIE0 €6ISI S6'1 ¥€0 8 T 9CZ
S8 60T $°00¢ L€ 8691 T8 6'ILT  ¥bTH0 LY 10S0°0 TT L9200 TS Y810 6'€20C 160 010 %4 €S 12z
0TI LSy Sogl 9T 6°€91 8¢ 1’291 12€9°0 0T 88+0°0 91 LSTO0 ST [€LT°0 0°S¥€6 70 wo L 891 61Z
1€ 8811 €'ees Lg TL91 L0l 0v61  TTIE0 96 1850°0 T £€920°0 19 S01CT0 ¥'60L 09T €€°0 4! 34 91Z
1 0Tl 6798 L€ T8I 8¢l TIWT  TSIE0 19 8L90°0 0T L8T00 $9 18920 SPELT L9°0 SY°0 LT 09 4v4
(3y101poue.3) [0-870 drdures
@ Ny W omy W@ ) e ) 0 0 M e ) 0 wdd owdd
U0d J0.L1d 90T 10419 8€T  JOUId SET c110) *AI9  JIOLID /ad o, J0.L1d /Adyy; J0.L1Y /9d o, /Adyy; *qdy,; /UL UL n
/4d JLT . Ad 5,

"0 a1e SI0113 PajIody "qd,,, PAInseaw Suisn £q saSe pue sorjel ad0josI Jo UOHE[NIed
oy ur parjdde o1om suoroa1I00 (°qJ) pes| uowwo)) "A[9ANoadsal “ WL, pue 2109, I0J pue)s saweu jods oy} ul Y, pue ..),, "sojdwes paipms ay) Jo elep uoonz qd-N SINdDI-VT — T 219eL




i3

Capitulo 4: “Geochemical and geochronological constraints on the nature...

LOT 9°6¢ £€7601 9°0¢ 96911 0°¢cc €orIT 6,880 Sl 65L0°0 6'C 8610 e I¥L0'C 0'168LS €00 S00 6¢ ye8 0¥/
€01 0°6¢ 9 Eshl (43 Loyl 1'ce 99LYl  1¥¥8°0 ! €160°0 ¥'e 909C°0 6'C yI8T¢ 0°Ce9TL 200 y1°0 88 (4% oz
88 ¥'8¢ VIIEL 6'8¢ VCSTl L'ET 060CT 99080 0¢ 8¥80°0 L'e LS61°0 143 ¢68CT'C TEL66 LT°0 €00 € €cl oz
(44 6'6C 76901 Iyl L0Sy 6°GI1 8°L9S LTI6'0 S'1 0SL0°0 e ¥CL0'0 Le worL’o S'089¢1 €ro v1°0 orl 0L6 oz
0S 0'6¢ ol 184! §es L91 I'1€9 88060 V'l 0¥L0°0 (43 ¥¥80°0 9¢ 8198°0 0°¢8 Iee 600 122! L8LI o1z
29 ¥'8¢C 9SIvl 191 188 091 78701 TE6L0 S'1 $680°0 0¢ SOr1°0 x4 8081 6'8679 LT0 LT°0 06S 91ve 20¢Z
L6 8'1¢ 89051 8'8¢ S'LSY1 §'1c L'LLYT  0€6L°0 L1 6£60°0 [ LESTO 8¢C 868T'E €80LITI 10°0 800 9¢ we J61Z
101 €8¢ 6'0LY1 6'8¢ 0'68%71 474 SI8%1  S688°0 S'1 600 6T 865C°0 €e 020¢°€ 6'68VtY 700 €00 €l 8¢S J81Z
0S 0°1¢ 8'LY11 L8l TYLS 681 0°S0L ¥L06°0 91 08L0°0 ve €600 8¢ ¥200°1 (433501 LT°0 91’0 8C¢C 68¢1 o817
66 €8¢ 0v601 9Ll 06801 €Ll 08801 92,90 6'1 09L0°0 81 €€81°0 9¢C L6161 8'1S6S1 L00 00 S Ire JL1Z
CL 9°6¢ I"LTST €Ye S601 9°0¢ €ovcl  TEe’0 91 05600 ¥'e 0S81°0 6'C 9TeY'C SIeel LT S1Io 9¢¢ SSSl 2917
€01 VLT 1394 L€ 8'00S1 S'1e 08yl STS80 Sl ¥160°0 ¥'e 129T°0 8¢C woee §'€066S €0°0 00 LE 88 oS1Z
86 9T v'sevl 9°¢e (154! 9°CC VELVT  L6L8O V'l ¥7€60°0 9C 8¢STO 6¢C 8L9T'¢ [4::15%4 €00 00 I1 6CS 9 4v4
16 9¢ 700€1 ey 8'€8I1 Sve 8'6TCl  8€T60 6'1 £v80°0 9v 910T°0 6V e 6'856¢€1 cro SI'0 09 SOy 9 4v4
8L 6'9¢ I'SyIl 991 1'868 0°GI 9'CL6 9¢C80 V'l 6LL0O0 0¢ S6v10 e 2909°1 L'SL691T 01°0 00 L1 (449 otz
6S 0°6¢ 8CIEl st VELL Sel 0°LT6 78080 Sl 6¥80°0 I'c SLTT'0 9¢C 9le6t'l 9°06VLLT €0°0 €ro 16 STL o€z
0¢€ 914 £60CI 8L 1'6S¢ el L' 66y LS990 ST S080°0 [ €L50°0 143 85€9°0 0060¢€ 650 €00 94 144! oClZ
¥6 14y 6°C8Y1 '8¢ L00¥1 8°0v 9EErl  LYS80 8'C 82600 9Y LTYT0 145 6€01°¢ 08999 yTo0 0T0 14! €L 201Z
98 Sy NS 44! £9¢ 174! ¥'8¢ I'8IEl  €¥T8°0 [ 60600 23 €CIco 6'¢ €299'C 96866 LT°0 600 4! LTI D6Z
124 8'0¢ T10¢l 9'8¢ 0°L9S 98¢ G'8¢L 69560 91 ¥¥80°0 1Y 6160°0 Se S690°1 £'CTCo 61°0 cro 1€¢C €00¢ oLZ
6 Loy 5091 L've 8'88L cee 0°LEOT  1¥06°0 [ 06600 LY c0e10 4 69LL1 10816 61°0 Iro Sel 811 oLZ
S6 S Sy TyLET 6'8¢ L'S0ET (44 6'1¢el  SEIL0 v'e 9L80°0 v'e SYCTo 143 YCIL'T TTS68 8C°0 cro Is¢C I11e 097
96 861 G'8801 §ee 1’601 I'LT 077901 1ST6°0 01 85L0°0 v'e L9LT'0 9¢C 09¥8°1 0°89¥0S €00 600 1T Y44 R: {74
86 €Ll L'SIST 9ty ylevl 6°SC S10ST  ¥196°0 60 ¥60°0 23 €09C°0 €e €L8E°E 9'6£C0L1 100 y1'0 0L 86 o8Z
L6 8ty 8vi6l 9ty 5981 6°0¢ 88881  LSELO ST ELITO L'e 96€€0 Le 449 VIevL 170 80°0 S 19 oz
6S 'Ll 0°0I€l L8l OLLL €91 9626 I¥¥6°0 60 8¥80°0 ST 8¢CI0 L'e 861’1 S'680% £v'o S00 44 L oz
(114 'Ll 8'L9E1 st 6'6vS LSl 8'6€L S¥S6°0 60 €L80°0 6'C 0680°0 0¢ CCLO'T 9°L88T 290 91’0 £ve 0961 o¢Z
9¢ 6'SC I'Si6 'L 14743 L8 €601 19980 €1 96900 [ 81500 9¢C S961°0 8'CLI 88’1 700 001 20¢€T otz
16 L81 8Cevl I'vy £50¢el §'8¢ VySEl 69960 01 €060°0 L'e Y¥eTo 6¢ 8S6LC Trs6CL 200 91°0 LT ELT oz
(ssrou3-Nueas) g0-L10 ddwes
IL 9ty y'cse L1 €6LI1 9¢ 9181 [l 4l 6'1 €150°0 01 8200 I'c €661°0 9CILY 6€°0 S0 0L 6C1 [2¥4
0¢ Cle 0'v08 9Y [} %4 9 6'66¢ LISLO ! 65900 L'l 8L€0°0 4 LEVEOD 9evl (144! 6v°0 LE 9L (44
LL SS9 T8IC (43 G891 145 6 1L1 81950 8'C §0S0°0 6'1 §920°0 143 P81°0 6°679S 010 6v°0 6¢ I8 1€Z
8 LCL ¥'LTC 61 9681 8¢ L3881 £€90¢€°0 (23 L0SO00 01 26200 143 wocTo 8'8CetYy £v'o S0 LL vl 0€Z
0CI 8'8¢ 9091 0¢ £eol (a4 6061 w890 L1 £6170°0 91 ¥0€0°0 €T 890T°0 606SL1 01°0 600 LT 06C 6CZ
LE 144! 08y (a4 6'SLI ! 8861 L6SE0 09 L9500 €T LLTO0 9 €917°0 S99L1 y0°l 00 8¢ LIT 8CZ
78 oL L91C e 98I 99 ['G81 8CST0 S'e S0S0°0 81 L8T0°0 6¢ 00020 8'8LYS 09°0 00 9 el LTZ
C €SL S1v8 €e 1281 88 8'8€C (224l Lt 1L90°0 81 98200 I't 159C°0 1'¢eor 0¥°0 wo 143 4 977z
09 €89 8'16¢ 8¢ 09L1 €9 €81 LT8S0 I'e 12500 [ LLTO0 8¢ 0661°0 L6lys y€0 150 8y ¥6 Stz
@ LW ey Wy W @) ) ag, ) 0 @) 0 ad % 0 wdd  wdd
o a8e qq e .. e .. o 907 o 8€7 ° s€T $0T o jodg
U0d J0.119 LA (1% R £} 8T JoaId SET *L1I0) LI J0.LID /ad J0.113 /qd. J0.119 /ad /qd. ’qd. /UL UL n
/9d ¢ /Ad gy /9d L0z 90z 107 90z 90z

(panunuod) — g 2[qe],

]
52J

(
{




4.4. Results

101
101
Ly

08
S6
€6
66
98
98
98
¥6
96
101
86
¥6
001
6
88
¥6
68
€6
6
99
16
L6
66
6
86
6
6L

86
¥6
8¢S
Y01
001
01
IS

(%)
u0d

081
LI
§0c

I'ey
881
L0t
€91
1'e6c
6°0¢
0t
T8l
¥'81
T8l
Lel
901
€Ll
6°¢l
0ve
L'S1
el
el
6°Cl
L'€T
st
861
9°01
6'1C
!
8¢l
68

L'S¢E
86T
8°0¢
1'6C
I'v€
09
¥'8¢

(BIA)

J0.119

6'Lov]
L8671
6°'16C1

9LTLL
L'88¢1
yeIel
Lol
CIIII
S'66¢€1
1'cell
9891
L €TS1
L'88Y1
8¢Sl
ISyl
9°6SCl
9°S0v1
8Tl
£9evl
0°GIST
'Syl
0°08ST
6'LYEl
geeel
€Tyl
L00ST
T8EST
68591
0°56C1
STI91

68001
6'16C1
L'6gC1
§'T0S1
7566
8'6CI1
L'6SEL
(en)
age qd,,,
/9dy;

6T
8'CC
L1l

I'vc
€Ye
el
99T
S'61
st
Sel
Sel
S8l
IS¢
£7C
S8l
L'ee
'Ll
S'LI
S8l
8'L1
I'Le
1'e6c
0ve
0°6¢
v
69¢C
96T
[44!
!
911

€Ie
(¥4
1'ce
6'ST
YL
L0€
v'€C

(eIA)

J0.119

€LISI
6051
07209

VLLEL
1rocel
0°1¢cl
6 1€V
1'€S6
¥'v0C1
L0l
08¢l
L'LSY1
L80S1T
6'70S1
T69¢1
SISCl
clecl
8'686
£8yel
G'esel
9 GEvl
TLSYT
8'¢68
6°¢lCl
6°08¢€1
124!
Y44t
¥'LT91
I'Lell
I'LLT]

L066
0vIcCl
09IL
T09s1
£666
9°0ST1
$'869
(en)
ade (),
Adyye

S8l
0°GI
€7l

L'€T
L9l
Syl
I'LT
891
Lel
911
0¢lI
Vel
¥91
[44!
I'cl
9°¢I
|4t
a4l
0°¢l
€7l
181
8l
1'oc
96l
L9l
¥91
6°LI
6

06

¥'8

TYe
8'LI
8°0¢
161
091
'8¢
L€t

(eIA)

J0.119

60S1
81051
£69L

e€Iesl
Sovel
S¥SCl
Soevl
001
€9LT1
1801
14744!
818yl
0051
9vIST
S 1ovl
0°€SCl
8VeEel
0e01
8'C8¢E1
881Vl
£08¥1
6°L0OST
y'Se0l
9°LSTI
TLecLl
I'revl
68971
Iyl
§Tecl
T80v1

966
Vvl
7968
6°6ES1T
1866
Vevll
TLLS
(en)
ade N,
/9d 7

05160
¥6L8°0
89880

ciy90
10060
8¥8°0
6£C6'0
61€8°0
CI8L0
86080
606L°0
61280
8880
€916°0
€L€6°0
9¢€16'0
5680
P80
G8L80
L2060
00060
5560
L8160
8560
e88°0
8€96°0
S¥98°0
9t¥80
980
12060

79880
¥9¥8°0
89680
869L°0
IEVL0
05890
8980
@

*LI0D “XID

01
60
I'l

€T
01
'l
60
S'1
I'l
01
01
01
01
L0
90
60
L0
Tl
80
L0
01
L0
[
80
01
90
Tl
90
L0
S0

81
€1
91
91
L1
I'e
0¢
(%)
10119

§€60°0
§€60°0
0¥80°0

8601°0
£880°0
6¥80°0
L0600
99L0°0
88800
86L0°0
1260°0
87600
0€60°0
05600
1600
¥280°0
1680°0
CLLOO
§060°0
£v60°0
65600
LL600
¥980°0
86800
86800
9€60°0
§560°0
61010
1¥80°0
¥660°0

8CLO0
0¥80°0
81800
L€60°0
€CL00
€LLOO
0,800

Adyy;
/qd

[
L1
0¢

6'1
0¢
L'l
I'c
[
V'l
V'l
Tl
V'l
6'1
L1
S'1
0¢
Sl
6'1
!
S'1
I'c
[
6'C
9¢
0¢
0¢
0¢
01
01
01

ve
I'c
(23
6'1
6'1
6T
e
(%)
10119

¥$9T°0
8¢€97°0
6L60°0

8¢€T0
€LTTO
$80T°0
L8YT0
€6S1°0
¥$0T0
LTLT0
88¢€T0
LESTO
LE9TO
629C°0
99€T0
evITo
81CT0
¢s91°0
9TeT0
0v€T0
Y6vC0
9€5T0
L8Y1°0
CLOTO
68¢€C°0
685C°0
L9YT0
CL8TO
1¥0T°0
16120

1991°0
¢LOT0
SLITO0
8ELTO
LLIT'0
¥S61°0
SYIT0

Mg
/4d gy,

e
61
€T

0¢
€T
0¢
(4
LT
8’1
8’1
91
L1
I'c
8’1
91
e
91
€T
L1
91
€T
€T
I'e
L'e
(x4
I'c
€T
[
€1
I'1

6°¢
§C
9¢
¥'C
T
€Y
I'y
%)
BUORRE]

(Uraas
610¥'€
eeel’l

8ELY'E
S99L'C
o'
Clire
°e89°1
LYIST
80061
90€0°¢
8SI¢E
LT8EE
Svvy'e
19L6'C
43344
€eCLT
T8SL1
£€06'C
I7v0°€
0L6T°€
€SIv'E
VCLL'T
LOSY'C
7656'C
LThEE
88YT'E
SYE0y
£€99¢°C
00

6L99°1
€66¢€°C
wee'l
¥8€6°¢
€CLY’]
G€80°C
€CLET

hﬂmﬂ
/Ad 47

L ES8EL
(99431
£'L6688

L00¥9
7'99C6¢
G'TTELS
¥'680C6
£869¢C
8°C0LSS
9'0CLES
9'16SSS
6'188¢6
8'CC096

€ELYSE]

188516
961968

¥'6L6C01
6'6SY81
8 1L61Y
T66LTLI
Y eresoc
079087I¢
1'808€L1
TS81601
VLSLTL
8'LISYL
L'0SETIT
£'8€8
T8E8Y8I
9°6Tee0T

£1¢scl
1'99¢6v
9°¢CeEl
T09¢SS
§'oTeET8
£EL8S
L'SICL

Ad,y;
/4d gy,

200
10°0
200

90
€00
200
200
L00
€00
€00
€0°0
200
200
10°0
200
€00
200
600
90°0
10°0
10°0
10°0
10°0
200
L00
200
10°0
68’1
200
10°0

y1°0
€00
ee'l
€00
700
620
yTo0
(%)
*Adyy;

00 €l (943 otz
€00 81 0zs o1Z
¥T0 SLT 8CTL o1Z
(ssug-ueid) gi-9od ddueg
LT0 I 99 osvzZ
670 €9 L1T 015 74
810 84 [4%4 otz
9T0 88 gee OvZ
cro 11 68 q6€Z
S1'o 0¢ 0¢I D6¢7Z
970 0¢s 161 OLEZ
v1°0 €C CL1 09¢Z
810 [44 [4%4 oIS ¥4
1T0 9 L8T ovezZ
€ro 143 (394 gz
S1'o 6T 961 gz
cro 99 6€S otez
LT0 S 6T¢ 00¢€Z
600 9 L9 A6TZ
o (U4 181 D6TZ
S1'o [43 6€¢ 0877
8T0 6L1 0€9 0977
8T0 (43! 1249 vz
110 I8 9L A81Z
0T0 001 681 otz
1T0 0L LEE 2017
Y0 9 061 D60Z
670 6S1 1599 oL0Z
cro 53 0S¢ 0€0Z
§To 801 8Th ox4\74
910 1S4 16¢ o10Z
(ssoug-uersd) 19-zzo Adwes

€C0 143 8y A6TZ
90°0 [44 799 D6TZ
¥1°0 86T €681 0877
910 99 (484 oLTZ
€ro L Tss q9TZ
cro 11 98 ASTZ
€ro 69 (449 o5tz

n wdd wdd Jods
4L UL n

(panunuod) — g 2[qe],

]
53J

(
{




i3

Capitulo 4: “Geochemical and geochronological constraints on the nature...
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4.4. Results

Figure 13 — CL images of zircons from granodiorite. OZ, inclusions and complex growth zoning (clear
areas at crystal apexes) are common features of zircons from this unit. A: zircon from sample 028-01. B:

zircon from sample 030-01.
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Figure 14 — Results of U-Pb analyses of granodiorite samples. A: Probability density plot showing the
distribution of zircon ages in sample 028-01. B: Concordia diagram of data from sample 028-01. C:
Probability density plot of zircon ages from sample 030-01. D: Concordia diagram of data from sample
030-01. Green ellipsoids: grain cores; Red ellipsoids: grain rims.

growth zoning presented by Corfu ef al. (2003). The distribution of ***Pb/?*U ages in

the probability density plots of figures 14A and 14C shows that most of the grains

cluster at the interval between 160 and 200 Ma, with some grains displaying ages of
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Capitulo 4. “Geochemical and geochronological constraints on the nature...”

Figure 15 — CL images of zircons from granite-gneiss. A: grain displaying internal OZ and bright
metamorphic rim with recrystallization front at the upper-left area. B: grain displaying dark, convolute-
zoned inherited core. C: grain with thin metamorphic rim and convolute zoning at the core. D: grain
displaying bright, thickened primary zones. Some convolute zoning is observed at the lower portion of the
crystal.

~149, 200-240 and ~420 Ma. When plotted in concordia diagrams, grains from the main
population display a tendency to fall near the concordia although a variation in
2%pp/ 28y ratios exists. An age between 174 and 185 Ma can be assigned to the
granodiorite, which is indicative of the approximate time of crystallization of the
magma. Grains yielding older ages, although texturally and morphologically similar to
the rest of the grains (some of them, perhaps, displaying a fairly diminished CL), could
represent zircons inherited from earlier magmatic pulses. This assumption makes sense
when it is taken into account that granodiorites locally display mafic enclaves indicative
of magma mingling (see section 4.2.2.5). The grain yielding an age of ~420 Ma could

be a xenocryst inherited either from host rocks or from the source of the magma.

4.4.2.2.Granite-gneiss

Zircons from this unit are typically large (between 130 and >150 pm) and
elongated (length:width ratios between 2:1 and 3:1), with rounded borders, dark-brown
colors and a fragile character. Internally, CL images reveal cores displaying igneous OZ
and bright, isotropic metamorphic rims which can be found in some grains and are too
thin or virtually inexistent in others. It is common to observe that the igneous OZ has

been locally disrupted to variable extents by reequilibration processes manifested in
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Figure 16 — Results of U-Pb analyses of metamorphic rocks. Samples 017-05 (A), 022-01 (B) and PGG-
18 (C and D) belong to the granite-gneiss, while samples 020-02 (E) and 020-03 (F) are from the
metamonzogabbro. Green ellipsoids represent analyses of grain cores.

recrystallization fronts, blurred and convolute zoning and thickened primary zones
(figure 15), these structures being considered indicative of high grade metamorphism
(Hoskin & Black, 2000; Corfu et al., 2003). Pb/U ratios show a remarkable dispersion,

with ages ranging between ~1542 and 932 Ma and discordant patterns indicating
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Capitulo 4. “Geochemical and geochronological constraints on the nature...”
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Figure 17 — Results of U-Pb analyses of metamorphic rocks. Samples 017-05 (A, B and C), 022-01 (D)
and PGG-18 (E and F) belong to the granite-gneiss. Green ellipsoids: grain cores; Red ellipsoids: grain

rims.

conspicuous Pb losses within grains. Few ages between 1560 and ~1900 Ma were

obtained, which are interpreted as coming from inherited grains and cores. For the

estimation of ages from discordant data, Pb-loss models calculating upper and lower

intercepts of discordia lines were applied along with mean **’Pb/2*°Pb ages to show that

in general the two calculation methods yield similar age intervals. Moreover, the lower

—
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4.4. Results

Figure 18 — Back-scattered electron (BSE) images of zircons from metamonzogabbro. A: grain displaying
patchy zoning. B: grain showing patchy zoning and a recrystallization front at its lower-left border. C:
grain with internal patchy zoning and metamorphic rim. D: grain with internal convolute structure. Notice
that bright areas in BSE images are dark under CL and vice versa. Circular black spots correspond to
ablated areas.

intercept was kept anchored at 180 Ma which is the mean estimated age of intrusion of
the granodiorite (see above) and represents the last regional disrupting thermal event
suffered by the metamorphic rocks. Using this method, a crystallization age for the
igneous protolith is estimated between ~1544 and 1484 Ma (figures 16A - 16D). Some
bright rims and one core yielded ages between ~1180 and 970 Ma (figures 17A - 17F),
which are interpreted as the time of metamorphism. Intermediate ages between ~1490
and 1200 Ma are regarded as artifacts caused by Pb losses (see discussion section

below).

4.4.2.3.Metamonzogabbro

Zircons of this unit are commonly 120 to >150 pm in size with length:width ratios
between 2:1 and 1:1. They are translucent with a pinkish hue and display rounded

borders which in some cases get to yield prismatic and pyramidal crystal faces. CL
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Figure 19 — Results of U-Pb analyses of metamorphic rocks. Samples 020-02 (A and B) and 020-03 (C
and D) belong to the metamonzogabbro. Green ellipsoids: grain cores; Red ellipsoids: grain rims.

imaging reveals internal patchy zoning defining broad light and dark bands that are
usually parallel but not concentric (figure 18). This type of texture is similar to that
found in zircons from intermediate to mafic igneous rocks (Corfu et al., 2003).
Metamorphic isotropic rims occasionally occur in these grains, although they might not
be as bright as those found in zircons from the granite-gneiss (see above and appendix
I). Disequilibrium textures are moderately abundant in the form of recrystallization
fronts, convolute zoning and blurred primary structures (figure 18). As in the case of the
granite-gneiss, Pb/U ratios display Pb-loss patterns and considerable dispersion yielding
ages between ~1542 and 964 Ma. An age of protolith crystallization can be inferred at
1542-1501 Ma (figures 16E - 16F). Metamorphic rims and one core yielded ages
between 1180 and 964 Ma which are similar to those obtained in the granite-gneiss, and
are thus interpreted as representing the same metamorphic event that affected those

rocks (figure 19). As in the case of the granite-gneiss, intermediate ages between >1450
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Figure 20 — Summary of U-Pb data from the granite-gneiss and the metamonzogabbro. A: Concordia
diagram displaying Pb/U ratios of all samples. B: Probability density plot of the ages obtained in zircon
metamorphic rims of all samples. C: Probability density plot of the ages obtained in zircon cores of all
samples. Green ellipsoids: grain cores; Red ellipsoids: grain rims; Black ellipsoids: inherited grains.

and 1200 Ma are not regarded to represent real geological events but incomplete

reequilibration due to Pb losses.

From the above data, it can be concluded that the oldest ages for the granite-
gneiss and the metamonzogabbro (representing the time of crystallization of their
protoliths) fall within the same range (~1540-1500 Ma), implying that these units are
nearly coeval. This behavior can also be recognized from the concordia diagram when
Pb/U ratios of all samples are plotted together (figure 20A) and from the probability
density plot of zircon core ages of both rock types (figure 20C). It can also be observed
a tendency for metamorphic rims to cluster at ages between 1190 and 1000 Ma (figure

20B).

4.4.3. Nd and Sr isotope geochemistry
Results of Sm-Nd and Rb-Sr isotope geochemistry are summarized in table 3. For

the latter system only *’Sr/**Sr ratios were measured in the laboratory, while *’Rb/**Sr
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4.4. Results
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Figure 21 — Evolution eyg vs. age diagram of the analyzed samples. Similar evolution trends and Tpy
ages are observed for the granite-gneiss and the metamafic rocks, with both units being nearly juvenile in
nature. Magmas that gave origin to the granodiorite were generated by partial fusion of a more evolved
source. Symbol and color key as in figure 9.

ratios were calculated based on the Rb and Sr concentrations presented in section 4.4.1.
Unfortunately, these calculations lead to anomalous *’Sr/*°Sr; ratios for the granite-
gneiss which will not be considered in further interpretations. These anomalies could be
due to Rb remobilizations induced by metamorphism or metasomatism of these rocks.
From the geochronological data of the previous section, the preferred age for the
granite-gneiss, the metamonzogabbro and the amphibolite was taken as 1520 Ma, while
an age of 180 Ma was used for the granodiorite. The granite-gneiss yielded eng(T)
values between +3.0 and +4.7, which are indicative of an origin from a depleted mantle
reservoir. A similar situation is observed for the metamonzogabbro and the amphibolite,
which display eng(T) values between +2.3 and +4.6, and *’St/*°Sr; ratios ranging from
0.7020 to 0.7037. Tpm ages for this group of rocks roughly fall within the same interval
between 1509 and 1733 Ma. The similarity between the lower boundary of this interval
and the presumed crystallization age indicate a nearly juvenile character for these
mantle-derived rocks, although participation of sources differentiated earlier seems also
possible as suggested by the older Tpy ages. The latter is supported by the presence of
inherited zircons yielding **’Pb/*°°Pb ages between 1600 and 1900 Ma within the
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granite-gneiss (see above). Altogether, this bimodal set of rocks defines a homogeneous

path in the eng vs. age diagram of figure 21.

The granodiorite yielded eng(T) values of -5.4 and -6.9 and Tpy ages of 1229 and
1274 Ma which suggest that this unit was derived from materials with crustal affinities
representing a younger, more isotopically evolved source than the metamorphic rocks
they intrude (figure 21). The constraint on the crustal nature of the source from which
the granodiorites originated is further supported by *’Sr/*°Sr; ratios of 0.7071 and
0.7073 for the two analyzed samples.

4.5. DISCUSSION

The granite-gneiss displays high amounts of incompatible trace elements and
Ga/Al ratios which allow classifying its protolith as A-type granite according to
geochemical criteria by Pearce et al. (1984) and Whalen et al. (1987). The moderately
ferroan nature of these rocks also supports this conclusion, since this is a common
feature to that group of granites (Frost ef al., 2001). Moreover, the analyzed rocks can
be assigned to the A, subgroup characterized by Y/Nb ratios greater than 1.2, which is
related to granites with sources chemically similar to island arc or continental margin
basalts (Eby, 1990; 1992). The constraint on a mantle source for the magmas that later
became the protolith of the granite-gneiss is further supported by positive values of
end(T) between +3.0 and +4.7. In addition, it is interesting to notice that within the
broad realm of A-type rocks, the granite-gneiss is classified into the post-orogenic/post-
collisional category when, for example, considerations about major element contents are
taken into account by means of the discriminant functions of Agrawal (1995), and also
when the trace element-based tectonic discrimination diagrams of Pearce et al. (1984)
are used, showing that samples tend to cluster in the WPG field, very close to the
boundaries with the other VAG, ORG and Syn-COLG groups, where the post-
collisional granites are commonly plotted (Pearce, 1996). Normally, post-collisional
granites display heterogeneous chemical compositions that give away interactions
between the mantle and a thickened continental crust leading to mixed signatures
(Pearce, 1996; Bonin, 2007). The fact that the obtained eng(T) values still retain a
mantle identity would indicate that the crust where the protolith of the granite-gneiss
was emplaced did not have such a significant thickness, which is consistent with their
multi-element patterns, similar to those of within-plate granites emplaced in attenuated

continental lithosphere presented by Pearce er al. (1984). Features indicating that a
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subduction zone-like mantle associated to a previous orogenic phase contributed to
sourcing the precursor magmas of the granite-gneiss are the subdued although still
noticeable negative anomalies of Nb and Ta. These characteristics, along with
MgO/TiO, ratios varying between values typical of granites from anorogenic and
subduction zone settings (Bilal & Giret, 1999), indicate a transitional character for the
source and conditions of generation of the precursor magmas of the granite-gneiss,
midway between orogenic/collisional and anorogenic environments. This has been
observed by Bonin et al. (1998) and Bonin (2007), who describe post-orogenic suites at
their initial stages as being the result of processes still influenced by crustal materials
subducted below the orogenic subcontinental lithospheric mantle, with the dominantly
metaluminous calc-alkaline suites showing a shift from normal to high to very high-K
associations, and crystallizing under nearly water-saturated conditions leading to
subsolvus mineralogies and textures. This is why post-orogenic suites commonly plot
within the A, field and display an alkali-calcic character (Bonin et al., 1998; Bonin,
2007), such as the granite-gneiss studied here.

On the other hand, the metamafic rocks display a major element chemistry
suggesting a transitional character, with the analyzed samples being classified as
monzogabbros according to the scheme of De La Roche et al. (1980). Their enrichment
in LREE precludes an origin at a MORB setting and suggests instead an OIB-like
source for the precursor magmas. Similarly, the multi-element diagram patterns of the
metamafic rocks resemble that of the mean OIB of Sun & McDonough (1989). Some
departures from this mean pattern are observed on the analyzed rocks; according to Sun
& McDonough (1989), influence of arc-related or sedimentary materials on the source
of the magmas could be responsible for the depletions in Nb, Ta, Sr, P, Eu and Ti, as
well as for the enrichment in Ba, while the lower contents of Rb and K could account
for residual phlogopite holding back these elements at the mantle. Melting at high
pressures would cause the observed depletions in Zr and Hf as well as, again, in Sr, P
and Ti. Mantle rocks at depths greater than ~30 km are unlikely to be composed of
abundant plagioclase (Wilson, 1989), so that high-pressure melting could also explain
the subdued to almost null negative europium anomaly observed in the REE patterns of
the metamafic rocks. In addition, high water amounts evidenced by relatively abundant
hornblende and biotite (the latter observed in the lower-grade lithologies) also point to

subduction zone mantle as participant in the generation of the magmas. Altogether, the
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source of the metamafic rocks seems to be complex in nature involving more than one
kind of material; this is also reflected by their variable Nd Tpy between 1.51 and 1.73
Ga.

The U-Pb ages in zircons obtained from the granite-gneiss and the metamafic
rocks range between ~1540 and 930 Ma, with noticeable Pb losses and intermediary
ages ranging from 1200 to >1400 Ma. As shown in figure 20B, most of the ages
determined in the metamorphic rims of zircons from both units fall within the range
between ~1180 and 930 Ma, which is interpreted as due to a high-grade Grenvillian
metamorphic event related to the assembly of Rodinia at the end of the Mesoproterozoic
(e.g., Li et al., 2008; Fuck et al., 2008). This is not a new finding for the region
comprising the northern portion of the Central Cordillera of Colombia, as previous
works had already yielded similar results at this and other areas of the Colombian
Andes (Restrepo-Pace et al., 1997; Ordonez-Carmona et al., 1999, 2002b; Cordani et
al., 2005; Cardona et al., 2010a; Ibanez-Mejia et al., 2011). On the other hand, the
oldest ages obtained from zircon cores (except those from inherited grains) range
between ~1500 and 1540 Ma, and are interpreted as the time of crystallization of the
protoliths of both the granite-gneiss and the metamafic group, which are thus essentially
coeval. Several ages between 1200 and >1400 Ma can be estimated using Pb-loss
models and *°’Pb/**Pb means. However, from a geological point of view, no rocks
representing events of those ages have been reported so far in this part of the Central
Cordillera, so these results would represent artifacts induced by multi-stage Pb losses
caused initially by the Grenvillian metamorphism and later by the thermal disturbance
associated to the intrusion of the Norosi Batholith at ~180 Ma. Furthermore, if a thermal
event had indeed taken place close to ~1300 Ma, then it should be equally represented
in both the granitic and mafic rocks, which is not the case for the granite-gneiss.
Concordant ages of zircon cores and rims falling within this interval are thus interpreted
as “protolith memory” effects caused by incomplete reequilibration of Pb/U ratios
within zircon. This has been shown to be a common feature in zircons of rocks from

high-grade terranes (Hoskin & Black, 2000).

The Norosi Batholith granodiorite has mineralogical and chemical features
consistent with an I-type nature. Negative exa(T) values and initial *’Sr/**Sr ratios
greater than 0.7045, however, suggest the participation of crustal, more evolved

materials in their genesis. Some authors have pointed out the hybrid character of several
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granitic rocks in the world, with the mixing between mafic mantle-derived melts and
felsic crustal-derived magmas being the usually preferred model to explain the dual
identity of those rocks, although other mechanisms valid in specific instances have also
been proposed (Castro et al., 1991; Healy et al., 2004; Yang et al., 2006; Clemens et al.,
2011). The presence of common mafic enclaves supports a magma mixture model for
the origin of the granodioritic rocks in the SLR. Furthermore, from the results shown in
table 3, it can be calculated that the eng values for the granite-gneiss and the metamafic
rocks at ~180 Ma (the presumed age of generation of the magmas from which the
granodiorite crystallized) varies between -8 and -10, thus being plausible end members
that when melted and mixed with mantle-derived magmas (eng of ca. +8 at 180 Ma
according to the depleted mantle model of De Paolo, 1981) might yield hybrid melts
with the eng values between -5 and -7 displayed by the granodiorite (table 3). This
implies that the Nd Tpwm of ca. 1250 Ma calculated for that unit is an artifact resulting
from mixing magmas derived from sources with Tpy of ~1500 Ma (granite-gneiss and
metamafic rocks) and ~180 Ma (mafic magmas generated during Andean igneous

activity).

end(T) values between +2.3 and +4.6 for the metamafic rocks are similar to those
of the granite-gneiss indicating a mantle source common to both rock types. In addition,
their Nd Tpy values are similar and define a homogeneous domain in figure 21, with
protolith ages being close to this range. The latter suggests that those magmas are nearly
juvenile in nature and constitute a bimodal association which, according to the
characteristics described above, would have been emplaced in a post-collisional regime

at ~1.52 Ga.

Bimodal A-type associations are a rather common feature of post-collisional
settings which are frequently linked to transcurrent shear tectonic contexts (Bonin,
2007). With regard to this, several examples exist in the literature describing A-type
granites and associated rocks that were likely emplaced in compressive-transpressive
regimes as, for example, the Estrela Granite Complex of Carajas in Brazil (Barros, et
al., 2001; 2009), the granitic rocks west of the East European Craton (Skridlaite et al.,
2003) and the Stenshuvud and Karlshamn granites of southern Sweden (Ceéys, 2004).
At such settings, the granitic magmas are prone to develop anisotropic fabrics consistent
with syntectonic deformation. Some granites even display chemical characteristics

midway between I- and A-types (Celys, 2004). In this sense, the anorogenic nature of
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those rocks is questioned as they reflect a relation more compatible to orogenic
contexts. It is suggested that the banded structure defined by alternating felsic and mafic
layers observed in the granite-gneiss of the SLR could have been originated in a similar
fashion to explain their apparent truncation by the nearly coeval and virtually isotropic
metamafic rocks (figure 3B). According to Naslund & McBirney (1996), deformation of
partially crystallized magmas can generate a layering resulting from the segregation of
liquids, yielding sharply defined dark and light layers that can in extreme cases be
monomineralic, although magmatic flow is also capable of generating this kind of
structures. Actually, no solid statement can be made about the nature and origin of the
banded structure of the granite-gneiss as detailed structural and kinematic analyses were
not conducted. This issue is left to be resolved during future studies involving more
field observations. A Nd Tpy of 0.6 Ga for a deformed metagabbro dyke found near
Pueblito Mejia would suggest that the truncation of the banding of the granite-gneiss is
caused by younger mafic intrusions (INGEOMINAS-UIS, 2006). The latter data,
however, are considered unreliable since no rocks of that age have been found at this
sector of the Colombian Andes and no metamorphism younger than the Grenvillian

event has been documented within the area by previous studies.

The Rio Negro Province (RNP) of the Amazonian Craton, comprising
northwestern Brazil, southeastern Colombia and southern Venezuela, has a basement
composed of calc-alkalic monzogranitic to tonalitic gneisses yielding ages between 1.86
and 1.78 Ga (Tassinari & Macambira, 1999; Santos et al., 2000). This basement is
intruded, among other units, by granitic rocks of the Rio Uaupés Suite, including
titanite-biotite monzogranite, biotite granodiorite, leuco-monzogranite and leuco-
syenogranite (Dall'Agnol & Macambira, 1992). These granites have yielded a Rb-Sr
whole-rock age of ~1459 Ma (Dall'Agnol & Macambira, 1992), although Santos et al.
(2000) reported older U-Pb ages in zircon close to 1520 Ma, as well as eng(T) values
between -5.0 and -1.22 with Nd Tpy ranging from 1.99 to 2.12 Ga. Based on an initial
7S1/*®Sr ratio of 0.7063 obtained for this suite, Dall'Agnol & Macambira (1992)
proposed a probable origin in a collisional setting for the Rio Uaupés Granites.
Geochemically, however, these granites display within-plate and A-type characteristics,
falling within the A, group of Eby (1992). Further geochemical data presented by
Dall'Agnol (1992) showed that the rocks of this suite display features similar to those of

both orogenic and anorogenic granites, without clearly fitting within any of these two
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classes. Thus, Dall'Agnol (1992) recognized that the Rio Uaupés granites would not
represent typical collisional granites and leaves an open question about a possible
relation to a post-collisional/anorogenic setting. Given the above characteristics, it
might be stated in principle a correlation between the granite-gneiss of the SLR and the
Rio Uaupés Suite, thus establishing a linkage to the RNP of the Amazonian Craton.
Some important differences should, however, be pointed out, such as the apparently
crustal origin of the Rio Uaupés Suite, as well as their consequently older Nd model
ages and absence of associated mafic rocks. Moreover, the Uaupés River Suite is
associated to the coeval Rio Igana Suite, composed of peralumious S-type granites
(Dall'Agnol, 1992; Santos et al., 2000). On the other hand, Dall'Agnol (1992) does not
discard a mantle source with substantial later crustal contribution for the origin of the
Rio Uaupés granites, and inherited zircons with ages between ~1900 and 1600 Ma
found within the granite-gneiss support a genetic relationship to the RNP of the
Amazonian Craton. A similar correlation had been stated by Cardona et al. (2010a) on
geochronological grounds for paraderived units from the Chibcha Terrane in Colombia
and other similar lithospheric blocks in Ecuador, Perd and Venezuela, which were
interpreted as generated from sediments coming from the Amazonian Craton and
deposited in basins along an active margin of the latter. Moreover, paleomagnetic data
from Bayona et al. (2006; 2010) suggest that the Colombian massifs were brought from
latitudes further south similar to the present day positions of northern Perti and Ecuador,
thus favouring the correlation with the RNP stated here for the Mesoproterozoic rocks
of the SLR. The determination of ages between ~1180 and 930 Ma in metamorphic rims
of zircons of the granite-gneiss and the metamafic rocks advocate the participation of
the SLR in a Grenvillian event along with the other massifs of the Chibcha Terrane in
the Colombian Andes and other blocks in Ecuador, Pert, Venezuela, Mexico and
Middle America, following recent models in which this group of fragments would have
been located at or near the northwestern border of Amazonia interacting with Baltica
during the end of the Mesoproterozoic and Early Neoproterozoic (Keppie & Dostal,
2007; Bogdanova et al., 2008; Li et al. 2008; Johansson, 2009; Keppie & Ortega-
Gutiérrez, 2010; Cardona et al., 2010a; Ibafiez-Mejia et al., 2011).

It 1s worthwhile to notice that this work describes comprehensively for the first
time Early Mesoproterozoic (Calymmian) orthoderived rocks in the Chibcha Terrane, as

materials of this age (i.e., zircons) had only be found as inherited components in
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paraderived metamorphic rocks reworked during Grenvillian events (e.g., Restrepo-
Pace et al., 1997; Cordani et al., 2005; Ordoéniez-Carmona et al., 1999; 2002b; Cardona
et al., 2010a; Ibafiez-Mejia et al., 2011). Ordonez-Carmona et al. (2009) had already
reported an U-Pb age in zircon of 1501 Ma for the granite-gneiss, but its meaning and
geotectonic context was poorly documented. The San Lucas Gneiss and metamafic
rocks as part of the more broadly extended post-collisional to anorogenic domain of the
RNP of the Amazonian Craton would represent, in fact, the source of zircons with ages
close to 1.5-1.54 Ga found within the Precambrian units of the Colombian Andes. This
means that the rocks of the SLR constitute the true basement of those Precambrian
terranes in this region, with the paraderived rocks reported by earlier works representing

supracrustal covers.

4.6. CONCLUSIONS
The analyses carried out during this study allow concluding the following:

- The basement of the northern portion of the SLR is constituted by a bimodal
association of monzogranitic and monzogabbroic rocks that were metamorphosed under
granulite facies and retrograded subsequently to amphibolite facies. Thus, the classical
conception that regarded these units as a metasedimentary sequence similar to those
observed in the eastern flank of the Central Cordillera, the Sierra Nevada de Santa
Marta and Santander Massifs and the Guajira Peninsula is challenged.

- U-Pb geochronology of zircon cores indicates a crystallization age between 1.54
and 1.50 Ga for the protoliths of the granite-gneiss and the metamafic rocks, while
metamorphic rims yielded ages between 1180 and 930 Ma. These data, along with
positive eng(T) values and Tpy between 1.5 and 1.7 Ga indicate a mantle-derived origin
and a virtually juvenile character for those coeval units.

- The magma from which the granodiorite of the Norosi Batholith crystallized
seems to be the result of mixing between mafic mantle-derived magmas and felsic
crustal melts generated between 200 and 180 Ma ago.

- Both groups of metamorphosed felsic and mafic rocks display chemical features
suggesting that the mantle source that gave origin to their precursor magmas had
characteristics transitional between enriched (indicative of a within-plate setting) and
both depleted and hydrated (more compatible with an arc setting), which suggests that
these magmas formed as a bimodal association in a post-collisional context. Moreover,

their occurrence in a transpressive environment (as exemplified by other suites from
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Northeastern Europe and Brazil) might account for a rather syntectonic character
reflected in the banded structure of the granite-gneiss which seems to be crosscut by the
metamafic rocks. Nevertheless, further structural and petrologic studies should verify
the validity of the latter statement.

- The orthoderived rocks of the northern part of the SLR constitute the first
reported occurrence of Early Mesoproterozoic (Calymmian) in the Colombian Andes, as
similar (and even older) ages had only been found by previous studies in detrital zircons
of younger Late Mesoproterozoic-Early Neoproterozoic paraderived metamorphic
rocks.

- The post-collisional granitic rocks described in this study can be correlated with
the A-type Rio Uaupés Suite in the RNP of the Amazonian Craton, for which an
intrusion age has been constrained at ~1520 Ma. This places the SLR within the same
context of other massifs in the Colombian Andes as well as similar lithospheric blocks
in Ecuador, Perti, Venezuela, Mexico and Middle America, all of them regarded as
being at or near the northwestern border of the Amazonian Craton during the Late
Mesoproterozoic. The SLR, however, would represent a part of the basement of the
Amazonia paleocontinent, while the other blocks mainly correspond to sedimentary
infillings of marginal basins or peripheral arcs and/or microcontinents. According to
recent models, this group of blocks might have been brought from southern latitudes
after being involved in the collision between Amazonia and Baltica during the

Grenvillian/Sveconorwegian Orogeny from ~1140 to 970 Ma.
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As anélises realizadas durante este estudo permitem concluir o seguinte:

- O embasamento da porg¢do norte da SSL € constituido por uma associacdo bimodal de
rochas monzograniticas e monzogabrdicas que foram metamorfizadas em facies
granulito e retrogradadas posteriormente a facies anfibolito. Assim, a concepgao
classica que considera estas unidades como uma sequéncia metasedimentar similar
aquelas observadas na margem leste da Cordilheira Central, nos Macicos da Serra

Nevada de Santa Marta e Santander e na Peninsula da Guajira ¢ contestada.

- A geocronologia de U-Pb em nucleos de zircdo indica idades de cristalizagdao entre
1.54 e 1.50 Ga para os protolitos do granito-gnaisse e as rochas metamaficas, enquanto
que as bordas metamorficas apresentaram idades entre 1180 e 930 Ma. Estes dados,
junto com valores positivos de exg(T) € Tpy entre 1.5 e 1.7 Ga indicam uma origem a

partir do manto e um carater virtualmente juvenil para essas unidades coetaneas.

- O magma a partir do qual cristalizou o granodiorito do Batolito de Norosi parece ser o
resultado de mistura entre magmas maficos manto-derivados e fundidos félsicos crustais

gerados ha 200-180 Ma.

- Os dois grupos de rochas félsicas e maficas metamorfizadas apresentam feigcoes
quimicas indicando que a fonte mantélica que deu origem aos seus magmas precursores
tinha caracteristicas transicionais entre enriquecidas (indicativo de um ambiente intra-
placa) e empobrecidas e hidratadas (mais compativel com um ambiente de arco),
sugerindo que esses magmas foram gerados como uma associagdo bimodal num
contexto pos-colisional. Mais ainda, a sua ocorréncia num ambiente transpressivo
(como exemplificado por outras suites do nordeste da Europa e do Brasil) poderia dar
conta de um carater sintectonico refletido na estrutura bandada do granito-gnaisse que
parece ser cortada pelas rochas metamaficas. Porém, estudos estruturais e petrologicos

mais detalhados deveriam verificar a validade desta ultima afirmagao.

- As rochas ortoderivadas da parte norte da SSL constituem a primeira ocorréncia
reportada de Mesoproterozodico Inferior (Calymmiano) nos Andes Colombianos, visto

que idades similares (e até mais antigas) s6 tinham sido obtidas por trabalhos anteriores
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em zircdes detriticos de rochas metamorficas paraderivadas mais jovens do

Mesoproterozoico Superior-Neoproterozdico Inferior.

- As rochas graniticas pos-colisionais descritas neste estudo podem ser correlacionadas
com a Suite Granitica tipo A do Rio Uaupés na PRN do Craton Amazonico, para a qual
foi sugerida uma idade de intrusdo de ~1520 Ma. Isto coloca a SSL no mesmo contexto
de outros macicos dos Andes Colombianos ¢ de blocos litosféricos similares no
Equador, Pert, Venezuela, México e América Central, todos eles considerados como
localizados em ou muito proximos da borda noroeste do Craton Amazdnico durante o
Mesoproterozéico Tardio. A SSL, no entanto, representaria uma parte do embasamento
do paleocontinente Amazonia, enquanto que os outros blocos correspondem
principalmente a enchimentos sedimentares de bacias marginais ou arcos periféricos
e/ou microcontinentes. Segundo modelos recentes, estes blocos puderam ser trazidos
desde latitudes mais meridionais ap6s serem envolvidos na colisdo entre Amazdnia e

Béltica durante a Orogenia Grenvilliana/Sveconorueguesa entre ~1140 e 970 Ma.
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