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RESUMO

O Macico de Troia representa um dos principais dominios de embasamento
arqueano/paleoproterozoico da  Provincia Borborema, NE-Brasil, compondo-se
principalmente de terrenos granito—greenstone riacianos e gnaisses TTGs de idades
neoarqueanas. Os greenstone belts paleoproterozoicos do Maci¢co de Troia compartilham
idades, caracteristicas litoestratigraficas e mineralizacdo aurifera, com aspectos similares de
outros greenstone belts riacianos dos cratons adjacentes. Uma idade U-Pb em zircao de 2185
+ 4 Ma foi obtida para metatonalito pré—colisional (tonalitos Mirador) com afinidade
geoquimica semelhante & adakitos. Para plutons potéssicos colisionais (Suite Bananeira)
obteve—se as idades U-Pb em zircdo de 2079 £ 4 Ma para um quartzo monzonito deformado e
2068 £ 5 Ma para um granito equigranular menos deformado. Ambos sdo célcio—-alcalinos de
alto—K, derivados da fusao parcial de fonte crustal. As idades modelo Hf em zircdo de todos
0s granitoides variam entre 2800 e 2535 Ma, evidenciando que componentes de crosta
arqueana contribuiram para a génese do magmatismo. No entanto, zircbes herdados com c.
2.3 Ga mostraram valores de €u¢(t) de c. +4,9, indicando que crosta paleoproterozoica menos
radiogénica (juvenil) também participou como fonte de magma. A mineralizacdo de ouro no
greenstone belt da Serra das Pipocas esta associada a zona de cisalhamento, e a principal area
mineralizada (o depdsito de Pedra Branca) se estabeleceu no limite estratigréfico da unidade
metavulcanica méfica e metassedimentar da sequéncia greenstone. O estagio principal da
mineralizacdo aurifera é encontrado em associagdo com veios de quartzo, alteracdo céalcio—
silicatica (diopsidio, feldspato potassico, anfibdlio, titanita, biotita, pirita, albita, magnetita +
carbonatos) e abitizacdo (albititos). Ouro livre comumente se precipita em estreita associacao
espacial com magnetita e teluretos de ouro e prata. Duas assembleias de inclusdes fluidas
foram identificadas em veios de quartzo associados a alteracdo calcio-silicatica. A assembleia
1 é caracterizada por trilhas pseudo—secundarias que mostram a coexisténcia de trés tipos de
inclusbes fluidas (aquosas, aquo—carbonicas e carbonicas), sugerindo formacdo durante a
separacdo de fases (imiscibilidade de fluidos). A interseccdo das is6coras médias para
inclusbes aquosas e carbonicas coexistentes sugere condi¢es de PT de 495°C e 2.83 kbar
(10.5 km de profundidade), semelhante a condi¢fes de PT de depositos de ouro orogénico
hipozonal. A assembleia 2 € representada por inclusbes fluidas secundarias, aquosas e de
baixa temperatura (Th < 200°C), provavelmente néo relacionadas a mineralizagéo aurifera. Os
valores de 820, 8D e 8"3C dos minerais hidrotermais (quartzo, calcita, biotita, hornblenda e
magnetita) evidenciam valores de 880 do fluido variando de +8,3 a +11,0 %o (n=59), 6D do
fluido de -98 a -32%o (n=24) e valores de 5'°C de calcita de -6,35 a -9,40 %o (n=3). A
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geotermometria por iso6topos de oxigénio em pares de quartzo—magnetita forneceu
temperaturas de 467 a 526°C (n=7, média de 503°C), que provavelmente, representa a
temperatura de deposicdo de ouro. A associacdo de ouro com magnetita e teluretos sugere um
fluido formador de minério proveniente de magmas oxidados, semelhante aqueles
interpretados como “depositos de ouro orogé€nico relacionado a intrusdes oxidadas”,
comumente descrito em outros greenstone belts pré—cambrianos (ex., Abitibi e Eastern
Goldfields). Quatro eventos de deformacdo (Dn, Dn+1, Dn+2 e Dn+3) sdo reconhecidos no
greenstone belt da Serra das Pipocas. O evento Dn é responsavel pela foliagdo Sn, paralela ao
acamamento (So) da pilha metavulcanossedimentar. O evento Dn+1 é caracterizado pela
foliagdo Sn+1, de mergulho principal para SE, sendo plano-axial a uma série de dobras
assimétricas que evidenciam transporte tectdnico para NW. O evento Dn+2 representa a fase
de deformacéo transcorrente e o evento Dn+3 é caracterizado por deformacéo ductil-raptil. O
estagio principal da mineralizacdo de ouro é encontrado em veios de quartzo deformados,
associados a alteracdo de alta temperatura (célcio-silicatica e albitizacdo), no entanto,
ocorréncia de ouro (+ Te, Ag) em estruturas Dn+3 (ductil-raptil) também foi observada. Uma
idade U-Pb em titanita de 2029 + 28 Ma foi obtida para a alteracdo de calcio-silicatica (e
mineraliza¢&o de ouro). No entanto, a forte perda de Pb dos gréos de titanita define uma idade
de 574 + 7 Ma no intercepto inferior da linha discordia, evidenciando metamorfismo
neoproterozoico. A idade U-Pb em zircdo de 575 + 3 Ma para diques sin—tecténicos a
deformacdo Dn+3, sugere que a deformacdo progressiva (Dn+l, Dn+2 e Dn+3) ¢
provavelmente de idade Neoproterozoica, com tensor de compressao maxima (1) na direcao
WNW-ESE. No entanto, em escala local, registros de deformacgéo paleoproterozoica (Dn)
ainda estdo preservados. Como modelo genético para o depdsito de ouro de Pedra Branca, é
sugerido aqui, uma mineralizacdo de ouro orogénico controlada por dois estagios de
exumacdo tectonica; (1) mineralizacdo de ouro orogénico hipozonal ocorreu em c¢. 2029 Ma,
apos pico do metamorfismo de alto grau e durante primeira exumacao tectonica da sequéncia
greenstone, e, posteriormente, em c. 575 Ma, (2) mineralizacdo aurifera tardia
(remobilizacdo?) ocorreu em nivel crustal mais raso, durante o segundo estagio de exumacao

tectdnica, associado a orogénese Brasiliana/Pan—Africana.

Palavras—chave: Geocronologia. Greenstone Belt. Paleoproterozoico. Ouro Orogénico.

Provincia Borborema.



ABSTRACT

At the Archean—Paleoproterozoic Troia Massif, in Borborema Province, NE—Brazil,
two major Paleoproterozoic greenstone belts are recognized (Algoddes and Serra das
Pipocas). These share similar ages and lithostratigraphic characteristics with other 2.2-2.1 Ga
greenstone belts of the surrounding cratonic domains (e.g. Guiana shield and Sdo Luis—West
Africa craton), and also host gold mineralization. In this thesis, a U-Pb zircon age of 2185 Ma
was obtained for a pre—collisional metatonalite (Mirador tonalites) with geochemical affinity
similar to adakites—like rocks. For syn— to post—collisional potassic plutons (Bananeira suite)
we obtained U—Pb zircon ages of 2079 Ma for a deformed quartz monzonite and of 2068 Ma
for the less—deformed equigranular granite. These granitoids of the Bananeira suite are both of
high—K calc—alkaline affinity, and probably derived from partial melting of crustal sources.
Zircon Hf crustal model ages of all granitoids range between 2800 and 2535 Ma, indicating
that Archean crustal components contributed to their magma genesis. However, two analyzed
€. 2.3 Ga old inherited zircon grains showing €u¢(t) values of c. +4.9, indicate that crustal
reworking of less—radiogenic Paleoproterozoic sources also participated. Gold mineralization
in the Serra das Pipocas greenstone belt is associated with a regional NE-trending shear zone.
The mineralized areas (the Pedra Branca gold deposit) are located near—parallel to the
stratigraphy, siting on shear zones, between metavolcanic and metasedimentary unit
boundaries. The main stage of gold mineralization is found in association with quartz veins,
high-temperature calc-silicate alteration (diopside, K—feldspar, amphibole, titanite, biotite,
pyrite, albite, magnetite *+ carbonates) and albitization. Free-milling gold commonly
precipitates in close association with magnetite and gold/silver tellurides. Two fluid inclusion
assemblages were identified in mineralized quartz veins. Assemblage 1 is characterized by
pseudo—secondary trails that show the coexistence of CO,-rich and low salinity (0 to 8 wt%
NaCl equiv.) CO,—H,0-NaCl and H,O-NaCl inclusions, suggesting formation during phase
separation (fluid immiscibility). The mean isochores intersection of CO,-rich and H,O-NacCl
inclusions of assemblage 1 suggests PT conditions of 495 °C and 2.83 kbar (c. 10.5 km
depth), akin to hypozonal orogenic gold deposits. Assemblage 2 is represented by late
secondary low-temperature (Th<200°C) H,O-NaCl inclusions, probably unrelated to gold
mineralization. The 80, 8D and 8"3C values of hydrothermal minerals (quartz, calcite,
biotite, hornblende and magnetite) define fluid §**0 values ranging from +8.3 to +11.0%o
(n=59), fluid 8D from -98 to -32%. (n=24) and &"°C values of calcite from -6.35 to -9.40%o
(n=3). Oxygen isotope thermometry for quartz—magnetite pairs gave temperatures from 467 to

526°C (n=7, average 503°C), which probably represents the temperature of gold deposition.



The association of gold with magnetite and tellurides strongly suggests an ore—forming fluid
sourced by oxidized magmas, similar to those interpreted as ‘orogenic oxidized intrusion—
related gold deposits’ in other Precambrian greenstone belts (e.g. Abitibi and Eastern
Goldfields). Four deformation events (Dn, Dn+1, Dn+2 and Dn+3) are recognized in the Serra
das Pipocas greenstone belt. The Dn event is responsible for the early Sn foliation, parallel to
bedding (So) of the greenstone pile. The Dn+1 event is characterized by a pervasive,
southeasterly—dipping Sn+1 foliation that is axial-planar to a number of asymmetric, tight to
isoclinal and recumbent folds. The Dn+2 event represents a transcurrent deformation phase
and the late Dn+3 event is characterized by ductile—brittle deformation. The main stage of
gold mineralization is found as deformed quartz veins and associated high—temperature
alteration, but some lower temperature gold (xTe, Ag) occurrence along the late stage brittle
structures (Dn+3 event) is also observed. The U-Pb titanite age of 2029 + 28 Ma for the high—
temperature calc—silicate alteration (and gold mineralization) is presented here. However, the
strong Pb loss of titanite grains defines a 574 £ 7 Ma lower intercept age, evidencing that
early gold mineralization were broadly affected by Neoproterozoic deformational events and
metamorphism (Brasiliano/Pan—African orogeny). The U-Pb zircon age of 575 + 3 Ma for
syn—tectonic diques bracketed the age of late Dn+3 deformation event. Then, the progressive
deformation recorded (Dn+1, Dn+2 and Dn+3) is probably of Neoproterozoic age, with the
maximum compressive stress (o1) in the WNW-ESE direction. However, at local scale,
Paleoproterozoic deformation records (Dn) still preserved. The genetic model for the Pedra
Branca gold deposit is suggested here by a two-stage exhumation—drive gold mineralization;
represented by a (1) early oxidized hypozonal orogenic gold mineralization (main stage) that
occurred at c. 2029 Ma, shortly after the high—grade Paleoproterozoic metamorphism and first
exhumation processes of the greenstone pile, and later on, at c. 580 Ma, a (2) late gold
mineralization (remobilization?) occurred at shallow levels (second exhumation process)

associated to late Neoproterozoic Brasiliano/Pan—African orogeny.

Keywords: Geochronology. Greenstone Belt. Paleoproterozoic. Orogenic Gold. Borborema

Province.
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1. INTRODUCAO

1.1. APRESENTACAO

Terrenos granito—greenstone arqueanos e paleoproterozoicos apresentam uma grande
importancia econémica quando o foco da pesquisa € o elemento ouro (Au) (ex. Dubé &
Mercier—Langevin, 2015, Foster, 1993; Frimmel, 2008, 2018, Goldfarb et al. 2017). Essa
intima relacdo entre ouro e greenstone belts levou na década de 80 a profusdo do termo
greenstone—hosted gold deposits, incluindo modelos singenéticos de mineralizacdo (ex.
Hutchinson 1987). No entanto, atualmente, o termo greenstone-hosted é enquadrado dentro
do modelo genético de ouro orogénico, ndo se restringindo a greenstone belts e com origem
epigenética claramente demostrada (Goldfarb et al. 2005, Groves et al. 1998).

Nos dominios cratdnicos, em configuracdo continental pré—mesozoica entre Brasil e
Africa, greenstone belts riacianos (2.3-2.0 Ga) sdo comumente encontrados (Fig. 1.1),
incluindo os terrenos granito—greenstone Transamazonicos/Eburneanos do Craton Oeste
Africano (Block et al. 2016, Feybesse et al. 2006, Liégeois et al. 1991, Petersson et al. 2016,
2017) e de sua contraparte Brasileira (Klein & Moura, 2008), assim como terrenos correlatos
do Escudo das Guianas (Craton Amazonico) (Delor et al. 2003, McReath & Faraco, 2006,
Rosa—Costa et al. 2006, Vanderhaeghe et al. 1998) e do Craton do Séo Francisco (Costa et al.
2011, Oliveira et al. 2011, Silva et al. 2001) (Fig. 1.1). Adicionalmente, muitas destas
sequéncias hospedam uma série de depositos auriferos importantes, geralmente interpretados
como do tipo ouro orogénico e associados ao estagio final da orogénese
Transamazonica/Eburneana (c. 2.0 Ga) (Béziat et al. 2008, Daoust et al. 2011, Hammond et
al. 2011, Klein, 2014, Klein et al. 2014, 2015, McReath & Faraco, 2006, Mello et al. 2006,
Mignot et al. 2017, Silva et al. 2001, Voicu et al. 2001). No entanto, nas margens cratdnicas,
parte destes greenstone belts paleoproterozoicos e depoésitos de ouro associados foram
retrabalhados pela orogénese Brasiliana/Pan—africana (620-580 Ma) (ex., Macico de Goias,
Jost et al. 2010 e Cinturdo Gurupi, Klein et al. 2005, 2006) (Fig. 1.1).

A Provincia Borborema, no extremo nordeste do continente sul-americano, é
considerada um cinturdo mdvel neoproterozoico associado a orogénese Brasiliana/Pan—
africana (c. 650-535 Ma) (Almeida et al. 1981, Brito Neves et al. 2000) (Fig. 1.1). Esta
provincia compreende vastos dominios de rochas paleoproterozoicas, que representam, pelo
menos em parte, margens cratonicas retrabalhadas dos cratons Sdo Luis—Oeste Africano e/ou
Séo Francisco—Congo (Costa et al. 2015, Dantas et al. 2004, 2013, Fetter et al. 2000, Ganade
et al. 2017, Hollanda et al. 2011, Neves, 2015, Souza et al. 2016). Neste contexto, 0 Macico



de Troia, representa um dos principais nicleos de embasamento arqueano/paleoproterozoico
na Provincia Borborema, sendo composto principalmente por gnaisses TTG de idades
neoarqueanas e terrenos granito—greenstone de idade paleoproterozoica (Arthaud et al. 2008,
Costa et al. 2015, Fetter, 1999, Fetter et al. 2000, Ganade et al. 2017, Martins et al. 2009,
Pessoa et al. 1986, Sousa, 2016) (Fig. 1.1).

rochas neoproterozoicas)
I Craton (Arque./Paleoproterozoico)
Greenstone belt Paleoproterozoico

##% Embasamento (Arqueano/Paleopr.)

1-Macico de Troia
2-Complexo Granjeiro
3-Macico Sao Jos¢ do Campestre

Craton \\\\ 4-Macigo de Goias
Oeste Africano \‘: e Deposito de Pedra Branca

Dominio
Baoulé-Mossi

Amazonico

Fig. 1.1. Reconstrugio pré—-mesozoica da porgio N/NE da América do Sul e W/NW da Africa,
mostrando os principais dominios cratdnicos, terrenos granito—greenstone paleoproterozoicos e faixas
maveis (neoproterozoicas) brasilianas/pan-africanas (modificado de Trompette, 1994) (Figura fora de
escala). PB= Provincia Borborema, SF= Sdo Francisco, BP= Bloco Parnaiba, SL= Sdo Luis e GBI=
Greenstone belt do Rio Itapicuru.

Recentemente, no Macico de Troia, mineralizacbes de ouro (deposito de Pedra
Branca) foram identificadas pela empresa Jaguar Mining no greenstone belt da Serra das
Pipocas, (Lopez, 2012) (Pedra Branca project — www.jaguarmining.com) (Fig. 1.1).

Geograficamente, o depdsito de Pedra Branca localiza—se na regido central do Estado do



Ceard, a cerca de 270 km da capital Fortaleza (Fig. 1.2). As mineralizagdes de ouro ocorrem
associadas a zonas de cisalhamento regionais de dire¢cdo NE-SW, cortando sequéncias de
rochas metavulcanossedimentares metamorfizadas em facies anfibolito (greenstone belt da
Serra das Pipocas). A mineralizacdo ocorre em veios de quartzo e zonas de alteracéo
hidrotermal associada, medindo centenas de metros ao longo da dire¢do, com 1 a 5 metros de
espessura e teor de 2 g/t até 7 g/t ouro (Lopez, 2012). No entanto, nenhuma estimativa de
reserva foi ainda publicada para este deposito.

Dentro do contexto apresentado acima, esta Tese de doutorado apresenta estudos
acerca da evolucdo geodindmica do greenstone belt da Serra das Pipocas e metalogénese do
ouro nesta sequéncia (depoésito de ouro de Pedra Branca). A area de estudo foi investigada do
ponto de vista geocronoldgico, geoquimico e isotdpico e os resultados obtidos foram
apresentados na forma de artigos cientificos, discutindo alguns temas frequentemente
abordados na literatura internacional como: (i) greenstone belts paleoproterozoicos e
ordgenos acrescionarios, (ii) depositos de ouro orogénico hipozonal e fonte de fluidos
hidrotermais, (iii) margens de cratons retrabalhadas e depdsitos de ouro orogénico e (iv)

depdsitos de ouro orogénico controlados por exumacao tecténica.
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1.2. ESTRUTURA DA TESE

Esta Tese de doutorado é composta de trés artigos cientificos, em conformidade com o
atual regimento do Programa de Pos—Graduacdo em Geologia e Geoquimica (PPGG) da
Universidade Federal do Para (UFPA). A introducdo da Tese (capitulo 1) é composta pelos
itens; 1.1. Apresentacdo, 1.2. Estrutura da Tese, 1.3. Problematicas abordadas e justificativas
de Tese, 1.4. Objetivos, 1.5. Materiais e métodos e 1.6. Geologia regional.

O corpo principal da Tese constitui-se de um artigo publicado e de outros dois em
processo de submissdo/revisdo. Os artigos apresentam distintas tematicas, conforme descritos
abaixo;

No capitulo 2, o artigo “Geochemistry and U-Pb-Hf zircon data for plutonic rocks
of the Troia Massif, Borborema Province, NE Brazil: Evidence for reworking of Archean
and juvenile Paleoproterozoic crust during Rhyacian accretionary and collisional
tectonics”, apresenta uma discussédo com dados de U-Pb (SHRIMP e LA-ICPMS) em zircéo,
is6topos de Hf e litogeoquimica dos granitoides paleoproterozoicos do Macigo de Troia. Este

artigo ja se encontra publicado no periddico internacional Precambrian Research.

No capitulo 3, o artigo “Fluid inclusion and stable isotope (O, H, C) constraints on
the genesis of the Pedra Branca gold deposit, Troia Massif, Borborema Province, NE
Brazil: A hypozonal orogenic gold mineralization sourced by magmatic—hydrothermal
fluid”, apresenta dados de petrografia, inclusdes fluidas e is6topos estaveis aplicados no
depdsito de ouro de Pedra Branca, focando na discussdo da fonte de fluidos e condi¢des de PT

da mineralizacdo. Este artigo foi submetido ao periddico internacional Ore Geology Reviews.

No capitulo 4, o artigo “Structural control and age of gold mineralization in the
Troia Massif, Borborema Province, NE Brazil: A Paleoproterozoic (~2029 ma) hypozonal
orogenic gold deposit overprinted by the late Neoproterozoic Brasiliano/Pan—African
orogeny”, apresenta dados U-Pb em zircdo e titanita para discussao sobre a(s) idade(s) da
mineralizacdo aurifera, assim como seu controle estrutural e idade da deformacéo. Este artigo

foi submetido ao periddico internacional Journal of South American Earth Sciences.

Por fim, o ultimo capitulo (Capitulo 5 — Conclusdes) constitui-se em um capitulo
integrador com uma conclusdo unificada ao conteldo exposto nos trés artigos, de modo a

apresentar os principais resultados despendidos e futuras lacunas a serem preenchidas.



1.3. PROBLEMATICAS ABORDADAS E JUSTIFICATIVAS DE TESE

1.3.1. Greenstone belts paleoproterozoicos, granitoides e orégenos acrescionarios

Orogenos acrescionarios parecem ter sido ativos em grande parte da historia da Terra
(Cawood et al. 2006, 2009), e, segundo Furnes et al. (2015), cerca de 85% dos greenstone
belts precambrianos s&o interpretados como registro de ofiolitos associados a subducgéo
(subduction—related ophiolites). Por exemplo, em greenstone belts paleoproterozoicos,
processos de crescimento crustal e retrabalhamento ao longo de or6genos acrescionarios séo,
de longe, os modelos mais aceitos para evolucdo tectdnica destes terrenos (ex. Costa et al.
2011, 2015, Feybesse et al. 2006, Ganne et al. 2011, Hanski et al. 2016, Hanski & Huhma,
2005, Korja et al. 2006, Lahtinen et al. 2016, Oliveira et al. 2011, Rosa—Costa et al. 2006,
Silva et al. 2001).

Entre os registros de greenstone belts paleoproterozicos, diversos trabalhos acerca da
evolugdo geodinamica sao frequentemente publicados para os greenstone belts Birimianos
e/ou Transamazonicos (2.2-2.0 Ga) do Craton Séo Luis—Oeste Africano (Block et al. 2016,
Feybesse et al. 2006, Klein et al. 2008, 2012, Liégeois et al. 1991, Petersson et al. 2016,
2017, 2018) e terrenos correlacionados do Escudo das Guianas (Craton Amaz6nico) (Barreto
et al. 2013, Delor et al. 2003, McReath & Faraco, 2006, Rosa—Costa et al. 2006,
Vanderhaeghe et al. 1998) e do norte do Craton Sdo Francisco (Costa et al. 2011, Oliveira et
al. 2011, Silva et al. 2001) (Fig. 1.1). Muitos desses terrenos sao interpretados como
sequéncias de arco juvenil que evoluiram durante tectdnica acrescionaria em 2.2-2.1 Ga,
seguida de coliséo continental e metamorfismo regional em cerca de 2.0 Ga (Block et al.
2016, Costa et al. 2011, Delor et al. 2003, Eglinger et al. 2017, Feybesse et al. 2006, Klein et
al. 2008, 2012, Liegeois et al. 1991, McReath & Faraco, 2006, Oliveira et al. 2011, Parra—
Avila et al. 2016, 2017, 2018, Petersson et al. 2016, 2017, 2018, Rosa—Costa et al. 20086,
Vanderhaeghe et al. 1998).

Em grande parte dos trabalhos citados acima, as interpretacbes geodindmicas sé&o
discutidas com base em litogeoquimica, geocronologia pelo método U-Pb em zircdo e
isétopos de Nd e/ou Hf em granitoides. Por exemplo, isétopos combinados de U-Pb—Hf em
zircdo foram recentemente relatados em greenstone belts do Craton Oeste Africano, trazendo
novas interpretacGes para a evolucao crustal destes terrenos (Block et al. 2016, Eglinger et al.
2017, Parra—Avila et al. 2016, 2017, Petersson et al. 2016, 2017). Segundo Petersson et al.
(2017), is6topos de Hf obtidos em zircdes de granitdides com idades entre 2.22 e 2.13 Ga do

dominio Baoulé-Mossi (Fig. 1.1), indicam que componentes de crosta arqueana estiveram



envolvidos na génese destas rochas, provavelmente por meio da subduccdo de sedimentos
continentais em ambiente de arco.

Os greenstone belts, em geral, sdo intrinsicamente associados a granitoides, que
representam uma porcdo inerente da evolucdo destes terrenos (ex. Laurent et al. 2014,
Thurston, 2015). Neste sentido, em greenstone belts Transamazénicos/Birimianos, o estudo
da granitogénese apresenta um alto poder interpretativo sobre a génese destes dominios
granito—greenstone, sendo, portanto, frequentemente reportado na literatura (ex. Baratoux et
al. 2011, Barrueto, 2002, Costa et al. 2011, 2015, Eglinger et al. 2017, Feybesse et al. 2006,
Gasquet et al. 2003, Klein et al. 2008). Geralmente, em greenstone belts
Transamazonicos/Birimianos, a acres¢cdo de arcos intra—oceanicos (crosta juvenil) em
margens continentais € uma interpretacdo muito frequente para a evolucdo plutdnica ao longo
desses terrenos (ex. Baratoux et al. 2011, Costa et al. 2011, Feybesse et al. 2006, Klein et al.
2008, Oliveira et al. 2011). Por exemplo, na regido de Gana, no Craton Oeste Africano, o
desenvolvimento de tonalitos (tipo TTG/adakito) de arco intra—oceanicos em torno de 2.25 e
2.17 Ga foi seguido por intrusdes de diversos plutons monzoniticos (derivados do manto)
durante a acrescdo destes arcos em torno de 2.15-2.17 Ga, antes do registro final de colisdo
continental em torno de 2.0 Ga (Feybesse et al. 2006). Em outro exemplo, em sequéncia
metavulcanossedimentar paleoproterozoica do Craton S&o Luis, Klein et al. (2008) sugerem
que o carater juvenil e a assinatura geoquimica da Suite Tromai de ~2168-2147 Ma, refletem
um plutonismo intra—oceanico que evoluiu durante o estagio principal do ordgeno
acrescionario riaciano, antecedendo o estagio de colisdo continental e diversas intrusdes de
granitoides potassicos entre 2076 e 2056 Ma. Similarmente, no norte do Craton S&o
Francisco, os greenstone belts do Rio Itapicuru e Rio Capim tém sido interpretados como
arcos intra—oceanicos que colidiram com margens continentais durante a orogénese do
Riaciano (Barrueto, 2002 Costa et al. 2011, Oliveira et al. 2011). No greenstone belt do Rio
Itapicuru, granitoides com idades de ~2163-2127 Ma apresentam assinatura juvenil por
isétopos de Nd e geoquimica similar a de rochas throndjemitica, sendo, portanto,
interpretados como magmatismo de arco intra—oceanico (Barrueto, 2002, Costa et al. 2011,
Oliveira et al. 2011). No entanto, em torno de 2110-2100 Ma uma grande mudanca na
composicdo dos granitoides ocorreu no greenstone bet do Rio Itapicuru, registrado por
plutons derivados do manto (ex. sienitos, adakitos de baixa-silica, granitoides shoshoniticos),
provavelmente em resposta a uma colisdo do tipo arco—continente, que precedeu a colisdo
continental e metamorfismo regional em torno de 2.0 Ga (Costa et al. 2011, Oliveira et al.

2011). Nesta conjuntura, fica evidente que as manifestacGes plutbnicas em greenstone belts



representam um elemento chave para interpretacdo geodindmica destes terrenos. Nesta Tese,
adentra-se nesta discussao (1° artigo) para a area de estudo, com base em dados de campo,
litogeoquimicos e U-Pb-Hf em zircdo dos granitoides associados ao greenstone belt

paleoproterozoico da Serra das Pipocas, no Maci¢o de Troia.

1.3.2. Depésito de ouro orogénico hipozonal e fonte de fluidos hidrotermais

Uma profunda discussdo existe na literatura sobre a fonte do ouro e de fluidos
hidrotermais associados a depositos de ouro do tipo orogénico, e, em geral, pesquisadores se
dividem em duas principais vertentes de interpretacdo; (1) fonte metamdrfica-hidrotermal (ex.
Goldfarb & Groves, 2015, Kerrich & Fyfe, 1981, Large et al. 2012, Phillips & Powell, 2009,
2010, Pitcairn et al. 2006, Tomkins & Grundy, 2009, Tomkins, 2010, 2013) ou (2) fonte
magmatica—hidrotermal (ex. Beakhouse 2011, Bucci et al. 2002, Doublier et al. 2014,
Duuring et al. 2007, Kendrick et al. 2011, Spence—Jones et al. 2018, Treloar et al. 2014, Xue
et al. 2013, Zhang et al. 2017). Fluidos de origem metamorfica sdo geralmente assim
interpretados por derivarem do metamorfismo de rochas supracrustais, como metavulcanicas
maéficas (ex. Bierlein & Pisarevsky, 2008, Elmer et al. 2006, Phillips & Powell, 2010) e
turbiditos e folhelhos negros ricos em pirita diagenética (Large et al. 2012; Pitcairn et al.
2015). A maior parte dos fluidos metamorficos é liberada quando a rocha atinge temperaturas
em torno de 500-550 °C (metamorfismo de fécies anfibolito), e muito pouco fluido é liberado
acima de 550 °C (Tomkins 2010, 2013). Isso é condizente com a maior parte dos depdsitos de
ouro orogénico, pois estes geralmente se encontram associados a rochas de facies xisto—verde
e anfibolito baixo (Groves et al. 1998). No entanto, para 0s depositos de ouro orogénico
hipozonal (c. 12—20 km de profundidade), os fluidos ndo podem ser facilmente explicados por
devolatizacdo de rochas supracrustais, e, portanto, alguns autores (Phillips & Powell, 2010,
Tomkins & Grundy, 2009) contestam o modelo elaborado por Groves (1993) de continuidade
crustal (the crustal continuum model) (Fig. 1.3).

Para depositos de ouro orogénico de alta temperatura (hipozonal), a fonte de fluidos (e
ouro) é comumente associada a processos magmatico—hidrotermais, sendo granitoides sin— a
tardi—colisionais, de composicdo félsica/intermediara, a principal fonte de fluidos e ouro da
mineralizagdo (ex. Bucci et al. 2002, Doublier et al. 2014, Duuring et al. 2007, Mueller
1992). Geralmente, para depoésitos de ouro orogénico associado a granitoides, interpretagdes
na fonte de fluidos sdo baseadas em dados isotopicos (estaveis e radiogénicos) e de inclusdes
fluidas, além da associacdo no tempo e espago entre as mineralizagcBes e granitoides (ex.
Bucci et al. 2002; Doublier et al. 2014, Duuring et al. 2007, Salier et al. 2005; Zhang et al.



2017). Dentro do contexto de fluidos magmaético—hidrotermais, alguns autores remetem
também a contribuicdo de fluidos derivados do manto, quando associados a magmas maficos
e ultramaficos contemporaneos a mineralizacdo (ex. Griffin et al. 2013, Hronsky et al. 2012,
Mao et al. 2008, Rock et al. 1989, Vielreicher et al. 2010). Fluidos derivados de outros
processos, como o0 de granulitizacdo da base da crosta e desidratacdo de crosta oceénica
subductada também sdo reportados na literatura (ex. Fu et al. 2014, Groves & Santosh, 2016,
Pope et al. 2011).
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Fig. 1.3. VVarios modelos propostos para a fonte de ouro e fluidos em depoésito de ouro tipo orogénico,
incluindo: circulagdo de agua metedrica, exsolucdo de fluidos magmatico—hidrotermal de diferentes
tipos de granitoides, fluidos metamdrficos de crosta média e/ou da granulitizagdo da base da crosta.
Figura do modelo de crustal continuum extraido de Groves & Santosh (2016).

Nesta Tese, o depdsito de ouro estudado, encontra-se hospedado em sequéncia

granito—greenstone de facies anfibolito, e, portanto, este depésito, apresenta—se como uma



boa oportunidade para se adentrar na discussdo apresentada acima, referente as provaveis
fontes dos fluidos em dep6sitos de ouro associados a greenstone belts de fécies anfibolito.

1.3.3. Margens de cratons retrabalhadas e depositos de ouro orogénico

As margens retrabalhadas dos cratons sdo cada vez mais reconhecidas como regiGes—
chave para mineralizacdes auriferas, onde a reativacao de antigos “sistemas minerais” pode
ocorrer repetidamente, gerando sucessivos eventos mineralizadores em niveis
economicamente viaveis (Gazley et al. 2011, Hronsky et al. 2012). Processos tecténicos ao
longo das margens de cratons (ex. subduccgdo, colisdo, acres¢do) podem transferir ouro (Au)
por fluidos e/ou magmatismo diretamente do manto para crosta, e/ou entre dominios crustais,
desempenhando papéis importantes para o fornecimento (endowment) em concentracdes
econdmicas deste elemento (Bierlein et al. 2006, Groves et al. 2018, Groves & Santosh, 2015,
Hronsky et al. 2012, Li & Santosh, 2017, Tassara et al. 2017).

Depositos de ouro hospedados por sequéncias metavulcanossedimentares do tipo
greenstone belt sdo geralmente encontrados nos dominios cratbnicos de idades arqueana e
paleoproterozoica, no entanto, também tem sido descrito em margens craténicas retrabalhadas
por orogéneses mais novas (ex. Duclaux et al. 2012, Fortes et al. 1997, Gazley et al. 2011,
2016, Jost et al. 2010, Larionova et al. 2013, Martins et al. 2016, McMillan, 1996, Molnér et
al. 2016, Morelli et al. 2010, Perring & McNaughton, 1990, Queiroz et al. 2000; Vielreicher
et al. 2002, Zhang et al. 2018). No entanto, em alguns casos, a presenca de mineralizacdes
mais antigas no greenstone belt hospedeiro ndo € reconhecida, mas somente associada a
novos eventos de fluxo de fluido imprimidos pela nova orogénese (Carpenter et al. 2005,
Davies et al. 2010, Zhang et al. 2014). Em outros casos, 0s sistemas auriferos orogénicos em
margens cratbnicas retrabalhadas ndo estdo associados a greenstone belts, mas hospedados em
gnaisses de alto grau metamorfico e outras rochas do embasamento (Blenkinsop & Doyle,
2014, Doyle et al. 2015, Fielding et al. 2017, 2018, Kirkland et al. 2015, Lawley et al., 2014,
2015). Entre estes exemplos, alguns depdsitos fogem dos modelos classicos para ouro
orogénico, pelo fato da mineralizacdo ser muito mais jovem do que as rochas encaixantes,
como no caso do deposito de ouro de Tropicana, na Australia (Blenkinsop & Doyle, 2014,
Doyle et al. 2015, Kirkland et al. 2015). Segundo Kirkland et al. (2015), o deposito de
Tropicana se hospeda em gnaisses de alto grau metamdrfico (granulitos) com idade
neoarqueana (c. 2.7 Ga), no entanto, a mineralizac&o data em torno de 2100 Ma, associada aos
estagios iniciais da orogénese Albany—Fraser na borda sudeste do Craton do Yilgarn. Este

exemplo apresenta tambem similiaridade com os depositos de ouro orogénico da gigante
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provincia de Jiaodong, no Craton Norte da China, que contém depdsitos de c. 120 Ma
hospedados em crosta pré—cambriana que foi metamorfizada mais de dois bilhGes de anos (2.0
Ga) antes da mineralizacdo de ouro (ex. Goldfarb & Santosh, 2014, Groves & Santosh, 2015).

Para o caso de mineralizacdo de ouro orogénico hospedada em greentone belt que foi
retrabalhado por um novo ciclo orogénico, um dos exemplos mais estudado é encontrado no
Marymia Inlier, que representa parte da margem do Craton do Yilgarn retrabalhada pela
orogénese Capricorn (1.8-1.7 Ga) (Duclaux et al. 2012, McMillan, 1996, Gazley 2011,
Gazley et al. 2016, Vielreicher et al. 2002). No Marymia Inlier, que representa um nucleo de
embasamento arqueano circundado de rochas proterozoicas, a mineralizagdo de ouro
orogeénico (depdsito Plutonic mine — 10,5 Moz) é hospedada por greenstone belt neoarqueano
de facies anfibolito (Plutonic Well greenstone belt), estratigraficamente e geoquimicamente
semelhante a sequéncias greenstone no Craton do Yilgarn (Eastern Goldfields Superterrane)
(Duclaux et al. 2012, McMillan, 1996, Gazley 2011, Gazley et al. 2016, Vielreicher et al.
2002). Neste cenario, multiplos eventos de mineralizagdo de ouro ocorreram no Marymia
Inlier, com mineralizacdo de ouro datada em 2.65 Ga, mas também ocorrendo em c. 1.8-1.7
Ga (remobilizada) durante deformacdo e metamorfismo associado a orogénese Capricorn
(1.8-1.7 Ga) (Duclaux et al. 2012, McMillan, 1996, Gazley 2011, Gazley et al. 2016,
Vielreicher et al. 2002).

Similarmente, em faixas mdveis brasilianas/pan—-africanas (Fig. 1.1), uma
caracteristica comum entre os nucleos e/ou margens de embasamento € o registro de intensa
deformacdo e metamorfismo neoproterozoico nas rochas, o que dificulta o reconhecimento da
histéria arqueana e/ou paleoproterozoica nestes dominios (ex. Cordeiro et al. 2014, Cordeiro
& Oliveira, 2017, Cutts et al. 2018, Duarte et al. 2004, Giustina et al. 2009, Heilbron et al.
2010, Klein et al. 2012, Noce et al. 2007, Silva et al. 2016, Valladares et al. 2017), assim
como, o entendimento genético de depositos auriferos associados (ex. Fortes et al. 1997,
2003, Jost et al. 2010, Klein et al. 2005, 2006, Queiroz et al. 2000). Por exemplo, na Faixa
Brasilia, terrenos granito—greenstone do Macico de Goias hospedam importantes depdsito
auriferos (ex. Mina—Ill no greenstone belt de Crixas) que geralmente sdo descritos como
depdsitos policiclicos, contendo mineralizagdo tanto de idade paleoproterozoica (c. 2.0 Ga)
como neoproterozoica (620-550 Ma) (e.g. Fortes et al. 1997, 2003, Jost et al., 2010, Queiroz
et al. 2000).

Neste contexto, a mineralizacdo aurifera do deposito de Pedra Branca, representa um
exemplo similar aqueles descritos acima, ocorrendo em margens cratbnicas retrabalhadas,

onde a mineralizacdo de ouro orogénico foi afetada por orogéneses mais novas.
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1.3.4. Depésitos de ouro orogénico controlados por exumacéao tectdnica

Muitos depoésitos de ouro orogénico mostram a mesma sequéncia de colocagdo de
veios mineralizados, desde a formacdo em niveis mais profundos (ducteis), geralmente
deformados (ex. veios sin—cisalhamento), até a colocagdo em niveis mais rasos, preenchendo
fraturas de fases tectbnicas tardias (ex. Amponsah et al. 2016, Augustin et al. 2017,
Fourgerouse et al. 2017, Mignot et al. 2017, Molnar et al. 2018, Perrouty et al. 2016). Por
exemplo, de acordo com Perrouty et al. (2016), no depdsito de ouro de Wassa, sudeste de
Gana, na Africa, o primeiro estagio de mineralizagio tem uma idade de 2164 + 22 Ma (Re—-Os
em pirita) e é caracterizado por veios de quartzo deformados, com pirita e ouro também
deformados, enquanto que um estégio tardio da mineralizacdo ocorre no final da Orogenia
Eburneana (2.1-2.0 Ga), com veios de quartzo—carbonato preenchendo fraturas e falhas, ouro
visivel e piritas euédricas (sem deformacdo). Portanto, é sugestivo que neste caso, e em casos
similares, a mineralizacdo aurifera na forma de veios acompanha a evolu¢do metamorfica e
termobaromeétrica do terreno durante processo de exumacdo tectonica, desde niveis crustais
profundos até niveis mais rasos.

Em outro exemplo, idades e dados geotermobarométricos do metamorfismo e da
mineralizacdo de ouro orogénico no depdsito de Damang, em Gana, indicam que a
mineralizacdo ocorreu entre 2030 e 1980 Ma, apds o pico de metamorfismo regional em 2005
+ 26 Ma, e acompanhando o periodo de exumacao e descompressao do terreno (White et al.,
2013; 2014; 2015). Segundo White et al. (2015), os fluidos mineralizantes do depoésito de
Damang foram gerados por devolatizagdo de rochas metamdrficas durante processo
descompressao, associado a exumagcéo tectonica do terreno.

Dentro do modelo metamérfico para geracao de fluidos associados a depésitos de ouro
orogénico, a formacdo de fluidos hidrotermais por descompressdo do terreno (durante
exumacao tectdnica) ndo é comumente mencionada, mas conforme mencionado por White et
al. (2015), o processo de devolatizacdo (formacdo de fluidos) controlado por exumagéo
(Exhumation—drive devolatization) também é uma alternativa para a génese de depoésitos de
ouro orogénico, e ndo deve ser negligenciado. Durante a exumacao tectonica de terrenos
metamorficos, devido a forte dependéncia da presséo na solubilidade de solucdes aquosas, a
descompressao rapida e quase isotérmica € também uma maneira eficiente de devolatizacao
das rochas metamorficas (Staude et al. 2009, Vry et al. 2010, Wannamaker, 2010) (Fig. 1.4).
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Fig. 1.4. Modelos teoricos de geracdo de fluidos metamorficos (Wannamaker, 2010); (1) Modelo
tedrico tradicional (metamorfismo progressivo) com devolatizagdo das rochas metamorficas durante a
passagem da transi¢cdo de facies xisto—verde para facies anfibolito em ca. 500°C, e (2) Modelo teérico
de producdo de fluidos metamorficos por descompressdo (exumagdo do terreno) poOs—pico
metamorfico.

Segundo Vry et al. (2010), maior parte da geracao de fluidos associada a evolugédo das
rochas metamdrficas em zonas de colisdo ocorre por descompressdo, durante o processo de
exumacao tectdnica do terreno. A esséncia deste modelo é que as rochas metamorficas (com
minerais hidratados) se tornam instaveis pela diminuicdo rdpida da pressdo, dada por
exumacdo tectdnica (ex. transporte por nappes), que pode ocorrer a uma temperatura guase
constante (isotérmica) (Vry et al. 2010; Wannamaker, 2010) (Fig. 1.4). Em muitos depoésitos
de ouro orogénico, o fato de que geralmente ocorrem sin— a pos—pico do metamorfico
regional (Goldfarb et al. 2005), sugere que estes ja se encontrem em uma trajetéria PT de
exumacdo do terreno (descompressao e retro-metamorfismo) (White et al. 2013, 2014, 2015)
(Fig. 1.4). Portanto, a descompressdo por exumacao tectonica, fornece um modelo alternativo
para a introducdo de fluido hidrotermal poés—pico metamorfico em um sistema de
mineralizacdo de ouro orogénico (Craw et al. 2010, Goodwin et al. 2017, Mcfarlane, 2018,
White et al. 2014, 2015).

Esta relacéo entre exumagcdo tectnica e mineralizacdo aurifera € comumente abordada
no estudo de depdsitos de ouro orogénico hipozonal, onde geralmente, as assembleias
hidrotermais relacionadas ao ouro e minerais metamorficos das rochas hospedeiras seguem o
mesmo caminho PT retrogrado (Kolb et al. 2015). Isso sugere que a mineralizacdo de ouro
orogénico hipozonal é parte integrante da evolucdo do terreno durante sua exumacéo, sin— a

pos—pico do metamorfismo regional (ex. Blenkinsop et al. 2004, Dziggel et al. 2010, Kolb et
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al. 2015, Otto et al. 2007). Por exemplo, as rochas hospedeiras da mineralizagcdo de ouro
orogénico hipozonal do deposito de Renco, no sul do Zimbabue, experimentaram variagdes de
PT, de 830°C e 8 kbar, para um estagio tardio de retro-metamorfismo associado a
mineralizacdo de ouro em 600°C e 4 kbar (Kolb et al. 2000, Kolb & Meyer, 2002). A
mineralizacdo neste caso estd associada a minerais hidrotermais de alta temperatura, como
granada, biotita, feldspato—K, quartzo e anfibolio, em equilibrio as condicbes regionais de
retro—metamorfismo de facies anfibolito (Kolb et al. 2000, Kolb & Meyer, 2002). Em outro
exemplo, no deposito de ouro orogénico hipozonal de New Consort, no greenstone belt de
Barberton, na Africa do Sul, as rochas hospedeiras foram submetidas a exumagcéo do terreno
ocasionando variagdo de 700°C e 5 kbar para c. 550°C e 3 kbar (Dziggel et al. 2006). A
mineralizacdo de ouro na mina de New Consort, ocorreu em equilibrio com as condigdes
regionais tardias do retro—metamorfismo de facies anfibolito (550°C e 3 kbar), apresentando
assembleia de alteracdo hidrotermal composta de granada, diopsidio, hornblenda, feldspato
potéssico, quartzo, calcita e biotita (Dziggel et al. 2010, Otto et al. 2007). Segundo Dziggel et
al. (2010), no deposito de ouro de New Consort, a mineralizacdo de ouro orogénico hipozonal
ocorreu pés—pico metamdrfico regional, contemporanea a exumacao tectdnica do terreno.
Neste contexto, as caracteristicas petrograficas e estruturais apresentadas para o depdsito de
ouro de Pedra Branca sdo indicativas de descompressdo tectdnica, sugerindo provavel
contemporaneidade entre a mineralizagdo aurifera e a exumacdo tectonica regional. Uma

discussao sobre esta possibilidade é apresentada no 3° artigo desta tese.

1.4. OBJETIVOS

Com o reconhecimento de mineralizacdo aurifera no Macigo de Troia, dentro de um
contexto de greenstone belts paleoproterozoicos, margens cratdnicas retrabalhadas e depdsitos
de ouro orogénico provavelmente hipozonais, configurou—se um quadro oportuno para o
desenvolvimento desta Tese, tanto no @mbito da evolucdo crustal, quanto para metalogénese
do ouro.

O estudo metalogenético em terrenos poli-deformados (ex. embasamento
retrabalhado) deve estar muito bem amarrado a evolugdo geoldgica regional, sendo de
extrema importancia: (i) um bom mapa geoldgico da area, (ii) estabelecer idades (U-Pb e Lu—
Hf) e litogeoquimica dos principais corpos igneos da area, (iii) estabelecer idades precisas
para evento(s) de metamorfismo regional e (iv) reconhecer as principais caracteristicas
estruturais da area. Portanto, dentre deste contexto, os objetivos especificos desta Tese

podem-se listar os seguintes:
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1- Investigacgdo litogeoquimica e geocronoldgica dos principais corpos plutonicos da
area, de modo a definir idades, ambiente(s) tectdnico(s) de formagdo e fonte(s)
(crustal e/ou mantélico) envolvidas na geracdo de magma;

2— Discutir a evolucdo tectbnica do greenstone belt da Serra das Pipocas e
correlacionar com dominios similares, a fim de integrar uma discussdo geodindmica
regional;

3— Caracterizacdo mineraldgica do minério e da alteracdo hidrotermal no depdsito de
ouro de Pedra Branca;

4— Determinar as condic¢des de PT do sistema mineralizador;

5- Discutir sobre as possiveis fontes de fluidos (e ouro);

6— Definir a(s) idade(s) do minério e em quais as estruturas preferencialmente ocorreu
a deposicdo;

7— Propor um modelo genético para a mineralizacao aurifera;

1.5. MATERIAIS E METODOS

1.5.1. Trabalho de campo

Duas etapas de campo foram realizadas durante o ano de 2015. O intuito principal das
etapas de campo foi cartografia do greenstone belt da Serra das Pipocas, atualizando assim o
mapa geoldgico e relacdes estratigraficas da area. Foi realizado um total de 65 pontos de
campo na primeira etapa (14 dias em Maio de 2015) e 51 pontos na segunda etapa (18 dias em
outubro de 2015). Além dos parametros de campo (descri¢do das rochas e estruturas), foram
coletadas 50 amostras de granitoides da &rea, assim como amostras para geocronologia.
Adicionalmente, foi realizada uma visita (trés dias) ao galpdo de testemunhos da empresa

Jaguar mining, para uma descricao (in locu) e coleta de amostras.

1.5.2. Integragéo e interpretacgéo de dados

Com apoio das informacdes coletadas em campo, foram feitas interpretacdes de
imagens aerogeofisicas e de sensores remotos, principalmente no ambito da geologia
estrutural, sendo de extrema importancia no entendimento da mineralizacdo aurifera da area.
Os dados aerogeofisicos utilizados para interpretacdo estrutural sdo provenientes do Projeto
Novo Oriente e do Projeto Norte do Ceard, contratados pelo Servico Geologico do Brasil

(CPRM). Para os referidos projetos, o processamento dos dados aerogeofisicos foi realizado
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pela equipe de geofisica da CPRM com o software Oasis Montaj 7.2.1 da GEOSOFT. Para
mais informagdes sobre esta metodologia utilizada, vide o 3° artigo desta Tese.

1.5.3. Litogeoquimica

A preparacdo e as anélises das amostras foram realizadas pela empresa SGS Geossol
Laboratorios Ltda. Foram analisados os 0xidos de elementos maiores (SiO,, TiO;, Al20s3,
Fe,03, MgO, CaO, MnO, Na,0, K0, P,0s), com abertura por fusdo com metaborato de litio
e determinacdo por Fluorescéncia de Raios—X (FRX). Elementos menores e Terras Raras (Ba,
Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y, La, Ce, Pr,Nd, Sm, Eu, Gd, Th,
Dy, Ho, Er, Tm,Yb, Lu) foram determinados por ICP—MS (Induced Coupled Plasma Mass
Spectrometry) apos abertura por fusdo com metaborato de litio. O tratamento dos dados foi
realizado no programa Geochemical Data Toolkit (GCDkit) (Janousek et al. 2006). Para mais
detalhes sobre a metodologia e padr@es analiticos da SGS Geossol Ltda, vide o 1° artigo desta
Tese.

1.5.4. Petrografia (Microscopio convencional e MEV)

Descrigdes petrograficas foram realizadas principalmente acerca dos corpos graniticos
investigados na litogeoquimica e testemunhos de sondagem. A descricdo mesoscopica em
testemunho de sondagem da mineralizacGes de ouro e em rochas encaixantes foi realizada
visando sempre relacionar com as informacg6es de campo (rochas e estruturas). Para descricdo
petrografica das amostras foi utilizado microscépio petrografico convencional e refinamento
das observacGes com imagens de elétrons retro—espalhados (BSE — back scattered electrons)
e analises EDS (Energy Dispersive x—ray Spectrometer) em microscopio eletrénico de
varredura (MEV) da CPRM-Belém. Imagens dos grdos de zircdo por catodoluminescéncia
(CL) das analises SHRIMP foram feitas pelo laboratério CPGeo da USP, no entanto outras
imagens por CL e de elétrons retro—espalhados foram feitas pelo doutorando no MEV da
CRPM-Belém e da UFPA.

1.5.5. Inclus6es fluidas

Para o estudo microtermométrico de inclusdes fluidas em veios de quartzo
mineralizados, foram preparadas seccbes espessas duplamente polidas (<0,3 mm de
espessura) na Universidade Federal do Para (UFPA). As medi¢Ges microtermométricas foram
realizadas na CPRM de Belém, que esta equipado com platina de aquecimento e resfriamento

Linkan THMSG 600. A calibracdo é realizada utilizando padrdes sintéticos fornecidos pelo
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fabricante. A aquisi¢do dos dados foi feita seguindo procedimentos descritos na literatura
(Roedder 1984, Shepherd et al. 1985, Wilkinson 2001).

1.5.6. Isotopos radiogénicos (U-Pb e Lu-Hf)

As analises U-Pb em zircdes de duas amostras de granitoides foram realizadas no
Centro de Pesquisas Geocronoldgicas da Universidade de S&o Paulo (CPGeo/USP), no
equipamento Sensitive High Resolution lon Microprobe Ile (SHRIMP-Ile). No laboratério do
Departamento de Geologia da Universidade Federal de Ouro Preto (DEGEO-UFOP), uma
amostra (granitoide) foi analisada por U-Pb em zircdo e uma amostra por U-Pb em titanita
(mineralizagdo), ambas por Laser Ablation Induced Coupled Plasma Mass Spectrometry
(LA-ICP-MS). Procedimentos analiticos utilizados para analises U-Pb em zircdo por
SHRIMP-Ile da USP séao descritos por Sato et al. (2014) (zircdo padrdo = Temora 2). Para U-
Pb em zircdo por LA-ICP-MS na UFOP, os procedimentos sd0 0s mesmos descritos em
Farina et al. (2015) (zircdo padrdo= GJ-1 e Plesovice). Para as analises U-Pb em titanita na
UFOP, os procedimentos sdo os mesmos utilizados para zircGes, mas utilizando—se dos
padrdes naturais de titanitas; Khan (520 Ma) e BLR (1050 Ma). Os resultados isotopicos de
Lu—Hf em zircdo (duas amostras) foram obtidos no Laboratério de Geologia Isotdpica
PARA-ISSO, na Universidade Federal do Para (UFPA), Belém—Brasil. O procedimento de
andlise de Hf (Milhomem Neto et al. 2015) foi desenvolvido usando um multicoletor Neptune
Thermo Finnigan ICP-MS acoplado uma microssonda a laser Nd:YAG 213 nm modelo
LSX-213 G2 da marca CETAC. A sequéncia de analises de Lu—Hf empregada intercalou trés
grios da amostra com um do padrdo GJ-1, no qual a razdo Y"®Hf/*"’"Hf é conhecida com
precisdo. Em todos os laboratérios, o doutorando esteve presente e participou da aquisi¢do
dos dados. A separacdo dos minerais (zircOes e titanitas) e preparacdo do mount foi realizada

pelo doutorando em laboratérios da CPRM e UFPA.

1.5.7. Is6topos estaveis (O, H, C)

Os dados de isotopos estaveis de oxigénio (n= 64), hidrogénio (n= 28) e carbono (n=
5) apresentados neste estudo foram produzidos na Universidade da do Cabo Cidade (UCT), na
Africa do Sul. As andlises foram realizadas durante estagio de Doutorado Sanduiche no
Exterior (SWE) aprovado pelo CNPq pelo periodo de seis meses. A preparacdo das amostras e
a extracdo dos isétopos foram realizadas no Laboratdrio de Is6topos Estéveis do
Departamento de Ciéncias Geoldgicas, e as razdes isotdpicas foram medidas off-line usando

um espectrometro de massas Finnigan Delta XP no modo de dupla entrada, hospedado no
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Departamento de Arqueologia da UCT. Para isotopos de oxigénio, ambos os métodos
convencionais e de fluoracéo a laser foram usados. As amostras foram analisadas pelo método
a laser, conforme descrito por Harris & Vogeli (2010). O padrédo interno MONGT (Monastery
garnet, 880 = +5,55%0) foi analisado para calibrar os dados para a escala SMOW (Standard
Mean Ocean Water), e as duplicatas deram concordancia dentro de 0,2 por mil. Os isétopos
de hidrogénio foram extraidos (linha convencional) de 100 mg de anfibolio e 50 mg de biotita
e moscovita, utilizando o método de Vennemann & O'Neil (1993) com redugdo por “Low-—
blank Indiana Zinc” (Schimmelmann & DeNiro, 1993). Is6topos de hidrogénio também
foram medidos em amostras (~3,5 g) de veios de quartzo, por decrepitacdo térmica (> 800°C)
das inclusdes fluidas. I1s6topos de carbono e oxigénio em carbonatos foram medidos segundo

método de McCrea (1950), e carbono em grafita segundo Kramer et al. (2013).

1.6. CONTEXTO GEOLOGICO REGIONAL

1.6.1. Provincia Borborema

A Provincia Borborema foi definida por Almeida et al. (1981) compreende uma area
de aproximadamente 450.000 km? do nordeste brasileiro, com uma complexa regido de
dominios tectono—estratigraficos, estruturados durante o Neoproterozoico. Esta provincia
obteve sua configuracdo final a partir da convergéncia dos cratons Amazonico, Sdo Luis—
Oeste Africano e Sdo Francisco—Congo, por volta de 620-600 Ma, na intitulada colagem
brasiliana/pan—-africana, durante aglutinacdo do Supercontinente Gondwana (Brito Neves et
al. 2000, Brito Neves & Cordani, 1991, Trompette 1994) (Fig. 1.5A).
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Fig. 1.5. (A) Configuracdo paleogeografica do Supercontinente Gondwana em c. 600 Ma (modificado
de Li et al., 2008). (B) Provincia Borborema com localizagdo dos principais dominios, terrenos e
zonas de cisalhamento. Zonas de cisalhamento sdo LT= Lineamento Transbrasiliano, ZCT= Zona de
cisalhamento Taua, ZCSP= Zona de cisalhamento Senador Pompeu, ZCO, Zona de cisalhamento
Oros, ZCP= Zona de cisalhamento Patos, ZCPE= Zona de cisalhamento Pernambuco. FRP= Faixa Rio
Preto, FRPT= Faixa Riacho do Pontal, FS= Faixa Sergipana, Dominio Pernambuco—Alagoas.
Subdivisdo da porcdo Setentrional em RN= Dominio Rio Grande do Norte, CC= Dominio Ceara
Central e MC= Dominio Médio Coreau é segundo Arthaud et al. (1998). A subdivisdo de terrenos da
Zona Transversal segundo Santos et al (2000) em RC= Rio Capibaribe, AM= Alto Moxot6, AP= Alto
Pajel, PAB= Pianc6—-Alto Brigida e SP= S&o Pedro
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A Provincia Borborema é representa em grande parte por rochas paleoproterozoicas e
localmente ndcleos arqueanos, ambos fortemente retrabalhados pela orogénese
Brasiliana/Pan—Africana em c. 620-600 Ma (Ancelmi, 2016, Dantas et al. 2004, 2013, Fetter,
1999, Freimann, 2014, Ganade et al. 2017, Hollanda et al. 2015, Santos et al. 2017, Souza et
al. 2016). Sua principal caracteristica estrutural € a extensa rede de zona de cisalhamento
transcorrente com direcdo principal NE-SW e E-W, geralmente associada & intrusdo de
varios granitoides sin—tecténicos em c. 580 Ma (Nogueira, 2004, Vauchez et al. 1995) (Fig.
1.5B e 1.6A). Os dominios de rochas metassedimentares neoproterozoicas, como as unidades
do Grupo Ceara (ou Complexo Ceara) e Grupo Seridd ao norte desta provincia, ou das faixas
Riacho do Pontal, Sergipana e Rio Preto ao sul, em geral, representam sequéncias tipo QPC
(quartzo—pelito—carbonato) deformadas, com continuidade espacial na contraparte africana
(Arthaud et al. 2008, 2015, Oliveira et al. 2006, Oliveira et al. 2010, Santos et al. 2008; Van
Schmus et al. 2008) (Fig. 1.5B e 1.6A).

1.6.2. Profusio de “dominios” e “terrenos”

O emaranhado de zonas de cisalhamento é uma caracteristica marcante da Provincia
Borborema e comumente sdo interpretadas como limites de “terrenos”, separando “dominios”
tectonicos distintos (Arthaud et al. 1998, Brito Neves et al. 2000, Caxito et al. 2014, Correa et
al. 2016, Fetter 1999, Oliveira & Medeiros, 2018, Trompette 1994, Santos 1996, Santos et al.
2000, Santos et al. 2010) (Fig. 1.5B). Com base nas caracteristicas geologicas, assinaturas
crustais de Nd e diferencas de idades U-Pb, Trompette (1994) dividiu a Provincia Borborema
em trés grandes subprovincias: (i) Setentrional, (ii) Transversal e (iii) Meridional (Fig. 1.5B).
No entanto, cada uma dessas subprovincias, posteriormente, foi subdividida, por autores
diversos, em “dominios” crustais menores (Arthaud et al. 1998, Brito Neves et al. 2000,
Cavalcante 1999, Delgado et al. 2003, Fetter 1999, Oliveira 2008, Oliveira & Medeiros, 2018,
Padilha et al. 2017, Santos et al. 2000) (Fig. 1.5B).

A Subprovincia Setentrional, localizada ao norte da zona de cisalhamento Patos, pode
ser dividida em trés principais dominios segundo alguns autores (ex. Arthaud et al. 1998,
Fetter 1999); (i) Dominio Médio Coread, (ii) Dominio Ceara Central e (iii) Dominio Rio
Grande do Norte (Fig. 1.5B). No entanto, o limite entre estes os dominios é contrastante
segundo diferentes autores (Arthaud et al. 1998, Brito Neves et al. 2000, Cavalcante, 1999,
Delgado et al. 2003, Fetter 1999, Fetter et al. 2000, Oliveira, 2008, Oliveira & Medeiros,
2018, Padilha et al. 2017). Por exemplo, enquanto alguns autores limitam a porcéo sul do

Dominio Ceara Central pela zona de cisalhamento Senador Pompeu (Brito Neves et al. 2000,
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Fetter et al. 2000, Oliveira 2008, Oliveira & Medeiros, 2018, Padilha et al. 2017), outros
autores referem-se a zona de cisalhamento Ords (Arthaud et al. 1998), Porto Alegre
(Campelo 1999, Jardim de Sa et al. 1997) e Jaguaribe (Santos et al. 2000) como o limite sul.

Recentemente, com base em magnetometria e gravimetria, Oliveira & Medeiros
(2018) sugerem a insercdo do subdominio Jaguaribe, entre os dominios Cearad Central e Rio
Grande do Norte. O dominio Jaguaribe (ou Jaguaribeano) também j& foi sugerido por outros
autores (Cavalcante 1999, Santos et al. 2000). Na ultima década algumas transectas de
geofisica foram realizadas com o método magnetoteltrico (Padilha et al. 2013, 2016, 2017,
Santos et al. 2014) e refragdo dados sismicos (Lima et al. 2015), que acrescentaram
importantes contribuicBes para subdivisdo de “dominios” e “terrenos” na Provincia
Borborema.

Segundo Padilha et al. (2017), dados magnetotelricos coletados ao longo do dominio
Setentrional da Provincia Borborema revelaram que os limites desses blocos sdo compativeis
com anomalias de alta condutividade na crosta e manto, interpretado como zonas de sutura e
correlacionado com o ciclo orogénico Brasiliano/Pan—Africano. O modelo de terrenos
acrescionarios, herdado do orégeno cordilherano Norte—americano (Coney et al. 1980, 1989),
foi inicialmente aplicado na Provincia Borborema por Santos (1996), e posteriormente,
amplamente utilizado por diversos autores, especialmente na Zona Transversal (Caxito et al.
2014, Correa et al. 2016, Brito Neves et al. 2000, Kozuch 2003, Santos 1996, Santos et al.
2010, 2018). Em favor deste modelo, 0s autores comumente citam registros de associacdes de
rochas correspondentes a arcos magmaticos, como o arco de Santa Quitéria no Dominio Ceara
Central (Fetter et al. 2003, Ganade et al. 2014), assim como rochas eclogiticas (Beurlen et al.
1992, Santos et al. 2015). No entanto, grande parte do magmatismo plutdnico do Complexo
Tamboril-Santa Quitéria, pds—data ou € contemporaneo a idade do metamorfismo de alta
pressdo (eclogitos) na area (c. 640-620 Ma), e, portanto, para alguns autores, ndo representa
um arco magmatico (Costa et al. 2010, 2013).

Em aposicdo ao modelo de terrenos, segundo Neves (2003, 2015), as estruturas de
escala regional sdo apenas reativaces de zonas de cisalhamento antigas, sendo que a falta de
evidéncias para um amplo oceano neoproterozoico (zonas de sutura) na Provincia Borborema,
sugere que o metamorfismo, magmatismo e a deformagdo neoproterozoica em toda esta
provincia representam o produto de um orégeno intracontinental. Segundo Neves (2015), na
Provincia Borborema, a principal época de geracdo de crosta juvenil e acrescdo de terrenos
(ex. arcos insulares) ocorreram durante a orogénese TransamazoOnica/Eburneana e formacgéo

do Supercontinente Columbia (ou Atléantica) em c. 2.0 Ga, enquanto que o registro do evento
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orogénico Brasiliano/Pan—Africano (c. 620-600 Ma) é caracterizado nesta provincia somente
por retrabalhamento de crosta pré—existente.

1.6.3. Embasamento arqueano/paleoproterozoico

Os registros de crosta arqueana no dominio norte (Setentrional) da Provincia
Borborema correspondem a: (i) rochas de 2.8-2.7 Ga do Macico de Troia (Fetter 1999,
Ganade et al. 2017, Silva et al. 2002), (ii) 3.2-2.5 Ga do Complexo Granjeiro (Ancelmi 2016,
Freimann 2014, Hollanda et al. 2015, Silva et al. 1997) e (iii) 3.4-2.7 Ga do Macico de Sao
José do Campestre (Dantas et al. 2004, 2013, Souza et al. 2016) (Fig. 1.6A). Mais
recentemente, rochas arqueanas tambem foram identificadas na Provincia Central da
Borborema (Zona Transversal (2.6 Ga — Suite Riacho das Lages) (Santos et al. 2017) (Fig.
1.6A). Circundando estes nucleos arqueanos, grande parte do embasamento da Provincia
Borborema é de idade Riaciana (2.3-2.0 Ga) (Fig. 1.6A), incluindo granitoides, gnaisses,
migmatitos e sequéncias metavulcanossedimentares (Costa et al. 2015, Dantas et al. 2004,
Fetter et al. 2000, Hollanda et al. 2011, Souza et al. 2007, 2016).

1.6.4. O Macico de Troia

As rochas do embasamento arqueano/paleoproterozoico no Dominio Ceara Central
foram originalmente denominadas de “Macico de Troia” por Brito Neves (1975).
Posteriormente, os gnaisses TTG do Macico de Troia foram mapeados como Complexo
Cruzeta segundo Oliveira & Cavalcante (1993) (Fig. 1.6B). As idades U-Pb (TIMS) obtidas
em zircdo por Fetter (1999) para gnaisses TTG do Complexo Cruzeta confirmaram idades
neoarqueanas de 2.8-2.7 Ga para estas rochas. O limite sudeste deste dominio arqueano é
nitidamente definido pela zona de cisalhamento de Senador Pompeu (Fig. 1.6B), enquanto 0s
limites norte e oeste foram inferidos principalmente com base em dados geocronoldgicos e
gamaespectrometria aérea (Pinéo & Costa, 2013).

Segundo Fetter (1999), o Macigo de Troia pode ser dividido em dois blocos crustais
distintos: (i) Pedra Branca e (ii) Bloco Mombaca, ambos com idades U-Pb (TIMS) em zircédo
de 2.8-2.7 Ga idades, mas diferindo em sua assinatura isotépica Sm—-Nd. O Bloco Mombaca
tem valores de eNd(t) variando de -0,79 a +2,73, e 0 Bloco Pedra Branca apresenta valores
ligeiramente radiogénicos (juvenil) (entre —0,02 e +2,48) (Fetter 1999).
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Segundo Ganade et al. (2017), novo dados geocronolégicos do SHRIMP U-Pb
demonstram que o Bloco Mombacga (2793 + 6 Ma) € mais antigo que os gnaisses TTG do

Bloco Pedra Branca (2698 + 8 Ma), como também sugerido por Fetter (1999). No entanto, no
mapa simplificado do Macigo de Troia, todas as rochas neoarqueanas estao representadas pelo
Complexo Cruzeta (Fig. 1.6B). Estas rochas arqueanas s@o principalmente ortognaisses TTG

e migmatitos. Os migmatitos sdo compostos principalmente de metatexitos estomaéticos,
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derivados de ortognaisses de composi¢do granodioritica (unidade de Mombaca), e
composigdes tonalitico a dioritico (unidade de Pedra Branca) (Ganade et al. 2017).

Embora as idades obtidas para o Macico de Troia evidenciam rochas
predominantemente neoarqueanas, uma idade U-Pb (SHRIMP) de 3270 £ 5 Ma
(Paleoarqueano) foi determinada por Silva et al. (2002) para uma metatonalito do Complexo
Cruzeta. Esta idade fornece evidéncias que a colocagdo dos TTGs neoarqueanos do Macico de
Troia ocorreu sobre crosta preexistente com idades semelhantes as relatadas no Macigo José
do Campestre (Dantas et al. 2004, 2013, Souza et al. 2016) e Complexo Granjeiro (Ancelmi
2016, Freimann 2014, Hollanda et al. 2015, Silva et al. 1997).

Granitoides paleoproterozoicos ocorrem intrusivos em rochas arqueanas do Complexo
Cruzeta e greenstone belts paleoproterozoico do Macico de Troia (Fig. 1.6B). Por exemplo, o
Complexo de Boa Viagem ¢é representado por ortognaisses tonaliticos a granodioriticos com
U—Pb (SHRIMP) idades de zircdo de 2150 + 29 Ma e 2124 + 35 Ma, e podem provavelmente
representa um plutonismo de arco continental na por¢cdo norte 0 Complexo Cruzeta (Silva et
al. 2014) (Fig. 1.6B). O Complexo S&o José da Macaoca, definido por Torres et al. (2007) ao
norte do Macico de Troia, também representa uma grande por¢do de ortognaisses tonaliticos
para granodioriticos com idades U-Pb (TIMS) em zircdo de 2139 + 12 Ma (Castro 2004) e
2130 *= 3 Ma (Fetter 1999) (Fig. 1.6B). De acordo com Costa et al. (2015), estes ortognaisses
(Macaoca) tém assinatura geoquimica similar a adakitos de baixa silica (magmas relacionados
ao manto), e provavelmente associado a acres¢do de arco insular (greenstone belt Algoddes) a

margem norte do Macico de Troia.

1.6.5. Greenstone belts paleoproterozoicos do Macico de Troia

No Macico de Troia, duas sequéncias metavulcanossedimentar foram reconhecidas
como terrenos tipo granito—greenstone, denominados de greenstone belt de Algoddes ao norte
(Costa et al. 2015, Martins et al. 2009) e greenstone belt da Serra das Pipocas ao sul (Costa et
al. 20144, 2015, Pessoa & Archanjo, 1984, Pessoa et al. 1986, Sousa, 2016) (Fig. 1.6B).

1.6.5.1. O greenstone belt Algoddes
A sequéncia metavulcanossedimentar de Algoddes ocorre na por¢do norte do Macico

de Troia (Fig. 1.6B). Esta sequéncia compreende principalmente anfibolitos derivados de
metabasaltos, paragnaisses, metagrauvacas, metarcoseos, metapelitos, quartzitos,
metandesitos, metaconglomerados e rochas de céalcio-silicaticas (Costa 2013, Martins 2000,

Martins et al. 2009). Os anfibolitos foram datados em 2236 + 55 Ma (isocrona de rocha total



24

Sm-Nd; quatro amostras) (Martins et al. 2009) e apresentam caracteristicas geoquimicas
similares a platds oceanicos e/ou basaltos de retro—arco (Martins et al. 2009, Verma &
Oliveira, 2014). As condicdes metamorficas para a sequéncia Algoddes variam entre facies
xisto—verde alto e anfibolito (Costa 2013, Martins 2000). Estruturalmente, o greenstone belt
Algoddes mostra lineamentos regional de direcdo nordeste, e foliagdo mergulhando para SE
(Costa 2013, Martins, 2000). Uma idade U-Pb (LA-ICPMS) em zircdo de 2046 + 12 Ma
obtida por Gomes (2013) para leucossoma de um ortognaisse migmatitico (Macaoca) ao norte
do greenstone belt Algod6es mostra que 0 metamorfismo regional de idade paleoproterozoica
preservado na area. Com base nas idades Pb—Pb em zircdo, is6topos Sm—Nd e geoquimica de
rocha total, os metatonalitos Cip6 (2190-2160 Ma), intrusivos neste greenstone belt,
representam rochas plutdnicas que provavelmente evoluiram em um arco intra—oceanico,
devido sua assinatura juvenil de Nd (idades do modelo TDM = 2.24-2.29 Ga e valores de eNd
(t) = + 0,29 até +1.9) (Martins et al. 2009). Para essas rochas plutdnicas (tonalitos Cipd),
Costa et al. (2015) relataram idades de U-Pb (LA-ICPMS) em zircdo de 2189 £ 14 Ma e 2180

+ 15 Ma, e também sugerem um ambiente pré—colisional para esses tonalitos.

1.6.5.2. O greenstone belt da Serra das Pipocas
Um dos primeiros mapeamentos estrutural e litolégico na sequéncia

metavulcanossedimentar da regido central de Troia foi apresentado por Pessoa & Archanjo
(1984). De acordo com estes autores, a tectdnica de empurrdo é responsavel pelos carater
aléctone das sequéncias metavulcanossedimentares e rochas metaplutdnicas maficas—
ultramaficas relacionadas, sobrepondo-se tectonicamente ao embasamento gnaissico-
migmatitico do Macico de Troia. Em trabalho adicional, dados geocronoldgicos de Rb-Sr e
K—Ar evidenciam que o Macico de Troia exibe um carater policiclico, com rochas arqueanas
e paleoproterozoicas apresentando rejuvenescimento isotopico no sistema Rb-Sr e K-Ar
durante o evento orogénico neoproterozodico (Brasiliano/Pan—Africano) (Pessoa et al. 1986).
Esses autores também sugerem que a tecténica de empurrdo no Macico de Troia é de idade
paleoproterozdico. No entanto, devido a falta de resultados isotopicos confiaveis na época,
Pessoa et al. (1986) interpretou para as sequéncias supracrustais da regido da Serra das
Pipocas como uma greenstone belts de idade arqueana, associada a assembleia de gnaisses e
migmatitos arqueanos do macico de Troia. No entanto, mais tarde, Fetter (1999) apresentou
idade U-Pb (TIMS) em zircdo de 2151 + 9 Ma para metadacitos proxima a regido da Serra das
Pipocas, sugerindo idade paleoproterozoica para granito—greenstone o greenstone belt da

Serra das Pipocas.



25

O greenstone belt da Serra das Pipocas, na porcdo centro—oeste do Macico de Troia
(Fig. 1.6B), é composto de metabasaltos (anfibolitos), rochas metavulcénicas félsicas a
intermedidrias, rochas metassedimentares, metacherts, marmores, intrusées tonaliticas (tipo
TTG), rochas metaplutbnicas maficas—ultraméficas, serpentinitos e leucogranitos associados
(Cavalcante et al. 2003, Costa et al. 2014a, Pessoa & Archanjo, 1984, Pessoa et al. 1986,
Sousa 2016). Segundo Pessoa e Archanjo (1984), metabasaltos com estruturas semelhantes a
pillows foi identificado nesta area. A geoquimica de rochas metavulcanicas maficas mostra
uma transicdo toleiitica para afinidade calcio—alcalina com assinatura relacionada ao arco,
sugerindo um cenario tecténico tipo retro—arco para este vulcanismo (Sousa 2016). Idades U-
Pb em zircOes detriticos em metagrauvacas da sequéncia Serra das Pipocas apresentam uma
populacdo de idade mais jovem ao redor 2200 Ma e mais velhos com idades de 3096 + 53 Ma,
3074 + 55 Ma, 2608 + 54 e 2546 + 55 Ma, o0 que indica um mistura de fontes arqueanas e
riacianas, e uma idade maxima de deposicdo em c. 2.2 Ga (Costa et al. 2014a). A presenca de
zircOes arqueanos sugere um ambiente continental (ou proximidade continental) para
evolucdo tectdnica do greenstone belt da Serra das Pipocas (Costa et al. 2014a). As rochas
metaplutdnicas méaficas e ultraméaficas sdo mais abundantes na regido central Regido de Troia
(Fig. 1.6B), e sdo interpretados principalmente como complexos igneos acamadados, bem
conhecido por causa da mineralizacdo em platina e paladio nos metacromititos (Angeli et al.
2009, Barrueto & Hunt, 2010, Pessoa & Archanjo, 1984). Recentemente, uma idade U-Pb
(SHRIMP) em zircdo de 2036 + 28 Ma foi obtida para uma amostra de metacromitito (Costa
et al. 2014b).
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Abstract

Rhyacian (c. 2.30 to 2.05 Ga) subduction—accretion and collisional processes are thought to represent
an important event of crustal growth and reworking, often reported in the so—called
Tranzamazonian/Eburnean granite—greenstone terranes of N/NE Brazil and West African craton. In
this work, we present whole—rock geochemistry and U-Pb—Hf zircon ages for Rhyacian plutonic rocks
that intrude Paleoproterozoic granite—greenstone terranes and Archean basement rocks of the Troia
Massif, Borborema Province, NE Brazil. U-Pb SHRIMP zircon age of 2185 + 4 Ma was obtained for
a metatonalite sample (Mirador metatonalites). The metatonalites show geochemical affinity similar to
those of adakites—like rocks, with all “classic” (slab—derived) adakitic signature (e.g. high Sr/Y, La/Yb
and low HREE), but more akin to those evolved from partial melting of the metasomatized mantle
wedge, followed by fractional crystallization. Zircon Hf crustal model ages of the metatonalite sample
range between 2800 and 2660 Ma, evidencing that Archean crustal components contributed to its
magma genesis, probably via subduction of continental-derived sediments to the mantle wedge. For
potassic plutons of the Troia Massif (Bananeira suite) we obtained U-Pb SHRIMP zircon age of 2079
*+ 4 Ma for a deformed quartz—monzonite with geochemical affinities similar to those derived from
low—pressure partial melting of a K—rich mafic protolith. For less—deformed equigranular granites, we
obtained a U-Pb LA-ICPMS zircon age of 2068 + 5 Ma. They are high—K calc-alkaline and slightly
peraluminous granites that probably derived from low—pressure partial melting of tonalitic crustal
sources (metatonalites) and/or metagraywackes. Zircon Hf crustal model ages of a granite sample
range from 2713 to 2535 Ma, evidencing Archean crustal contribution to magma genesis. However,
two analyzed c. 2307 Ma inherited zircon grains show &€¢(t) values of c. +4.87, indicating that crustal
reworking of less—radiogenic Paleoproterozoic sources also participated in its genesis. Regional
correlations of our results with the Paleoproterozoic record of the Troia Massif, Borborema Province
and surrounding cratonic domains, suggest that the studied plutons are related to the c. 2.2 to 2.0 Ga
Transamazonian/Eburnean orogenic cycle. The c¢. 2185 Ma metatonalites are associated to pre—
collisional setting, while the c. 2079-2068 Ma quartz monzonites and granites evolved during
collisional setting.

Keywords: Accretionary, Paleoproterozoic, Borborema Province, Troia Massif
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2.1. Introduction

The fate of accretionary orogens is generally ending up in a major craton—scale
continental collision (Coney, 1987; Condie, 2007; Cawood et al., 2009). As ocean basins
close, accretionary orogens are active on one or both continental margins, and final closure is
often marked by a continent—continent collision producing a collisional orogeny (Cawood et
al., 2009). Indeed, accretionary orogens constitute major sites of continental growth, with
successive accretion of oceanic terranes to active continental margins, including island arcs,
back—arcs, dismembered ophiolites and oceanic plateaus (Cawood et al., 2009). However,
paradoxically, it is also along accretionary orogens, that recycling of crustal components into
the mantle may sometimes outweigh juvenile crust formation (e.g. Scholl and von Huene,
2009; Stern and Scholl, 2010). The crustal recycling at accretionary margins occurs where the
subducting oceanic slab carries sediments into the mantle and tectonically erodes crustal
material from the overriding plate (Scholl and von Huene, 2009; Stern, 2011; Nebel et al.,
2011; Spencer et al., 2015). So far, mixing of juvenile arc magmas with subducted continental
material has been a common interpretation to discuss geochemical and isotopic variation of
subduction-related magmatism in recent (Carpentier et al., 2009; Nebel et al., 2011; Tapster
et al., 2014; Shao et al., 2015) and ancient intra—oceanic arcs (Kuzmichev et al., 2005; Kemp
et al., 2009; Safonova et al., 2017). For example, according to Nebel et al. (2011), in the
Sunda—Banda arc, a modern intra—oceanic arc that is partially colliding with the Australian
continental plate, the Hf isotopic composition of zircons from arc magmas show progressively
less—radiogenic values toward proximity with the continent, suggesting involvement of
subducted continental material to arc magmatism. Nebel et al. (2011) also suggest that similar
process could have started very early in Earth’s crustal evolution, as sediment recycling in a
subduction setting can further account for Hf variations in the Hadean zircon record.

Accretionary orogens appear to have been active throughout much of Earth history
(Cawood et al. 2006; 2009) and many Precambrian terranes have been interpreted as a product
of subduction—accretion processes (Cawood et al., 2006; Whitmeyer and Karlstrom, 2007;
Oliveira et al., 2011; Furnes et al., 2015; Cawood et al., 2016; Chatterjee et al., 2016).
According to Furnes et al. (2015), c. 85% of the Precambrian greenstone sequences can be
classified as subduction-related ophiolites, generated in back-arc to fore—arc tectonic
environments. In Paleoproterozoic times, one of the well-accepted example of crustal growth
and reworking along subduction-accretion processes is the ¢ 22-20 Ga
Birimian/Transamazonian granite—greenstone terranes of S8o Luis—West African craton
(Liégeois et al., 1991; Feybesse et al. 2006; Klein et al., 2008; 2012; Block et al., 2016;
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Petersson et al., 2016; 2017) and correlated terranes of the Guyana Shield (Amazon craton)
(Vanderhaeghe et al., 1998; Delor et al., 2003; Rosa—Costa et al., 2006; McReath and Faraco,
2006) and northern S&o Francisco craton (Silva et al., 2001; Costa et al., 2011; Oliveira et al.,
2011) (Fig. 2.1A). Many of these terranes are interpreted as juvenile arc sequences that
evolved during c. 2.2-2.1 Ga accretionary tectonics to late c. 2.1-2.0 Ga continental collision
and regional metamorphism (Liégeois et al., 1991; Vanderhaeghe et al., 1998; Delor et al.,
2003; Feybesse et al. 2006; McReath and Faraco, 2006; Costa et al., 2011; Oliveira et al.,
2011), and most of these interpretations are based on field geology, whole-rock geochemistry,
U-Pb zircon ages and Nd isotopic data. However, more recently, combined U-Pb—Hf
isotopes in zircon have been reported from Birimian terranes of the S&o Luis—West African
craton, which brought new insights for the crustal evolution on this large Paleoproterozoic
granite—greenstone domain (Block et al. 2016; Parra—Avila et al., 2016; 2017; Petersson et al.,
2016; 2017; Eglinger et al., 2017). For instance, according to Petersson et al. (2017), zircon
Hf isotopes from Birimian granitoids of the Baoulé—Mossi domain (West African craton)
(Fig. 2.1A), indicate that Archean components were involved in the genesis of many c. 2.22—
2.13 Ga Birimian arc-related granitoids, probably by subduction of continental-derived
sediments.

The Borborema Province, northeast Brazil (Fig. 2.1A), is a Neoproterozoic mobile
belt associated to the Pan—African/Brasiliano orogeny (c. 650-535 Ma) (Brito Neves et al.,
2000), and much of its geology comprises vast domains of Paleoproterozoic basement rocks,
which represent, at least in part, reworked cratonic margins of the Sdo Luis—West African
and/or Sdo Francisco cratons (Fetter et al., 2000; Dantas et al., 2004, 2013; Hollanda et al.,
2011; Neves et al., 2015; Souza et al., 2016). In the northern Borborema Province, basement
rocks are mostly of Paleoproterozoic ages (c. 2.2 to 2.1 Ga) (Fetter et al., 2000; Souza et al.,
2007; Hollanda et al., 2011; Martins et al., 2009; Costa et al., 2015; Souza et al., 2016), but
Archean crustal domains (c. 2.7 to 3.3 Ga) have also been locally identified (Silva et al., 1997;
Fetter, 1999; Dantas et al., 2004, 2013; Ganade et al., 2017) (Fig. 2.1A). This mosaic of
preserved Paleoproterozoic terranes and Archean fragments is thought to represent the final
record of a major Rhyacian accretionary orogeny (Fetter et al., 2000; Arthaud et al., 2008;
Neves, 2015; Costa et al., 2015; Souza et al., 2016). For example, in the Troia Massif,
northern Borborema Province (Fig. 2.1A), Paleoproterozoic metavolcano—sedimentary
sequences are tectonically juxtaposed to Archean TTG gneisses (Fig. 2.1B) and have been
interpreted as the record of intra—oceanic arcs, back—arcs and/or oceanic plateaus, accreted to

an Archean paleocontinental margin (Martins et al., 2009; Costa et al., 2015). In this paper,
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we present field geology, combined U-Pb-Hf isotopes in zircon and whole-rock
geochemistry for Rhyacian plutonic rocks that intrude both Paleoproterozoic metavolcano—
sedimentary sequences and Archean gneisses of the Troia Massif (Fig. 2.1A and B). The
results are discussed in order to understand the petrogenesis of these granitoids, and the
possible sources of magmatism and tectonic settings. Regional correlation with
Paleoproterozoic evolution of Borborema Province, Nigeria shield and Birimian terranes of

West African craton is also envisaged.

2.2. Regional geology

2.2.1. The northern Borborema Province and its basement inliers

The Borborema Province represents a c¢. 650-535 Ma Neoproterozoic mobile belt
located between the S8o Luis—West African and S&o Francisco—Congo cratons (Fig. 2.1A),
earning its structural framework during the Pan—African/Brasiliano orogenic cycle, related to
the formation of the West-Gondwana supercontinent (Almeida et al., 1981). The Borborema
Province is commonly subdivided into the Northern, Central and Southern subprovinces
(Brito Neves et al., 2000; Neves, 2003; Van Schmus et al., 2011) (Fig. 2.1A). Its main
structural feature is the extensive transcurrent shear zone network, usually associated with
intrusion of several c. 580 Ma-old syn-tectonic granites (Vauchez et al., 1995; Nogueira,
2004). Based on U-Pb zircon ages and Nd isotopes, the northern Borborema Province, limited
to the south by the Patos lineament, has been divided into three main crustal blocks: Médio
Coread, Ceara Central, and Rio Grande do Norte (Fetter et al., 2000) (Fig. 2.1A). The Médio
Coreall and Ceard Central domains are limited by the Sobral-Pedro Il shear zone (or
Transbrasiliano Lineament) and the limit between the Ceara Central and Rio Grande do Norte
domains is marked to the east by the Senador Pompeu shear zone (Brito Neves et al., 2000;
Fetter et al., 2000; Padilha et al., 2017). According to Padilha et al. (2017), magnetotelluric
data collected along the northern Borborema Province revealed that the limits of these blocks
are compatible with high conductivity anomalies in the crust and upper mantle, interpreted as
suture zones and correlated to the Neoproterozoic collage. However, according to Neves
(2003; 2015), these regional-scale structures are mostly reactivations of older
Paleoproterozoic shear zones, and the lack of evidence for vast Neoproterozoic oceans
suggests that the Neoproterozoic metamorphism and deformation in the whole Borborema

Province may be the product of an intra—continental orogeny.
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Fig. 2.1. Simplified geological framework of the Borborema province and Troia massif: (A) Yellow
dashed line locates Borborema Province in the pre—drift reconstruction of South America and Africa
(modified from Arthaud et al., 2008); and (at right) schematic map of the Borborema Province with
three major subdivisions delimited by the Patos (Pa—L) and the Pernambuco Lineaments (Pe-L).
Tectonic domains are according to Fetter et al. (2000); MCD= Médio Coreall Domain, CCD= Ceara
Central Domain and RGND= Rio Grande do Norte Domain, and shear zones are SP= Senador

Pompeu shear zone and TL= Transbrasiliano lineament (or Sobral-Pedro Il shear zone). (B)
Simplified geological map of the Troia Massif (Modified from Costa et al., 2015).

Archean crustal records have been identified in northern Borborema Province,
corresponding to: (1) Neoarchean (c. 2.8-2.7 Ga) TTG gneisses of Troia Massif in the Ceara
Central Domain (Fetter, 1999; Silva et al., 2002; Ganade et al., 2017); (2) the c. 3.2 to 2.5Ga
Granjeiro complex (Silva et al., 1997; Freimann, 2014; Hollanda et al., 2015); and (3) the c.
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3.4 to 2.7 Ga S&o Jose do Campestre Massif, cropping out in the northeastern portion of the
Rio Grande do Norte Domain (Dantas et al., 2004, 2013; Souza et al., 2016). More recently,
Archean rocks have also been identified in the Central Borborema Province (Fig. 2.1A) (c.
2.6 Ga Riacho das Lages suite) (Santos et al., 2017). Mostly, these Archean fragments are
enveloped by Rhyacian granite—gneissic domains and associated metavolcano—sedimentary
sequences (Fetter et al., 2000; Dantas et al., 2004; Souza et al., 2007; Hollanda et al., 2011,
Costa et al., 2015; Souza et al., 2016). For more details of the northern Borborema Province
geology and its correlation with the African counterpart, see Arthaud et al. (2008) and Santos
et al. (2008).

2.2.2. The Troia Massif and its Paleoproterozoic granite—greenstone terranes

The Archean—Paleoproterozoic basement rocks in the Ceara Central Domain were
originally named Troia Massif by Brito Neves (1975), and as Cruzeta complex by Oliveira
and Cavalcante (1993) (Fig. 2.1B). U-Pb TIMS zircon ages obtained by Fetter (1999)
confirmed its c. 2.8-2.7Ga Archean age. The southeastern limit of this Archean domain is
sharply defined by the Senador Pompeu shear zone (Fig. 2.1B), whereas the northern and
western limits are less clear, and have been inferred on the basis of geochronological data and
airborne gamma-spectrometry (Pinéo and Costa, 2013). According to Fetter (1999), the Troia
Massif can be divided into two distinct crustal blocks: (i) Pedra Branca and (ii) Mombaca
block, both with Neoarchean 2.8-2.7 Ga U-Pb TIMS zircon ages, but differing in their Sm—
Nd isotopic signature. The Mombagca block has Eng(t) values ranging from -0.79 to +2.73, and
the Pedra Branca block yielded slightly more radiogenic values (juvenile) (-0.02 to +2.48)
(Fetter, 1999). According to Ganade et al. (2017), new SHRIMP U-Pb geochronological data
demonstrate that the Mombaca block (2793 + 6 Ma) is older than the grey gneisses of the
Pedra Branca block (2698 + 8 Ma), as also suggested by Fetter (1999). However, in the
simplified regional-scale map of the Troia Massif (Fig. 2.1B), all the Neoarchean rocks of the
Troia Massif are represented by the Cruzeta complex (Fig. 2.1B). These Archean rocks are
mostly TTG orthogneisses and migmatites. The migmatites are mainly composed of stromatic
metatexites with main protolith represented by biotite gneiss of granodioritic composition
(Mombaca unit), and tonalitic to dioritic compositions (Pedra Branca unit) (Ganade et al.,
2017). The U-Pb (SHRIMP) age of 3270 = 5 Ma was determined by Silva et al. (2002) for a
metatonalite of the Cruzeta complex. This age provides evidence that the emplacement of the
Mombagca and Pedra Branca TTGs occurred over pre—existing crust with ages similar to those
reported in the Sdo José do Campestre Massif (Dantas et al., 2004, 2013; Souza et al., 2016).
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Paleoproterozoic granitoids of the Troia Massif occurs intrusive into both Archean
rocks of the Cruzeta complex and Paleoproterozoic greenstone belts (Fig. 2.1B). For example,
the Boa Viagem complex are represented by tonalitic to granodioritic orthogneisses with U—
Pb (SHRIMP) zircon ages of 2150 £ 29 Ma and 2124 + 35 Ma, and may probably represent
continental arc plutonism at the northern portion of the Cruzeta complex (Silva et al., 2014)
(Fig. 2.1B). The Sdo José da Macaoca complex, defined by Torres et al. (2007) to the north of
the Troia Massif, also represents a large portion of tonalitic to granodioritic orthogneisses
with similar U-Pb TIMS zircon ages of 2139 + 12 Ma (Castro, 2004) and 2130 + 3 Ma
(Fetter, 1999) (Fig. 2.1B). According to Costa et al. (2015), the c. 2139-2130 Ma Macaoca
orthogneisses have low-silica adakitic signature (mantle—related magmas), and were probably
associated to the accretion of the Algoddes greenstone terrane to the north margin of the Troia
Massif. In this massif, two major metavolcano—sedimentary sequences have been recognized
as Paleoproterozoic greenstone belts, named Algoddes greenstone belt to the north (Martins et
al., 2009; Costa et al., 2015), and Troia greenstone belt (or Serra das Pipocas greenstone belt)
to the south (Pessoa and Archanjo, 1984; Pessoa et al., 1986; Costa et al., 2014a, 2015; Sousa,
2016) (Fig. 2.1B).

2.2.3. The Algoddes metavolcano—sedimentary sequence

The Algoddes metavolcano—sedimentary sequence occurs at the northern portion of
the Troia Massif (Fig. 2.1B). This sequence comprises mainly amphibolites derived from
metabasalts, fine—grained leucocratic paragneisses, metagreywackes, meta—arkoses, rare
metapelites, quartzites, meta—andesites, meta—conglomerates, and calc-silicate rocks
(Martins, 2000; Martins et al., 2009; Costa, 2013). The Algoddes amphibolites were dated at
2236 + 55 Ma (whole-rock Sm-Nd isochron; four samples) (Martins et al., 2009) and share
geochemical features akin to oceanic plateau and/or back—arc basalts (Martins et al., 2009;
Verma and Oliveira, 2014). They record upper greenschist to lower amphibolite metamorphic
conditions and lacks migmatization (Martins, 2000; Costa, 2013). Structurally, the Algoddes
sequence shows penetrative regional northeastward trending foliation dipping to SE (Martins,
2000; Costa, 2013). A LA-ICPMS U-Pb zircon age of 2046 + 12 Ma obtained by Gomes
(2013) for the leucosome of a migmatitic (Macaoca) orthogneiss found close to the Algoddes
sequence shows that regional metamorphism is probably of Paleoproterozoic age. Based on
Pb—Pb zircon ages, Sm—Nd isotopes and whole-rock geochemistry, the ¢. 2190 to 2160 Ma
Cipé tonalites, that intrude the Algoddes metavolcano—sedimentary sequence, are thought to

represent TTG-like (trondhjemite or high-silica adakite) plutonic rocks that probably evolved
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in an intra—oceanic arc, to account for their juvenile Nd signature (TDM model ages = 2.24 to
2.29 Ga and E\y(t) values = +0.29 to +1.9) (Martins et al. 2009). For these plutonic rocks
(Cipo tonalites), Costa et al. (2015) reported LA-ICPMS U—Pb zircon ages of 2189 + 14 Ma

and 2180 £ 15 Ma, and also suggested a pre—collisional (arc-related) setting to these tonalites.

2.2.4. The Serra das Pipocas greenstone belt

The first structural and lithological mapping in the central-west part of the Troia
Massif was presented by Pessoa and Archanjo (1984). According to these authors, thrust
tectonic is responsible for the allochthonous character of the metavolcano—sedimentary
sequences and related mafic—ultramafic metaplutonic rocks, overlying the gneiss—migmatitic
basement of the Troia Massif. Additional work, with Rb—Sr and K—Ar geochronological data,
evidenced that the Troia Massif exhibits a polycyclic character, with Archean and
Paleoproterozoic rocks, mostly presenting K—Ar and Rb-Sr isotopic rejuvenating during the
Neoproterozoic (Brasiliano) orogenic event (Pessoa et al., 1986). These authors also
suggested that the thrust tectonic in the Troia Massif is Paleoproterozoic in age. However,
because of the lack of reliable isotopic results for the supracrustal sequences of the Serra das
Pipocas region, Pessoa et al. (1986) interpreted it as an Archean greenstone sequence, piecing
the assemblage of Archean gneisses and migmatites of the Troia Massif. Later on, Fetter
(1999) provided 2151 £ 9 Ma U-Pb zircon age for a metadacite layer close to the Serra das
Pipocas region, suggesting a minimum depositional (Paleoproterozoic) age for the Serra das
Pipocas granite—greenstone sequence, but the metamafic—ultramafic plutons and associated
greenstone belts of the central portion of the massif were still interpreted as of Archean age.
However, new U—Pb (in situ) zircon ages in metasedimentary and intrusive rocks confirmed
the Paleoproterozoic (Rhyacian c. 2.2-2.0 Ga) age for the Serra das Pipocas metavolcano—
sedimentary sequence and related metamafic—ultramafic rocks in the Troia Massif (Costa et
al., 20144, 2014b; Sousa, 2016) (Fig. 2.2).
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Fig. 2.2. Geological map of the study area with location for U-Pb zircon ages of this and previous

studies. Respective error for U-Pb data on the map can be seen in Table 2.5.

The Serra das Pipocas greenstone belt (or Troia metavolcano—sedimentary sequence),
in the central-west portion of the Troia Massif (Fig. 2.1B and 2.2) is composed of metabasalts
(amphibolites), felsic to intermediate metavolcanic rocks, metasedimentary rocks, metacherts,
marbles, serpentinites, and associated S—type leucogranite (i.e., Cedro suite), tonalitic (TTG—
like) intrusions and mafic—ultramafic metaplutonic rocks (Pessoa and Archanjo, 1984; Pessoa
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et al., 1986; Cavalcante et al., 2003; Costa et al., 2014a; Sousa, 2016). According to Pessoa
and Archanjo (1984), metabasalt with pillow-like structures was locally identified.
Geochemistry of mafic metavolcanic rocks shows transitional tholeiitic to calc—alkaline
affinity and arc-related signature, suggesting an arc/back—arc tectonic setting to this
volcanism (Sousa, 2016). U-Pb detrital zircon dating of a metagreywacke of the
metavolcano—sedimentary sequence yielded a younger age population around 2200 Ma and
older (*"Pb/*°®Pb) ages of 3096 + 53 Ma, 3074 + 55 Ma, 2608 + 54 and 2546 + 55 Ma, which
indicates a mixture of Archean and Rhyacian sources and a maximum depositional age of c.
2.2 Ga (Costa et al., 2014a). The presence of Archean detrital zircon grains suggests an
ensialic (or continental proximity) setting for part of this granite—greenstone terrane (Costa et
al., 2014a). The mafic and ultramafic metaplutonic rocks are more abundant in the central
Troia region (Fig. 2.1B), and are mainly interpreted as fragmented layered bodies, well-
known because of the platinum and palladium mineralization in metachromitites (Pessoa and
Archanjo, 1984; Angeli et al., 2009; Barrueto and Hunt, 2010). A Sm—Nd isochron of c. 2060
Ma was obtained for this mafic—ultramafic magmatism (Liégeois, unpublished data; cited by
Fetter, 1999), recently attested by a U-Pb (SHRIMP) zircon age of 2036 + 28 Ma obtained for
a PGE—bearing metachromitite sample (Costa et al., 2014b).

2.3. Plutonic rocks: field geology and petrography

The plutonic rocks investigated in this work consist of metatonalites (Mirador
Tonalite) intruded into the Paleoproterozoic Serra das Pipocas metavolcano—sedimentary
succession, and potassic granitoids of the Bananeira suite, which intruded both Archean TTG
gneisses and Paleoproterozoic greenstone sequences (Fig. 2.2). All these plutons are generally
foliated and locally have gneissic banding, due to deformation under amphibolite facies
metamorphism during the Transamazonian (2.2 to 2.0 Ga) and/or Brasiliano (650-535 Ma)
orogenies. The dominant structures observed in outcrop are east-dipping foliation (30 to 55°)
with associated low-rake stretching lineation plunging 20-35° to NE (Fig. 2.2). Many local—
and regional—-scale fold axis also plunge 20-35° toward NE (Fig. 2.2). The NE-SW trending
foliations, and the NE-directed lineations and fold axis in these rocks are in structural
concordance with the dextral strike—slip Neoproterozoic Senador Pompeu shear zone (Fig.
2.1B). However, in this study, the occurrence of less—deformed granites crosscutting strongly
deformed quartz—monzonites, both with Paleoproterozoic ages evidence that the c. 2.2 to 2.1

Ga deformation is also preserved in this area.
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2.3.1. Mirador tonalites

The Mirador tonalites have intrusive contact with amphibolites and metasedimentary
rocks of the Serra das Pipocas greenstone belt, and do not occur in the surrounding basement
rocks (Fig. 2.2). Additionally, the intrusions are restricted to the basal unit of the greenstone
sequences, spatially associated to gabbros and amphibolites (Fig. 2.2). The tonalites are
generally gray, have medium—grained equigranular texture, and are generally foliated (Fig.
2.3A). They are predominantly tonalitic to granodioritic in composition (Fig. 2.4A), being
composed of plagioclase (Angg.3p) (20-30%), alkali feldspar (15-10%), quartz (19-29%),
biotite (15-20%) and hornblende (15-20%). Plagioclase is euhedral to anhedral and partly
altered to sericite and carbonate. Alkali feldspar is generally perthitic and locally albitized at
the rims. Hornblende occurs as prismatic grains and is locally replaced by biotite. Quartz
grains are anhedral, show undulatory extinction and rarely subgrain boundary. Accessory
minerals include titanite, apatite, epidote, zircon and allanite. Zircon grains occur generally
associated and/or included in biotite and hornblende. Mafic magmatic enclaves are locally
found (Fig. 2.3B).

2.3.2. Granites and quartz—monzonites of the Bananeira suite

The Bananeira suite was originally reported by Oliveira and Cavalcante (1993) for
granites, potassic orthogneisses and associated migmatites mapped in the central region of the
Troia Massif (Fig. 2.1B and 2.2). A large (c. 100 km) NE-SW elongated domain of this
igneous—migmatitic association occurs as a regional sheet-like intrusion between Archean
basement rocks and Paleoproterozoic greenstone belts (Fig. 2.2). In this igneous—migmatitic
association, two main types of plutonic rocks can be distinguished: (i) quartz—monzonites and
(ii) granites (Fig. 2.4A). Quartz—monzonites have medium- to coarse—grained texture, and
hornblende as the main mafic mineral (Fig. 2.3C). They are mainly composed of plagioclase
(Ansg32) (andesine) (15-23%), alkali feldspar (13-20%), quartz (5-10%), hornblende (10—
20%) and biotite (5-10%). They commonly show porphyritic textures, with feldspar
phenocrysts (plagioclase and/or perthitic alkali feldspar). Quartz grains show undulatory
extinction and subgrain boundary. Common accessory phases include titanite, apatite, epidote,
zircon and allanite. Locally, amphibolite enclaves are found in the quartz—monzonites (Fig.
2.3D), but mafic magmatic enclaves are rarely seen, lacking evidence for magma
mixing/mingling. These porphyritic quartz—monzonites are usually strongly foliated (Fig.

2.3C and D) and locally cross—cutt by fine—grained less—deformed granitic dikes (Fig. 2.3E).
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Fig. 2.3. Field aspects of the plutonic rocks: (A) Mirador tonalite with medium—grained equigranular
texture and mafic enclave. (B) Mirador tonalite with mafic magmatic enclaves, evidencing magma
mingling process. (C) Steeply dipping foliation in dark—gray porphyritic quartz—monzonite of the
Bananeira suite. (D) Mafic (amphibolite) enclave in quartz—monzonite. (E) Fine—grained granitic dike
cross—cutting dark—gray quartz—monzonite gneiss. (F) Weakly deformed, medium—grained
equigranular pinkish granite.

The less—deformed granite occurs as individual semi—circular intrusion at the north of
the Serra das Pipocas metavolcano—sedimentary sequence (Fig. 2.2). This granite is weakly
deformed, with reddish pink to pinkish gray color, and fine— to medium—grained equigranular
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textures (Fig. 2.3F). It has monzogranitic to syenogranitic composition, with alkali feldspar
(29-35%), quartz (15-30%), plagioclase (Anis08) (albite—oligoclase) (15-20%) and biotite
(5-10%) as essential minerals. Quartz grains show slightly undulatory extinction and no
subgrain boundary. Accessory phases are mainly titanite, allanite, apatite and zircon.
Magnetite is also common accessory mineral in the less—deformed granite samples, generally
associated to titanite and allanite.

2.4. Material and methods

2.4.1. Whole-rock geochemistry

Major and trace element analyses of whole—rock were carried out respectively by X—
ray fluorescence (XRF) and inductively coupled mass spectrometry (ICPMS) at the SGS
GEOSOL laboratory in Vespasiano, Minas Gerais (Brazil), according to its pre—established
XRF79C and IMS95A analytical method. For major element analyses, the rock powder (2
grams per sample) was dried in an oven and weighed after cooling in a jar containing lithium
tetraborate flux. The sample was then transferred to a platinum crucible and homogenized.
After homogenization lithium iodide was added before fusion in an automatic machine and
analysis by XRF. For trace element analyses, the rock powder (10 grams per sample) was
weighed and then fused in a graphite crucible by adding lithium metaborate. After fusion the
melt was transferred to a beaker containing a solution of nitric acid and tartaric acid in equal
volumes before homogenization and total dissolution under agitation, and analysis of the
solutions by ICP-MS. The analytical accuracy was monitored using the geological standard
materials TILL-03 and GRE-03 for trace elements on ICPMS, and SG-142 and AMIS0321
for major elements on XRF. Analytical precision for major elements is better than 5% and
better than 10% for trace elements. Analyses of blank material yielded values typically below
the detection limits. Results are presented in Table 2.1. The geochemical analyses were
plotted using the GCDkit software (Janousek et al., 2006).



Table 2.1: Whole—rock geochemical data

FC-19 FC-53 FC-99 FC-96 FC-281 FC-52 FC-274-A FC-279-C FC-91-A FC-93 FC-280-A FC-288 FC-287 FC-92 FC-14 FC14-B
Mirador tonalites

Major elements (wt%)

Sio2 64.1 64.4 65.0 65.1 65.4 65.5 65.9 66.1 66.2 66.5 67.0 67.5 67.6 68.0 68.1 68.6
Tio2 0.38 0.44 0.52 0.37 0.40 0.53 0.47 0.44 0.43 0.33 0.41 0.38 0.36 0.33 0.32 0.34
Al203 16.3 15.4 16.1 15.5 16.1 159 16.0 15.6 15.8 155 16.1 16.6 16.5 155 15.6 16.4

Fe203  3.83 4.11 4.59 3.59 4.10 4.61 4.80 4.41 3.95 3.26 4.05 4.13 3.87 3.17 3.06 3.52
MnO 0.06 0.06 0.09 0.06 0.07 0.09 0.08 0.08 0.07 0.06 0.07 0.08 0.08 0.06 0.05 0.06
MgO 153 2.05 233 1.92 193 2.54 172 238 2.28 183 2.05 1.49 132 178 133 117
Ca0 4.15 3.94 4.50 3.99 3.77 4.28 3.75 4.04 3.76 3.09 3.65 3.77 3.46 3.43 2.88 3.28
Na20 5.11 4.52 4.54 5.01 5.08 4.73 4.35 4.54 4.98 4.74 5.01 4.90 4.98 4.89 5.11 4.98

K20 1.86 2.16 2.09 1.80 1.87 217 218 1.93 235 2.44 1.95 2.22 213 2.53 248 2.45
P205 0.12 0.19 0.25 0.17 0.17 0.30 0.17 0.22 0.22 0.17 0.18 0.12 0.12 0.14 0.10 0.11

Lol 0.56 114 0.71 0.80 0.47 0.60 0.93 0.83 1.03 0.85 0.59 0.63 0.57 1.20 0.60 0.59
Total 98.1 98.4 100.7 98.3 99.4 101.2 100.4 100.6 101.1 98.8 1011 101.8 101.0 101.0 99.6 101.5
Rb 46.6 53.7 95.1 45.7 66.9 53.2 58.0 50.8 46.8 61.7 40.1 46.8 53.2 82.3 57.0 65.5
Sr 1148 963 1260 1447 1423 1028 893 1437 1281 1247 1425 980 1021 1041 915 1068
Ba 964 1294 1743 1879 1532 1469 1220 1714 1781 1870 1751 881 766 1854 1036 950
Ni 17.0 29.0 30.0 29.0 42.0 36.0 19.0 420 32.0 27.0 42.0 29.0 26.0 28.0 13.0 24.0
Co 9.70 12.70 12.20 10.40 11.00 14.70 10.40 13.60 11.50 9.30 10.80 8.70 7.80 9.20 7.60 7.00
Nb 4.97 5.26 8.07 4.38 8.55 5.24 4.93 4.04 5.53 4.65 2.94 4.28 6.04 4.64 6.28 3.49
Zr 122 159 178 190 118 137 129 98.7 222 116 101 111 125 108 118 117
Hf 2.58 3.29 4.52 4.37 294 2.45 331 371 5.31 2.58 3.15 2.83 3.23 2.50 2.67 330
Y 14.46 11.58 15.00 11.52 10.67 13.09 12.22 11.24 12.24 9.12 10.08 12.07 15.08 9.14 12.75 12.08
Th 1.50 5.20 7.10 2.20 230 3.00 4.10 8.30 4.20 4.00 5.40 2.60 3.60 2.60 230 3.20
U 0.50 0.95 0.67 0.76 0.85 125 118 0.79 0.94 1.30 0.57 0.52 0.67 1.08 0.56 1.66
Cs 0.74 2.03 17.57 2.90 9.39 4.20 4.76 2.16 1.61 1.65 211 0.94 1.22 7.75 0.94 122

Rare earth elements (ppm)

La 216 26.1 326 28.9 20.3 29.4 16.6 30.7 25.5 25.8 221 12.9 14.8 21.6 15.6 144
Ce 32.8 53.1 67.6 52.5 49.5 60.5 42,6 65.0 57.5 48.0 49.5 30.5 34.5 44.4 345 33.8
Pr 4.32 5.96 8.26 6.73 6.11 7.37 522 7.66 7.19 5.80 6.17 3.63 4.27 5.41 3.90 4.21
Nd 17.2 20.5 29.9 24.8 24.1 25.8 20.0 293 26.4 20.6 24.4 14.6 17.2 20.0 15.6 16.8
Sm 3.20 3.40 5.60 4.20 4.30 4.40 3.70 5.10 5.20 3.70 4.30 2.90 3.60 3.40 2.90 3.20
Eu 0.89 0.84 1.28 1.04 124 0.98 1.03 141 1.20 0.94 1.22 0.79 0.94 0.90 0.70 0.89
Gd 2.92 2.40 3.93 3.08 3.25 3.08 2.92 3.85 3.56 2.59 3.23 2.56 3.13 2.49 247 2.88
Tb 0.42 0.31 0.49 0.37 0.40 0.37 0.41 0.49 0.42 0.27 0.40 0.39 0.45 0.32 0.37 0.40
Dy 2.46 178 2.75 2.01 2.07 1.98 229 2.30 234 167 1.92 221 2.66 1.68 217 2.24
Ho 0.50 0.34 0.45 0.38 0.38 0.38 0.45 0.44 0.41 0.28 0.35 0.44 0.53 0.31 0.43 0.45
Er 1.39 0.92 139 1.05 1.08 1.02 127 122 117 0.87 0.97 134 1.61 0.86 119 129
Tm 0.20 0.14 0.19 0.15 0.15 0.16 0.22 0.18 0.18 0.14 0.13 0.18 0.23 0.11 0.18 0.19
Yb 1.40 0.90 1.20 0.90 1.00 1.00 1.30 110 1.10 0.80 0.90 1.20 1.60 0.80 1.20 1.30
Lu 0.18 0.13 0.19 0.15 0.14 0.13 0.19 0.16 0.17 0.12 0.13 0.18 0.23 0.11 0.17 0.19

Table 2.1_continued

FC-77 FC-197  FC-75 FC-279-A FC-250 FC-62 FC-69-A FC-65 FC-64 FC-66-A FC-66-E FC-240 FC-257 FC-278 FC-277

Mirador tonalites Quartz-monzonites (Bananeira suite) Granites (Bananeira suite)

Major elements (wt%)

Sio2 68.6 68.7 70.1 70.4 62.8 63.0 63.2 64.1 64.2 64.6 64.6 71.5 72.0 72.0 72.5
Tio2 031 033 0.26 0.31 0.70 0.62 0.72 0.67 0.62 0.68 0.69 0.52 0.18 0.31 0.34
Al203 16.0 153 15.5 14.9 16.8 16.0 17.3 16.6 16.6 17.0 16.8 14.6 14.3 14.4 14.2
Fe203 3.23 337 2.89 3.11 5.24 4.50 4.75 4.59 4.37 4.76 4.97 3.92 2.22 2.81 3.03
MnO 0.05 0.07 0.05 0.06 0.08 0.06 0.06 0.07 0.06 0.07 0.07 0.07 0.03 0.06 0.05
Mgo 129 157 1.03 1.23 1.98 1.80 1.92 177 1.67 1.82 1.68 0.65 0.51 0.50 0.49
Ca0 3.20 2.77 3.05 2.44 3.55 3.38 3.13 3.54 3.26 3.65 3.44 1.98 125 1.59 157
Na20 4.90 471 4.67 4.50 3.97 3.92 471 4.17 3.95 4.26 4.04 3.67 3.36 3.64 3.60
K20 2.48 2.77 2.77 2.70 4.36 4.55 4.08 4.62 4.63 4.14 4.27 4.39 5.21 4.72 4.55
P205 0.11 0.13 0.10 0.13 031 0.29 031 0.29 0.29 0.31 0.29 0.14 0.08 0.14 0.15
Lol 0.69 0.42 0.66 0.40 0.63 0.45 0.75 0.60 0.79 0.45 0.30 0.17 0.49 0.30 0.20
Total 100.9 100.1 1011 100.2 100.4 98.6 100.9 101.0 100.4 101.7 101.2 101.6 99.6 100.5 100.7
Rb 48.5 122.3 52.5 61.4 126.8 185.9 163.8 179.4 137.9 1315 1241 99.7 117.4 141.7 129.9
Sr 1016 980 849 943 713 698 712 692 700 753 728 423 392 547 495
Ba 1105 1476 982 1334 1300 1146 1097 1132 1239 1235 1236 2229 1740 1628 1801
Ni 14.0 33.0 9.0 28.0 280 13.0 10.0 11.0 10.0 15.0 22.0 16.0 15.0 13.0 14.0
Co 7.10 8.30 5.60 7.30 12.10 11.70 10.80 11.70 10.90 12.50 11.10 4.90 3.60 3.90 3.40
Nb 4.67 4.01 4.73 337 7.73 12.63 13.18 11.73 11.58 12.61 12.22 17.26 1.09 12.46 9.63
Zr 144 102 94.4 91.2 338 389 317 387 338 436 313 435 219 214 251
Hf 3.97 2.67 2.28 2.43 8.44 7.80 9.46 7.76 6.47 8.65 8.00 11.45 6.38 5.84 6.67
Y 11.77 15.82 10.35 8.83 21.03 19.84 17.34 19.90 18.46 21.56 21.87 41.74 20.39 37.72 19.91
Th 3.00 4.20 1.80 5.30 8.00 12.10 18.20 11.00 11.60 9.50 9.00 25.60 25.70 22.20 21.50
U 0.44 2.27 0.38 0.96 0.80 1.85 1.48 1.67 130 137 1.03 3.45 135 5.56 3.64
Cs 0.80 7.58 0.85 3.61 151 4.10 297 3.19 1.94 2.24 161 157 0.87 1.69 1.99

Rare earth elements (ppm)

La 14.1 29.3 15.8 24.8 49.9 381 53.2 46.9 44.7 449 49.6 1785 175.7 138.1 126.8
Ce 25.1 46.8 22.6 46.9 104.5 91.8 105.6 95.9 95.0 95.4 106.8 340.1 171.6 237.7 255.0
Pr 3.26 6.43 2.92 5.80 11.98 9.37 11.81 10.44 10.16 10.87 12.54 40.29 28.99 31.93 29.46
Nd 127 24.6 11.2 21.8 44.3 321 40.2 347 339 37.4 46.3 145.3 9.9 116.5 104.2
Sm 2.70 4.20 2.10 3.60 7.40 5.60 6.60 5.70 5.60 6.30 8.00 22.00 12.90 18.10 15.10
Eu 0.69 111 0.56 1.00 1.55 1.07 137 1.20 1.10 1.18 174 2.86 1.94 2.86 2.40
Gd 2.25 3.74 1.94 2.84 6.09 3.99 4.58 4.19 3.82 4.38 6.27 15.40 9.40 12.73 9.88
Tb 0.34 0.47 0.27 0.35 0.78 0.54 0.60 0.56 0.51 0.61 0.85 1.90 1.02 1.50 1.09
Dy 2.00 2.49 1.56 176 4.29 3.04 338 3.17 2.92 3.43 4.37 8.80 4.15 7.07 4.65
Ho 0.41 0.52 0.33 0.32 0.77 0.58 0.60 0.57 0.56 0.65 0.80 151 0.66 121 0.75
Er 117 144 1.00 0.88 2.20 1.66 172 170 153 184 237 4.01 1.55 336 1.90
Tm 0.17 0.19 0.15 0.14 0.30 0.25 0.26 0.23 0.24 0.25 0.35 0.51 0.20 0.47 0.25
Yb 1.20 1.10 1.00 0.90 2.00 170 1.60 170 1.50 170 2.20 3.20 110 2.90 1.70

Lu 0.18 0.16 0.15 0.14 0.27 0.23 0.24 0.25 0.22 0.24 0.31 0.42 0.15 0.42 0.26
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2.4.2. In situ zircon U-Pb geochronology

Zircons were separated using conventional techniques (jaw crusher, disk grinder,
Frantz isodynamic magnetic separator and hand picking under the binocular loupe). Prior to
isotopic analytical work, zircon grains were characterized by cathodoluminescence (CL) and
back—scattered (BSE) electron imaging using a scanning electron microscope. For samples
FC-17 and FC-66A, CL images were obtained in a Quanta 250 FEG electron microscope at
the Geochronological Research Center in Sdo Paulo University, Brazil, and for the sample
FC-278, CL and BSE images were acquired using a Zeiss Evo LS-15 electron microscope at
the Geological Survey of Brazil, in Belém, Brazil.

Zircon U-Pb isotope analyses for samples FC-17 (Mirador tonalite) and FC—66A
(Bananeira quartz—monzonite) were obtained by secondary ion mass spectrometry (SIMS)
with the SHRIMP lle microprobe (Sensitive High Resolution lon Microprobe) at the
Geochronological Research Centre (CPGeo) at the S&o Paulo University (USP), Brazil. The
data have been reduced in similar way to that described by Williams (1998) and Sato et al.
(2008). Uncertainties given for individual U-Pb analyses are at the 1o level. For the age
calculations, corrections for common Pb were made using the measured 2**Pb and the relevant
common Pb compositions from the Stacey and Kramers (1975) model. Concordia plots,
regressions and any weighted mean age calculations were carried out using Isoplot/Ex 3.0
(Ludwig, 2003). U-Pb geochronological results are presented in Table 2.2. For detail in
methods employed for SHRIMP-Ile U-Pb zircon analysis and data processing at the CPGeo—
USP, see Sato et al. (2008; 2014).

For sample FC-278 (Bananeira granite), zircon U-Pb isotope analyses were
undertaken at the Department de Geology, Federal University of Ouro Preto (UFOP), Brazil.
The U-Pb isotopic data were acquired by using a multi—collector (MC)-ICP—-MS Thermo—
Scientific Neptune Plus system coupled to a Photon—Machines 193 (A = 193nm) ArF Excimer
laser ablation system. Argon was used as sample gas and Helium as carrier gas. The initial
spot size was performed with 20 pum, although a smaller spot size (15 pum) was adopted to
reduce the signal, because of the high U and Pb content in the analyzed zircons. The raw data
were corrected for background signal, and laser induced elemental fractional and instrumental
mass discrimination were corrected by the reference zircon (GJ-1) (Jackson et al., 2004). The
common Pb correction was based on the Pb composition model of Stacey and Kramers
(1975). To evaluate the accuracy and precision of the laser—ablation results, the PleSovice
zircon (337+1 Ma; Slama et al. 2008) was analyzed. The LA-ICP-MS data were reduced
using the software Glitter (Van Achterberghet al., 2001) with ages calculated and plotted on
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Concordia diagrams using the IsoplotEx 4 program (Ludwig, 2003). The results of the LA—
ICP—MS analyses are presented in the Table 2.3, with uncertainties on ages at 2c. The

methods employed for analysis and data processing are referred to Santos (2015).

Table 2.2: U-Pb SHRIMP zircon data

Mirador tonalite (sample FC-17)
(Spot)  %2®Pb_c U(ppm) Th(ppm) Z2Th/**U ®pb*(ppm) °Pb/*U +1c Pb/*®Pb +1o %disc. *’Pb/*°U %Brr 2°°Pb/>*U %Brr  errcorr.

11 0.16 83 25 031 29 2175 31 2184 11 0 7.56 18 0.40 17 0.930
111 0.05 164 58 0.37 58 2218 33 2185 8 -1 7.74 1.8 0.41 17 0.969
21 0.01 119 33 0.28 41 2161 32 2193 10 2 7.54 18 0.40 17 0.950
31 0.08 154 59 0.39 53 2177 29 2190 9 1 7.59 16 0.40 16 0.955
3.2 0.13 124 27 0.23 43 2176 31 2200 9 1 7.63 18 0.40 17 0.953
4.1 0.01 196 88 0.46 68 2185 30 2184 7 0 7.59 17 0.40 16 0.971
51 0.02 186 53 0.30 65 2195 29 2182 7 -1 7.63 1.6 0.41 1.6 0.965
7.1 0.09 146 28 0.20 50 2155 29 2174 9 1 7.43 17 0.40 16 0.950
10.1 0.47 112 34 0.31 35 1976 27 2163 16 9 6.67 1.9 0.36 1.6 0.862
121 0.10 136 47 0.35 43 2018 25 2196 10 9 6.97 16 0.37 14 0.934
12.1 0.10 136 47 0.35 43 2018 25 2196 10 9 6.97 1.6 0.37 1.4 0.934
131 0.35 120 35 0.30 40 2100 26 2197 14 5 7.30 17 0.39 15 0.879
13.1 0.35 120 35 0.30 40 2100 26 2197 14 5 7.30 1.7 0.39 15 0.879
14.1 0.05 171 81 0.49 55 2068 25 2171 9 5 7.07 15 0.38 14 0.939
14.1 0.05 171 81 0.49 55 2068 25 2171 9 5 7.07 15 0.38 1.4 0.939
6.1 0.14 169 71 0.43 51 1936 26 2132 9 10 6.40 17 0.35 16 0.948
9.1 0.12 140 39 0.29 46 2075 28 2183 10 5 7.15 1.7 0.38 1.6 0.944
Quartz-monzonite (sample FC-66A)

43 0.02 237 144 0.62 80 2131 15 2097 8 -2 7.02 0.9 0.39 0.8 0.888
5.2 0.02 137 54 0.41 45 2105 15 2110 8 0 6.97 1.0 0.39 0.9 0.876
21 0.05 303 122 0.42 99 2071 14 2076 7 0 6.71 0.9 0.38 0.8 0.8%4
31 0.17 308 120 0.40 100 2072 19 2077 7 0 6.71 1.2 0.38 11 0.929
6.1 0.09 258 137 0.55 84 2074 14 2086 7 1 6.76 0.9 0.38 0.8 0.907
22 0.11 214 85 0.41 69 2057 14 2084 9 1 6.68 0.9 0.38 0.8 0.856
5.1 0.11 158 67 0.44 52 2074 15 2102 10 1 6.82 1.0 0.38 0.9 0.838
4.2 0.06 263 118 0.46 83 2026 14 2090 6 3 6.59 0.9 0.37 0.8 0.909
11 0.24 196 100 0.53 62 2027 14 2094 10 3 6.61 1.0 0.37 0.8 0.813
4.1 0.19 163 84 0.53 52 2011 18 2109 15 5 6.60 1.4 0.37 1.0 0.768
3.2 0.43 195 114 0.60 60 1954 14 2079 15 6 6.28 12 0.35 0.8 0.709
7.2 0.31 311 202 0.67 88 1834 12 2057 10 12 5.76 0.9 0.33 0.8 0.814

Errors for isotopic ratios are quoted at 10 level, Pb_c and Pb* indicate common and radiogenic portions, respectively.

%disc. = percent discordance for the given 2’Pb/?*Pb age.

2.4.3. In situ zircon Lu—Hf isotopes

Lu—Hf isotopic results on zircon were obtained at the Isotope Geology Laboratory
(PARA-ISO) in the Federal University of Para (UFPA), Belém—Brazil. The procedure of Hf
analysis (Milhomem Neto et al., 2016) was developed using a Neptune Thermo Finnigan
multi—collector (MC)-ICP-MS coupled with a Nd:YAG 213 nm LSX-213 G2 CETAC laser
microprobe. The laser spot used was 50 pm in diameter with an ablation time of 60 seconds,
repetition rate of 10 Hz, and He used as the carrier gas. Mass bias corrections of Lu—Hf
isotopic ratios were done applying the variations of GJ-1 standard. The raw data were
processed in Microsoft Excel worksheets to calculate the *"®Hf/*""Hf and *"°Lu/*""Hf ratios,
the Hf model-age and €Hf parameter for each analyzed point. Results are presented in Table
2.4. ¢Hf has been calculated using current CHUR values of "°Hf/*"’"Hf = 0.282785 and
178 u/r""HE = 0.0336 from Bouvier et al. (2008). Y®Lu/*""Hf = 0.0388 e Y"°Hf/*"’Hf = 0.28325

were used for depleted mantle (Andersen et al., 2009). Y®Lu/*""Hf = 0.015 were used as the
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average value for continental crust to calculated the two—stage crustal Hf model age (Griffin

et al., 2002, 2004; Belousova et al., 2009, 2010).

Table 2.3: U-Pb LA-ICPMS zircon data

Granite (Bananeira suite) (sample FC-278)

(spot) U(ppm) Th(ppm)  Th/U Pb(ppm) %>*Pb_c 2°°Pb/?*U +20 (%) 2°'Pb/?°U +20 (%) 2°"Pb/?%Pb +20 (%) rho  2°Pb/?®U +20 (Ma) 27Pb/?U +20 (Ma) 'Pb/?%Pb +20 (Ma) conc. (%)
zircons for c. 2307 Ma

39 25 18 0.41 2 056 0419 088 8.15 1.10 0.141 066 0801 2254 17 2248 10 2242 11 101
37 267 14 0.05 48 212 0188 453 215 5.06 0.083 225  089% 1109 46 1165 36 1269 a4 87
49 304 72 0.24 163 0.0 0507 152 1165 179 0.167 094 0850 2643 33 2577 17 2526 16 105
50 203 17 0.08 91 0.0 0439 090 8.91 0.99 0.147 042 0904 2344 18 2329 9 2316 7 101
4 4 18 0.41 2 0.0 0438  0.64 8.88 0.89 0.147 062 0717 2340 13 2326 8 2314 1 101
40 108 38 036 54 0.0 0437 174 8.84 179 0.147 044 0969 2336 34 2321 16 2309 8 101
51 179 156 0.88 98 0.0 043 130 8.83 137 0.147 044 0947 2334 25 2320 13 2308 8 101
53 258 86 0.33 65 112 0219 573 4.41 5.88 0.146 129 0975 1277 67 1714 50 2298 2 56
54 359 33 0.09 160 0.0 0440  2.95 8.80 3.10 0.145 094 0952 2349 58 2318 29 2291 16 103
52 480 417 0.87 88 0.0 0177 273 3.41 2.80 0.139 064 0974 1052 27 1506 2 2220 1 47
41 24 52 0.23 60 0.0 0262 454 3.90 4.59 0.108 070 0988 1502 61 1613 38 1761 13 85
45 260 53 0.20 41 0.0 0153 256 2.16 272 0.102 093 0940 919 2 1168 19 1665 17 55
zircon for the c. 2068 Ma

61 320 115 0.36 134 018 0380  3.65 6.76 3.68 0.129 047 0992 2074 65 2080 33 2086 8 99
62 270 183 0.68 47 0.0 0110 1575 1.94 15.78 0.128 107 0998 671 101 1096 112 2077 19 2
74 154 63 0.41 2 18 0089 1081 1.58 10.88 0.128 121 0.9% 552 57 962 70 2073 21 27
7 107 76 0.71 52 092 0395 063 6.97 0.97 0.128 074 0645 2145 1 2107 9 2071 13 104
64 250 159 0.64 104 298 0350 407 6.17 4.48 0.128 18 0910 1934 68 2000 40 2070 33 93
63 401 114 0.29 161 163 0375 242 6.61 265 0.128 108 0913 2053 43 2061 2 2068 19 99
66 275 110 0.40 58 045 0169 626 2.97 631 0.128 075 0993 1005 59 1400 49 2068 13 49
69 316 26 0.78 129 0.0 0321 18 5.65 187 0.128 043 0974 1793 29 1923 16 2066 8 87
65 383 21 0.60 152 044 0330 551 5.80 5.54 0.127 056 0995 1839 89 1946 49 2063 10 89
36 98 122 125 49 181 0366  2.08 6.43 237 0.127 115 0875 2011 36 2036 21 2061 20 98
7 771 79 0.10 122 0.0 0152 3.01 2.66 3.04 0.127 044 0989 912 2 1317 b5} 2055 8 a4
68 729 131 0.18 35 0.0 0034 139 0.59 13.99 0.127 092 0998 214 30 472 54 2054 16 10
a4 145 44 031 59 065 0374 539 6.58 5.43 0.127 064 0993 2050 9% 2057 49 2064 1 99
46 192 13 0.07 7 0.0 0382 463 6.69 471 0.127 084 0984 2085 83 2071 4 2057 15 101
70 941 292 031 128 034 0115 697 2.00 7.00 0.126 061  0.99% 704 47 1117 49 2042 1 34
72 247 2 0.10 12 0.0 0043 27.03 074 27.11 0.126 210 0997 m 72 565 125 2038 37 13
43 177 62 035 75 111 0382 407 6.76 422 0.128 109 0966 2087 73 2081 38 2075 19 101
73 639 70 0.11 122 0.0 0187  7.13 3.22 7.22 0.125 110 0988 1104 73 1463 58 2032 19 54
38 71 1 0.15 28 0.0 0369 134 6.44 161 0.127 089 0832 2025 23 2038 14 2051 16 %9
47 339 52 0.15 65 0.0 0186  4.17 3.17 4.22 0.124 065 0988 1100 42 1450 3 2009 12 55
48 423 2 0.05 60 0.0 0143 562 2.40 5.67 0.122 075 0991 860 45 1242 4 1985 13 43
67 177 147 0.83 2 0.0 0117 479 1.94 532 0.120 231 0901 715 33 1094 36 1953 41 37

Errors for isotopic ratios are quoted at 20 level, and Pb_c indicates common lead.

Table 2.4: LA-MC-ICPMS Lu-Hf isotope

data of zircon

spot me/mesa,,,ple 20 "6Lu/177Hfsa,m,IE 20 ty.p(Ma) €hf(0) Enf(t)  Tom crustal (Ma)
Mirador tonalite

03FC-171.1 0.281411 0.000060 0.000508 0.000019 2185 -48.59 0.14 2733
04FC-173.1 0.281446  0.000051 0.000706 0.000030 2185 -47.35 1.09 2673
05FC-173.2 0.281420  0.000082 0.001195 0.000039 2185 -48.27 -0.56 2776
06 FC-175.1 0.281434 0.000062 0.000704 0.000022 2185 -47.77 0.66 2700
07FC-174.1 0.281393 0.000094 0.000630 0.000030 2185 -49.22 -0.68 2784
08FC-172.1 0.281447 0.000070 0.000608 0.000017 2185 -47.32 1.27 2662
09FC-176.1 0.281403  0.000092 0.000786 0.000021 2185 -48.87 -0.56 2776
10FC-1710.1 0.281434  0.000078  0.000658 0.000008 2185 -47.77 0.73 2695
11FC-1711.1 0.281412 0.000084 0.000802 0.000012 2185 -48.55 -0.26 2758
12FC-1713.1 0.281404 0.000088 0.000464 0.000019 2185 -48.84 -0.05 2744
13FC-179.1 0.281399 0.000095 0.000946 0.000037 2185 -49.01 -0.94 2800
14FC-1712.1 0.281449  0.000075 0.000641 0.000046 2185 -47.24 129 2660
Bananeira granite

17 FC-278 40 0.281507 0.000063 0.001449 0.000105 2307 -45.19 4.87 2530
18FC-27842 0.281476  0.000069 0.000753 0.000071 2307 -46.29 4.86 2530
19FC-27844 0.281483 0.000062 0.000525 0.000028 2069 -46.04 0.02 2650
20FC-278 46 0.281489 0.000069 0.001022 0.000082 2069 -45.83 -0.46 2680
21FC-27835 0.281506 0.000085 0.000613 0.000032 2069 -45.22 0.72 2606
22 FC-27861 0.281485 0.000061 0.000500 0.000042 2069 -45.97 0.13 2643
23FC-27876 0.281537  0.000052 0.000594 0.000054 2069 -44.13 1.85 2536
24 FC-27877 0.281525 0.000068 0.000624 0.000064 2069 -44.54 1.39 2564
25FC-27878 0.281525 0.000083 0.000610 0.000029 2069 -44.54 141 2563
26 FC-278 79 0.281483 0.000074 0.001242 0.000046 2069 -46.04 -0.98 2713
27 FC-278 58 0.281494  0.000062 0.000501 0.000012 2069 -45.67 0.43 2624
28 FC-278 68 0.281486  0.000071 0.000892 0.000052 2069 -45.94 -0.38 2675

For calculation: A = 1.867x10™ years™ (Séderlund et al., 2004); *7° Lu/*"” Hf = 0.0336 and ”° Hf/*”’ Hf = 0.282785 for present

day value of CHUR (Bouvier et al., 2008); 176Lu/177Hf = 0.0388 and 176Hf/177Hf = 0.28325 for the depleted mantle (DM) (Andersen et al., 2009);

Two stage crustal model age in million years (Ma) using the measured 176 Hf/*”” Hf, and 176Lu/177Hf and the respective age,
and *7° Lu/*” Hf = 0.015 for the average continental crust (Griffin et al., 2002, 2004; Belousova et al., 2009, 2010).
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2.5. Results

2.5.1. Whole-rock geochemistry

In the K;O+Na,O vs. SiO, (wt.%) diagram, with the chemical classification according
to Cox et al. (1979), samples of the Bananeira plutons are mainly classified as syeno—diorites
and granites, and the Mirador suite plots as granodiorite to granite (Fig. 2.4B). This is quite
compatible to our petrographic (modal) observations, but some of the Mirador tonalites,
because of their high Na,O (4.35 to 5.13 wt.%) and SiO; (64.1-70.4 wt.%) contents (Table
2.1), they are confused with granites in chemical classification (Fig. 2.4A and B). The
Mirador tonalites and Bananeira granites plot as subalkaline magmatic series, according to the
limits of Irvine and Baragar (1971), while the Bananeira quartz—monzonites are slightly
alkaline (Fig. 2.4C). However, in reference to the limits of Kuno (1966), the quartz—
monzonites plot within the field of alkaline rocks and the Bananeira granite samples are
slightly alkaline (Fig. 2.4C). In the Na,O+K;0-CaO vs. SiO; diagram from Frost et al.
(2001), Mirador tonalites follow the trend for calc-alkalic rocks, the quartz—monzonites are
alkali—calcic and the Bananeira granites are calc-alkalic to alkali—calcic (Fig. 2.4C). In
relation to the aluminum saturation index, the samples of the granites are slightly
peraluminous (A/CNK = 1.01 to 1.07) (Fig. 2.4D), and their normative corundum range from
0.55 to 1.05 %. The Mirador tonalites and the quartz—monzonites are metaluminous (A/CNK
< 1.0) (Fig. 2.4D) (normative diopside less than 2.4 %). In the SiO, vs. K,O diagram with
classification fields of magmatic series according to Peccerillo and Taylor (1976), the granites
are similar to those of high—-K calc—alkaline series, the quartz—monzonites plot in the
shoshonitic field, and the Mirador tonalites are within the field of medium-K calc-alkaline
rocks (Fig. 2.4E).

In general, all samples show negative correlation of SiO, with Al,O3, TiO,, MgO,
Ca0, FeOt, Ni and P,0Os (Fig. 2.5), and positive correlation with K,O (Fig. 2.4A). The
Mirador tonalites present high Na,O (4.35 to 5.13 wt.%) and Sr (849 to 1447 ppm) contents,
which are much higher than the Bananeira granitoids (Fig. 2.5) (Table 2.1). The granites are
the most evolved rocks, with SiO, values approximately between 68 and 75 wt.% and MgO
between 0.5 and 0.9 wt.% (Fig. 2.5) (Table 2.1). Quartz—monzonites have the lower SiO,
(62.4 — 64.6 wt.%) and higher Al,O3 contents (16 — 17 wt.%) compared to the tonalites and
granites (Fig. 2.5) (Table 2.1).
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Fig. 2.4. Petrographic and geochemical composition of the Mirador and Bananeira granitoids. (A)
Modal composition of plutonic rocks from the investigated area reported in the Quartz—Alkali
feldspar—Plagioclase (QAP) triangle (Streckeisen, 1976). The arrows correspond to differentiation
trends after Lameyre and Bowden (1982). (B) K,O+Na,O vs. SiO, (wt.%) diagram with limits for
Alkaline (above) and Subalkaline (below) magmatic series according to Kuno (1966) (continuous
green line) and Irvine and Baragar (1971) (blue dashed line). Fields for rock classification are from
Cox et al. (1979). (C) Na,O+K,0-Ca0 vs. SiO, (wt.%) diagram from Frost et al. (2001). (D) Plot of
molar A/CNK (Al,Os/(CaO + Na,0O + K,0) vs. A/NK (Al,Os/(Na,O + K,0) from Shand (1943) (see
Manier and Piccoli, 1989) to discriminate metaluminous, peraluminous and peralkaline compositions.
(E) SiO; vs. K,O diagram with the fields of high potassium (high—K), medium potassium (medium—K)
and low potassium (low—K) calc—alkaline series according to Peccerillo and Taylor (1976).
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Fig. 2.5. Binary diagrams using SiO, as differentation index for oxides (in wt. %) and trace elements
(in ppm).

The primitive mantle-normalized (Sun and McDonough, 1989) trace—elements plots
are characterized by depletion in some of high—field strength elements (HFSE), such as Ti, P
and Nb, and enrichment in large ion lithophiles elements (LILE), such as Rb (Fig. 2.6A). The
Mirador tonalites have high Sr contents (849-1447 ppm) with a well-marked positive Sr
anomaly (Fig. 2.6A) (Table 2.1). In the chondrite normalized diagram with Boynton (1984)
values, all plutonic rocks exhibit enrichment in light rare earth element (LREE) relative to
heavy rare earth element (HREE) (Fig. 2.6B). The La values are 40-100 times the chrondrite
for the tonalite, 100-200 for the quartz monzonite and 300600 for the granites (Fig. 2.6B).
The granites show pronounced Eu negative anomaly (Eu/Eu* = 0.5 to 0.6), and are the richest
in LREE (Fig. 2.6B). The quartz—monzonites also show negative Eu anomaly (Eu/Eu* = 0.7
to 0.9), but with less REE fractionated patterns, showing lower (La/Yb)y ratio ([La/Yb]n = 16
to 24) than the granites ([La/Yb]n = 34 to 114) (Fig. 2.6B). The Mirador tonalites show slight
negative to positive Eu anomalies, with Eu/Eu* values ranging from 0.8 to 1.2, and exhibit
moderate to high fractionation of LREE compared to HREE ([La/YDb]n = 6-45) (Fig. 2.6B).
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These patterns of the Mirador tonalites are very similar to the average values for Archean
TTG and high-silica adakites (HSA) compiled from Martin et al. (2005), while the Bananeira
quartz monzonites are more akin to the average values of modern granitoids from Martin
(1994) and to the field of late Archean crustal-derived granites (Arsikere—Banavara plutons in
the Dhawar craton) from Jayananda et al. (2006) (Fig. 2.6B).
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Fig. 2.6. Trace and rare rarth elements diagrams for the Mirador and Bananeira granitoids. (A)
Primitive mantle normalized trace element diagrams (to the right) and (B) Chondrite—normalized REE
patterns (to the left). The Primitive mantle values are from Sun and McDonough (1989) and chondrite
values from Boynton (1984). Average values for Archean TTG and high-silica adakite (HSA)
according to Martin et al. (2005), and modern granitoids according to Martin (1994).
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2.5.2. U-Pb zircon ages
The results of SHRIMP and LA-ICPMS U—Pb zircon analysis are on Tables 2.2 and

2.3, respectively, and samples location in Fig. 2.2.

2.5.2.1. Mirador tonalite
The zircons analyzed by SHRIMP for sample FC-17 (tonalite) are generally euhedral,

elongated, with a length of around 250 um and width of ¢. 100 um (Fig. 2.7A). Well-defined
oscillatory (igneous) zoning observed in cathodoluminescence (CL) images, and low—
luminescence cores are identified in the CL images for some of the analyzed zircons (Fig.
2.7A). Analyzed zircons have U contents of 83-196 ppm, Th of 25-88 ppm and Th/U ratios
from 0.29 to 0.49 (Table 2.2). From a total of 18 analyzed grains, most analyses yielded
discordant ages that plot on or scatter along a Discordia line with upper intercept age of 2192
+ 11 Ma, with Mean Square Weighted Deviation (MSWD) equal to 2. (Fig. 2.8A) (Table
2.2). Eight grains with concordance between 101 and 99% yielded a Concordia age of 2185 +
4 Ma (MSWD = 0.34) (Probability of fit = 0.56) (Fig. 2.8A) (Table 2.2). The two ages (upper
intercept and Concordant ages) overlap within the limits of analytical error and both can be
interpreted as the age of the pluton crystallization. We prefer to use the Concordia age of 2185
+ 4 Ma because of the lower analytical error and lower MSWD. Additionally, a %*’Pb/*®Pb
age of 2263 + 10 Ma was obtained for a slightly discordant (conc. = 94%) zircon (spot 8.1),
which is interpreted as an inherited age (Fig. 2.8A) (Table 2.2).

2.5.2.2. Bananeira potassic granitoids
Quartz—monzonite: For sample FC-66-A, the zircons analyzed by SHRIMP are

euhedral to sub-rounded, measuring c. 60 to 80 um length, and c¢. 50 um width (Fig. 2.7B).
Oscillatory (igneous) zoning is observed for the analyzed grains, and some low-luminescence
zircon cores are reveled in CL images (Fig. 2.7B). Analyzed zircons have U contents of 137—
311 ppm, Th of 54-202 ppm and Th/U ratios from 0.40 to 0.67 (Table 2.2). For a total of 12
analyzed grains, the upper intercept in the Concordia diagram yielded an age of 2092 + 12 Ma
(MSWD = 1.8) (Fig. 2.8B) (Table 2.2). However, six grains with concordance between 100
and 99% vyielded a Concordia age of 2079 + 4 Ma (MSWD = 2.9) (Probability = 0.086) (Fig.
2.8B) (Table 2.2). All analyzed domains reveal Th/U ratios >0.1 (Table 2.2). The upper
intercept and Concordia ages overlap within the limits of analytical error and both can be

interpreted as the crystallization age of the quartz—monzonite.
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Granite: The zircons analyzed by LA-ICPMS for sample FC-278 have euhedral to
sub—rounded shapes, lengths between 250 and 100 um, width between 70 to 150 um, and
commonly igneous oscillatory zoning observed in CL images (Fig. 2.7C). High—
luminescence cores were found in some zircons, and these are generally involved by later
magmatic zircon overgrowth (Fig. 2.7D and E), suggesting inheritance. CL and back—
scattered electron (BSE) images show that these high—luminescence cores have sub—rounded
edges, and the rims overgrowth show well-marked (igneous) oscillatory zoning (Fig. 2.7D
and E). For the analyzed zircons, two distinct isotopic/age populations were identified. An
age of 2068 + 5 Ma (MWSD = 2.0) is defined by the upper intercept of 22 analyzed grains,
and another age of 2307 = 14 Ma (MSWD = 5.1) is defined by the upper intercept of 12
grains (Fig. 2.8C). For the c. 2068 Ma zircon population, analyzed grains have U contents of
71-941 ppm, Th of 11-292 ppm and Th/U ratios from 0.05 to 1.25 (Table 2.2). The age of
2068 + 5 Ma is interpreted here as the age of granite crystallization, and the age of 2307 + 14
Ma is interpreted as the age of an inherited zircon population (Fig. 2.8C). For the c. 2307 Ma
zircon population, analyzed grains have U contents of 44-480 ppm, Th of 14-417 ppm and
Th/U ratios from 0.05 to 0.88 (Table 2.2). An older values of 2562 + 16 Ma (*°’Pb/*®Pb age)
(spot 49), slightly discordant (concordance = 105%), was obtained for an inherited zircon core
(Fig. 2.7E) (Table 2.3). For this zircon, the strongly discordant *°’Pb/*®Pb apparent age of
magmatic overgrowth is 1985 + 13 Ma (conc. = 43%) (spot 48) (Fig. 2.7E) (Table 2.3).

2.5.3. Hf isotopes in zircon
Zircons from two samples (FC-17 — Mirador tonalite and FC-278 — Bananeira

potassic granitoids) were analyzed for Lu—Hf isotopes on domains with the same or similar
internal structure as to those analyzed for U-Pb dating (Fig. 2.7). Zircons from sample FC—
66A were not analyzed for Hf isotopes because of the small zircon sizes compared to the 50
pm size of the laser spot. In this study, all the Hf isotopic measurements were done on zircons
with more than 95% of concordance on U—Pb ages. Initial *"°*Hf/*""Hf ratios and €x¢(t) values
were calculated for respective U-Pb ages of the granitoids, using t= 2185 Ma for sample FC—
17, and t= 2086 Ma for sample FC-278. The two-stage Hf crustal model ages were calculated
for the analyzed sample. The results are listed in Table 2.4.

Mirador tonalite: Twelve representative zircons of sample FC—-17 were analyzed. The
results show variable Eq¢(t) values ranging from -0.94 to +1.29 and Hf crustal model ages
from 2660 to 2800 Ma with an average age of ~2.7 Ga (Table 2.4) (Fig. 2.8D). Half of zircon

population shows positive Eqs(t) values from +0.14 to +1.29 and Hf model ages from 2660 to
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2733 Ma. Whereas, the other half has negative En¢(t) values from -0.94 to -0.05 and Hf model
ages from 2774 to 2800 Ma (Table 2.4) (Fig. 2.8D). For one zircon grain with core—rim
relationships, the analytical results (spot 3.2 and 3.1) show that the rim has slightly different
Hf isotope composition from the core (Fig. 2.7A). The rim has positive €u¢(t) value of +1.09
and Hf model age of 2673 Ma. In contrast, the inherited core shows negative Ep(t) value of -
0.56, and older Hf model ages of 2776 Ma (Fig. 2.7A) (Table 2.4). However, for others

analyzed magmatic rims, Eys(t) revealed slight negative values (Fig. 2.7A).
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eHf = -0.46
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Fig. 2.7. Zircon cathodoluminescence (CL) and back-scattered electron (BSE) images of
representative zircon grains. Ellipses indicate spot locations, small red for U-Pb and large yellow for
Lu—Hf. Spot numbers are the same analytical ID for U-Pb and Lu—Hf data tables. Age presented
correspond to ?’Pb/*®Pb ages. (A) CL images from sample FC-17 (Mirador tonalite); (B) CL images
from sample FC-66A (quartz—monzonite); (C) CL images from sample FC-278 (granite); (D) BSE
and CL images of a c. 2314 Ma inherited zircon core, from sample FC-278 (granite); (E) BSE and CL
images of a ¢. 2526 Ma inherited zircon core with c. 1985 Ma magmatic overgrowth, from sample
FC-278 (granite). Zircons of Fig. D and E show high—luminescence cores with sub—rounded edges,
and rims overgrowth with well-marked (igneous) oscillatory zoning.
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Bananeira granite: Hafnium isotopic analyses of representative zircons from sample
FC-278 (syenogranite) were obtained in ten grains of the c. 2086 Ma U—Pb crystallization age
of the granite, and in two grains of the associated c. 2307 Ma inherited zircon population. The
results show that zircons with c. 2086 Ma crystallization age of the granite have only slightly
variable Eu¢(t) values ranging from -0.46 to +1.85 and Hf crustal model ages ranging from
2536 to 2713 Ma (Table 2.4) (Fig. 2.8D). Two analyzed zircons of the ~2307 Ma inherited
population show superchrondritic Ex¢(t) values of +4.86 and +4.87, and the same Hf crustal
model age of 2530 Ma, respectively (Table 2.4) (Fig. 2.7C and D).
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Fig. 2.8. (A) Concordia diagram with SHRIMP zircon spot data and ages for sample FC-17 (Mirador
tonalite). Red ellipse represents discordant inherited zircon. (B) Concordia diagram with SHRIMP
zircon spot data and ages for sample FC-66A (quartz—monzonite). (C) Concordia diagram with LA—
ICPMS zircon spot data for sample FC-278 (Granite). Discordia lines and ellipses are red for granite
age, and blue for inherited zircon population. (For all diagrams, data-point error ellipses are 20). (D)
EHf(t) vs. crystallization ages, with the results for samples FC-17 (Mirador tonalite) and FC-278
(granite). The range for Siderian and Mesoarchean crustal components of the Troia Massif are based
on the Nd model ages presented in Table 2.5.
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2.6. Discussion

2.6.1. Petrogenesis of the Mirador tonalites

General geochemical data of the Mirador tonalites indicate that they are classified as
subalkaline rocks (Fig. 2.4C) with similar trend to those of medium—K calc—alkaline series
(Fig. 2.4E). The Mirador tonalites have average K,O/Na,O = 0.47 and Al,O3; = 15.8 wt.%,
high SiO, (64.1-70.4 wt.%) and Sr (849-1447 ppm) contents, and low MgO (2.54-1.03
wt.%), Y (8.83-15.08 ppm) and HREE contents, with no significant Eu anomaly (Eu/Eu* =
0.8 to 1.2) (Table 2.1) (Fig. 2.6B). All these features are similar to the composition of
Archean TTG and high-silica adakites (Barker and Arth, 1976; Martin, 1994; Martin et al.,
2005).

The primitive mantle-normalized trace—element plot of the Mirador tonalites shows
marked negative anomalies of some high field strength elements (HFSE) such as Nb, P and Ti
(Fig. 2.6A). Such elemental pattern may be explained by mineral phases like rutile, titanite,
alanite, apatite, hornblende, garnet, etc., which are present as residual and/or fractionating
phases (Tatsumi et al., 1986; Saunders et al., 1991). The negative anomalies of Nb, Ta, P and
Ti are generally considered as typical features of magmas generated in subduction zones
(Pearce, 1982; Wilson, 1989), and also, common pattern of Archean TTG and adakites
(Martin, 1999; Martin et al., 2005; Moyen, 2011; Moyen and Martin, 2012).

Trondhjemites, which are part of the TTG (Tonalite-Trondhjemite—Granodiorite)
suites, were originally defined in Archean terrains, and are characterized as Na-rich tonalites
(K2O/Nay0 < 0.5) (Barker and Arth, 1976). Trondhjemites are mainly composed by quartz +
sodic plagioclase + biotite + amphibole, and interpreted as product of partial melting of
metabasic rocks under garnet amphibolite to eclogite facies (Barker and Arth, 1976; Martin,
1994). The lack of both negative Eu and Sr anomalies associated with the low HREE content
of TTG suites are commonly interpreted as reflecting the presence of garnet and amphibole as
well as the lack of plagioclase, either as residual or fractionating phases (e.g. Moyen and
Martin, 2012). Therefore, this high—pressure origin (e.g. residual garnet) has become implicit
in the term Archean TTGs, which also show secular changes on their pressure—dependent
trace elements (Martin and Moyen, 2002). This trace element signature of Archean TTG is
very similar to high-silica adakites, but differs drastically from modern granitoids, which
have both higher HREE contents and negative Eu anomalie (Fig. 2.6B). The Adakite term
was originally used to recent subduction—related rocks with composition similar to that of

Archean trondhjemites (Kay, 1978; Drummond and Defant, 1990). Most magmas in recent
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subduction zones are interpreted to come from the mantle when hydrous fluids are released
from dehydration of the subducted oceanic crust, and initiate partial melting of the mantle
wedge (e.g. Gill, 1981; Tatsumi et al., 1986). However, Defant and Drummond (1990)
recognized that when young oceanic crust (less than 25 millions years old) is subducted,
adakites are typically produced in the arc. Once young oceanic crust is subducted, it is
“warmer” (closer to the mid—ocean ridge where it formed) than usual subduction, and thus,
enables its partial melting (Drummond and Defant, 1990; Peacock et al., 1994; Martin et al.,
1999). However, other models have been proposed to explain the adakitic signature, such as
partial melting of the mafic lower crust by underplated basalts (Petford and Atherton, 1996;
Petford and Gallagher, 2001; Chung et al., 2003) and deep fractionation of hydrous basalt
magma (Macpherson et al., 2006; Davidson et al., 2007; Zellmer et al., 2012; Ribeiro et al.,
2016). For this latter hypothesis, authors generally refer to “adakite-like” magmatism, and
there is also a common discussion on its implication to ore deposits (Richards and Kerrich,
2007; Chiaradia et al., 2012; Chiaradia, 2015; Rabbia et al., 2017). According to Martin et al.
(2005), adakites can be divided into two groups: high-silica adakites, with SiO, > 64 wt.%,
and low-silica adakites, with SiO, between 50 and 60 wt.%. The high-silica adakites are
interpreted as the product of melting of subducted oceanic crust (low—K tholeiites transformed
into garnet-amphibolite and eclogite), in which the melt interacts with peridotites during its
ascent through the mantle wedge (Rapp et al., 1999; Martin et al., 2005). The Mg, Cr and Ni
contents in the high-silica adakites are higher than those found in tonalitic liquids generated
in experimental melts of metabasalts (e.g. Rapp et al., 1991), and therefore, this enrichment is
attributed to interaction of the magma (slab melt) with the peridotitic mantle wedge (Martin et
al., 2005). The low-silica adakites are thought to represent partial melting of a peridotitic
mantle that was previously metasomatized (slab—modified mantle) by adakitic melts,
therefore, MgO, Cr and Ni contents are higher in low-silica adakites than in the crust-derived
high-silica adakites (Martin et al., 2005). Similarly, the inferred slab—modified mantle source
for the low-silica adakites is also an interpretation to those of the high—Mg andesites (e.g.
Tatsumi & Ishizaka 1982) and sanukitoid suites (Stern et al., 1991; Smithies and Champion,
1999; Halla et al., 2009).

In the SiO, vs. K,O/Na,O diagram, most samples of the Mirador tonalites plot within
or close to the trondhjemite field, based on classification from Barker and Arth (1976), where
trondhjemitic rocks are silica—rich tonalites (SiO, > 65 wt.%) with low K,0O/Na,O ratios
(<0.5) (Fig. 2.9A). However, some samples of the Mirador tonalites have lower silica content
and higher K;O/Na,O ratio than typical TTG rocks (Fig. 2.9A).
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Fig. 2.9. Discriminant diagrams for TTG and adakitic rocks. (A) K,O/Na,O vs. SiO, diagram
with field for trondhjemites (Tdh) according to classification of Barker and Arth (1976). (B)
Cationic Na—K—Ca diagram showing the differentiation trends of calc—alkaline (CA) series
from Nockolds and Allen (1953) and trondhjemitic series (Tdh) from Barker and Arth (1976),
and the trondhjemite field (Tdh) after Martin (1994). (C) Sr/Y vs. Y plot from Drummond and
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Defant (1990), with the fields for adakites and classic calc—alkaline rocks according to
Martin et al. (2005). Basalt partial melting curves leaving either 10% garnet amphibolite or
eclogite restite assemblage are from Drummond and Defant (1990). Average MORB value is
from Gill (1981). Trend of high-pressure fractionation of arc basalt and slab melt are from
McMacpherson et al., (2006). (D) Yby vs. (La/Yb)y diagram proposed by Drummond and
Defant (1990) for the distinction between TTG and Post-Archean granitoids. Partial melting
curves after Drummond and Defant (1990). For amphibolite and 10% garnet amphibolite
restite curves MORB source with Yby = 10 and (La/Yb)y = 1 is assumed, and the other two
partial melting curves (eclogite and 20% hornblende eclogite) assume a MORB source with
Yby = 12 and (La/Yb)y = 1. Percent partial melt values are listed on each of the model
curves. (E) La/Yb vs. Yb (ppm) diagram from Castillo et al. (1999), showing fields for adakite
and island-arc andesite—dacite—rhyolite lavas. Differentiation paths resulting from
fractionation of various minerals are shown schematically (after Castillo et al., 1999). (F)
Dy/Yb vs. SiO, diagram showing fractionation trends of amphibole and garnet, and the
compositional trend for magmatism of the Aleutians and Less Antilles arcs (after Davidson et
al., 2007).

In the ternary Na—K—Ca diagram, the Mirador samples plot within the trondhjemite
field (Tdh), attesting for their high sodium contents (Fig. 2.9B). However, the general
trondhjemitic trend from (Barker and Arth, 1976) is not observed for the Mirador tonalites, as
they evolve towards the potassium apex, evidencing a typical (potassic) calc-alkaline trend
from Nockolds and Allen (1953) (Fig. 2.9B). The potassium enrichement instead of sodium
for the most evolved samples of the Mirador tonalites is also observed in the SiO; vs.
K,O/Na,O diagram (positive correlation) (Fig. 2.9A). According to Moyen and Martin
(2012), an important feature of both adakite and TTG is that their K/Na ratio remains low
throughout differentiation, and does not correlate with differentiation indicators such as SiO,.
On the contrary, whenever fractionation of amphibole or garnet is suspected (Macpherson et
al., 2006; Richards and Kerrich, 2007; Ribeiro et al., 2016) or experimentally observed
(Alonso—Perez et al., 2009), the melts invariably become more potassic in the course of
differentiation.

In the Sr/Y vs. Y and chondrite—normalized Yby vs. (La/Yb)y diagrams, the fields of
adakite (or Archean TTG) and the classic calc—alkaline rocks (or post-Archean granitoids) are
clearly distinct (Fig. 2.9C and D). The field of classic (potassic) calc—-alkaline rocks is also
referred as calc-alkaline basalt-andesite—dacite-rhyolite (BADR) suites, commonly
interpreted as a magmatic series that evolved by assimilation and fractional crystallization
(AFC) processes of arc basalts (Drummond and Defant, 1990; Martin, 1994). For post—

Archean granitoids (potassic calc—alkaline rocks) the low geothermal gradients along Benioff
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planes (as today) supports the partial melting of the mantle wedge metasomatized by fluids
released by the dehydration of the subducted lithosphere (Drummond and Defant, 1990;
Martin, 1994). However, high geothermal gradients along Benioff planes (assumed to be the
common Archean situation) would support the partial melting of the subducted lithosphere at
comparatively shallower depths, generating TTG-like (high-silica Adakites) (Martin, 1986;
Drummond and Defant, 1990; Martin, 1994). The Mirador tonalites plot largely within the
field of adakites in the Sr vs. Y diagram (Fig. 2.9C). In this diagram, they follow the trend of
partial melting consistent with a 10% garnet amphibolite source (Fig. 2.9C). However, they
also follow the trend that illustrates fractional crystallization of a high—pressure mineral
assemblage (e.g. garnet and amphibole) from basaltic melt (Fig. 2.9C). According to
Macpherson et al. (2006), adakitic melts from typical arc magma may be produced by
fractionation of a garnet-bearing assemblage in arc basalts, as basaltic magma stalled within
the mantle, either at the base of the arc lithosphere or at some rheological boundary in the
shallow mantle wedge.

In the chondrite—-normalized Yby vs. (La/Yb)y the Mirador tonalites plot whithin the
field of Archean TTG, with similar trend of the 10% garnet—amphibolite melting curve, but
also, plot entirely within the field of post—Archean granitoids, that represent metasomatized
mantle—derived magmatism, followed by fractional crystallization (Fig. 2.9D). In the Yb
(ppm) vs. La/Yb diagram with the fields for adakite and normal andesite—dacite—rhyolite
according to Castillo et al. (1999), the Mirador tonalites plot across both classification fields,
suggesting the differentiation trend related to hornblende and/or clinopyroxene fractionation
(Fig. 2.9E). According to Castillo et al. (1999), adakite—like andesites and dacites in
Camiguin Island, southern Philippine arc, show similar pattern (crossing fields) in the La/Yb
vs. Yb (ppm) diagram, which are interpreted as combined crystal fractionation of primarily
hornblende and clinopyroxene from a more primitive arc—basalt member. Fractionation of
amphibole, clinopyroxene and/or garnet can reduce Y and Yb from the melt, then increase the
Sr/Y and La/Yb ratios (Castillo et al., 1999), while plagioclase fractionation would reduce Sr,
Sr/Y and Eu/Eu* (e.g. Martin et al., 2005). Both amphibole and garnet in fractional
crystallization process would significantly affect the REE patterns of evolved melts (e.g.
Rollinson, 1993). Amphibole preferentially incorporates middle-REEs (e.g. Dy) over heavy
REEs (e.g. Yb), while garnet preferentially incorporates heavy—REEs (e.g. Rollinson, 1993).
As a result, garnet fractionation will increase Dy/Yb, whereas amphibole fractionation will
decrease Dy/YDb (Castillo et al., 1999; Davidson et al., 2007; Moyen, 2009). Our data show a

slightly decrease in Dy/Yb with increasing SiO,, also suggesting amphibole, rather than
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garnet fractionation (Fig. 2.9F). In this diagram, the Mirador tonalites plot at the end of
typical island arc differentiation trends (Aleutians and Less Antilles arcs), interpreted as
amphibole (hydrous) fractionation rather than garnet (high-pressure) fractionation (Davidson
et al., 2007). However, whole-rock geochemical analysis for less differentiated members of
the Mirador tonalites are lacking (e.g. mafic magmatic enclaves, Fig. 2.3B), which could
probably better delineate the amphibole fractionation trend in the Dy/Yb vs. SiO, diagram
(Fig. 2.9E). In addition, our REE data in the chondrite—normalized diagram define slightly U-
shaped trends, which suggest amphibole fractionation (Dy < Yb) rather than garnet (Dy > Yb)
(Fig. 2.6B). Amphibole fractionation is consistent with lower-crustal depths and high H,O
concentrations in the melt—conditions considered to typify those of magma petrogenesis at
subduction zones (Castillo et al., 1999; Davidson et al., 2007).

We suggest, that the Mirador tonalites were probably generated by similar processes
as interpreted to those of “adakite—like” rocks (e.g. Castillo et al., 1999; Davidson et al., 2007;
Richards and Kerrich, 2007; Rooney et al., 2010; Kolb et al., 2012; Oh et al., 2016; Ribeiro et
al., 2017), which may ascribed their adakitic signature by fractionation of amphibole during
its magmatic evolution, rather than any connection with partial melting of garnet-amphibolite
sources. Therefore, the Mirador tonalites are akin to those of mantle—related magmatism from
subduction zones (Fig. 2.9E and F). However, primary magmas derived directly from partial
melting of mantle (e.g., low-silica adakites or high—Mg andesites) are believed to be basaltic,
having high Mg-number (470), Ni (4400 ppm) and Cr (41000 ppm) with SiO, < 55 wt %
(e.g., Martin et al., 2005). This is not the case of the Mirador tonalites. Therefore, we suggest
that a basic magma, once formed by melting of the enriched mantle, and evolves by fractional
crystallization (e.g. amphibole) at mantle depth or during ascent to the lower continental. In
addition, the €y¢(t) values ranging from -0.94 to +1.29 for the Mirador tonalites, suggest
partial melting of a heterogeneous source, representing crustal reworking of both juvenile and
less—radiogenic continental material, probably reflecting a enriched mantle source and/or
crustal contamination (Fig. 2.8D) (Table 2.4).

2.6.2. Crustal sources of the K-rich Bananeira granitoids

2.6.2.1. Quartz—monzonites
Quartz—monzonites of the Bananeira suite show weak alkaline character (Fig. 2.4C)

and are classified as shoshonitic rocks (Fig. 2.4E), indicated by the high Na,O+K,0 (8.3 — 8.8
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wt.%) and K,0 (4.1 — 4.6 wt.%) contents. The quartz—monzonites are slightly metaluminous
(A/ICNK =0.9-1.0) (Fig. 2.4D), they contain normative diopside (0.2 — 0.5 %), no normative
corundum, show relatively low SiO, (62.8 — 64.6 wt%) and high Fe,O3+MgO (6.0 — 7.2 wt%)
contents. These preclude partial melting of intermediate crustal source, which would generate
peraluminous melt (A/CNK > 1.0), with high SiO, (70 — 75 wt.%) and low Fe,O3+MgO (< 2
wt.%) (e.g. Patifio Douce, 1999; Watkins et al., 2007). Many authors suggest a hybrid source
for quartz—monzonites, with magmas originating from partial melting of subcontinental
lithospheric mantle (SCLM) and mafic lower continental crust (e.g. Barbarin, 2005; Sahin,
2008; Liu et al., 2013). However, distinctly from typical hybrid—granitoids, no mafic
magmatic enclaves are found in the Bananeira quartz—monzonites, suggesting no interaction
(mingling/mixing) with mantle—derived magmas, reflecting on their little whole—rock silica
variation (Fig. 2.5) (Table 2.1). Mafic (amphibolite) enclaves are frequently found in the
quartz—monzonites (Fig. 2.3D), so, partial melting of amphibolites may be a possible source
candidate. However, the quartz—monzonites are characterized by high K,O/Na,O ratios (0.9 —
1.2), which is a feature clearly different from those found in adakites or TTG (K,O/Na,O <
0.5), which are interpreted as partial melting of mafic crustal rocks (Fig. 2.9A) (e.g. Barker
and Arth, 1976; Martin, 1994). Therefore, a distinct K—rich mafic crustal source, rather than
tholeiitic (low—K) metamafic rocks must be invoked for the genesis of the quartz—monzonites.
According to Sisson et al. (2005), experimental melting of medium— to high—K basaltic rocks
at 7 kbar and 825-950 °C produce felsic to intermediate “magmatic” liquids similar to high—K
calc—alkaline and shoshonitic rocks, with Na,O, K,0 and SiO, contents similar to those of the
Bananeira quartz—monzonites. Similarly, in post—collisional settings, felsic to intermediate
shoshonitic rocks are proposed to be the products of partial melting of underplated K—rich
mafic rocks (e.g. Liégeois et al., 1998; Pe—Piper et al., 2009; Ferreira et al., 2015). The
Bananeira quartz—monzonites have lower Sr/Y ratio (33 — 41) and Sr (691 — 753 ppm)
contents than adakites or adakite—like rocks. As we already discussed for the Mirador
tonalites, variation in Sr, Y and Yb contents is generally associated to the presence or absence
of residual (or fractionation) phases, such as plagioclase (for Sr), amphibole and/or garnet (for
Y and YDb). Recently, based on experimental data, Qian and Hermann (2013) showed that
magmas with high Sr and Eu contents can be produced by melting of K-rich mafic lower
continental crust at 800-950 °C and 10-12.5 kbar (~30-40 km), but otherwise, for melting of
the same mafic lower continental crust at higher temperature (1000 °C) and lower pressure 10
kbar (~30 km), the obtained melts have obvious Sr and Eu depletions, as plagioclase remains

in the residue. In this way, the relatively low Sr content (692 — 753 ppm) and pronounced Eu
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negative anomaly of the Bananeira quartz—monzonites (Fig. 2.6A and B) suggest melting
within the plagioclase stability field. The Bananeira quartz—monzonites have high Yb (1.5 —
2.2 ppm) and Y (17.3 — 21.9 ppm), relatively high HREE contents to chondrites values (10
times chrondrite) and flat HREE patterns (Fig. 2.6), suggesting little or no garnet as a residual
phase (e.g. Qian and Hermann, 2013). So far, in this work, we suggest that the Bananeira
quartz—monzonites probably derived by melting of K—rich metamafic crust, under high heat
(~1000 °C) and relatively low pressure (~10 kbar) conditions (with plagioclase stable), similar
as proposed to many high-K calc-alkaline to shoshonitic magmatism in post—collisional
setting (e.g. Liégeois et al., 1998; Pe—Piper et al., 2009; Ferreira et al., 2015).

2.6.2.2. Granites
The granites of the Bananeira suite show whole—rock high SiO, (71.5 to 72.5 wt.%)

and K;0 (4.39 to 5.21 wt.%), and low Fe,Ost + MgO (2.73 — 4.57 wt.%) contents (Table 2.1),
typical of granites sensu stricto, and consistent with their derivation from more evolved
crustal rocks. Experimental melting of tonalite and/or metagraywacke generate peraluminous
melt (A/CNK > 1.0) with high SiO, (70 — 75 wt.%) and K,O (2 — 6 wt.%), and low
Fe,03+MgO (< 5 wt.%) contents (e.g. Patifio Douce, 1999; Watkins et al., 2007). The
Bananeira granites have slightly peraluminous affinity (A/CNK ~ 1.01 — 1.07) (Fig. 2.4D) and
high K,O/Na,O ratios (1.20 — 1.55) (Fig. 2.9A), which is compatible with melting of
intermediate crustal source (e.g. metatonalite and/or metagraywacke) (e.g. Patifio Douce and
Beard, 1995; Patifio Douce, 1999; Laurent et al., 2013). The pronounced negative Eu anomaly
is consistent with plagioclase—rich residue, implicating on relatively low pressure partial
melting of the source rock (Fig. 2.6). Fractional crystallization of plagioclase + apatie +
titanite might have also lowered the negative Eu anomaly, and deplete the Sr (140 — 637 ppm)
contents of the Bananeira granite (Fig. 2.6). In the chondrite-normalized REE diagram,
samples of the Bananeira granites show strongly fractionated pattern, with (La/Yb)y ranging
from 34 to 114 (Fig. 2.6B). Two samples of the granites show strongly depletion on HREE,
with Yb and Lu values as low as TTG rocks, while two other samples have less—depleted
HREE values (Fig. 2.6B). This variable HREE contents is consistent with their derivation
from a heterogeneous source and/or variable fractionation (e.g. garnet and/or amphibole).
This variable HREE patterns could also be related to presence of inherited zircons in some
samples (less—depleted ones), as zircon concentrate HREESs. In addition, inherited zircons in
the Bananeira granite were recognized on U-Pb isotopic analysis (Fig. 2.8C). However,

frequently in the literature, the chondrite—normalized REE diagram for high—K granites show
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variable total REE and highly variable HREE contents, commonly interpreted by partial
melting of a heterogeneous crustal source (tonalitic £ mafic crust £ metasedimentary rocks)
(e.g. Shang et al., 2010; Jayananda et al., 2006; Huang et al., 2012; Laurent et al., 2014;
Manya and Maboko, 2016; Tulibonywa et al., 2017). For example, according to Jayananda et
al. (2006), the heterogeneous chemical compositions of c. 2.6 Ga potassic granites from
Dharwar craton, in India, indicate involvement of various crustal sources and also
significantly different depths of partial melting. Similarly, Shang et al. (2010) suggest that
variations from flat to steeper HREE patterns of late Archean (c. 2.7 Ga) high-K granites of
the Congo craton, in Africa, could be due to variations on garnet-rich and garnet—free residues
(heterogeneous source). Garnet is often absent in dehydration melting experiments conducted
at less than 8 kbar (e.g. Rushmer, 1991; Rapp et al., 1991). However, during experimental
melting of metagraywackes at low oxygen fugacity, garnet can stabilized in the residue at
lower pressures (down to approximately 5 kbar) (e.g. Patifio Douce and Beard, 1995; Patifio
Douce, 1999). In this view, we suggest that the Bananeira granites probably derived from
low—pressure (plagioclase stable) (+ garnet) crustal source of intermediate composition, such
as a TTG gneisses and/or metagraywackes, similar as interpreted to many Precambrian high—
K calc-alkaline granites, commonly associated to collisional setting (e.g. Liégeois et al.,
1998; Shang et al., 2010; Laurent et al., 2014; Manya and Maboko, 2016; Tulibonywa et al.,
2017).

2.6.3. Tectonic interpretation and regional correlation

2.6.3.1. Mirador tonalites: Implications for crustal growth and reworking during
subduction

The c¢. 2185 Ma Mirador tonalites show Hf crustal model ages of 2.80 to 2.66 Ga
(Table 2.4). This indicates that the Mirador tonalites incorporated Archean crustal
components during their genesis. The Ey¢(t) values ranging of -0.94 to +1.29 suggest partial
melting of a heterogeneous source and probably represent crustal reworking of both juvenile
and unradiogenic continental material, agreeing with their sub— and superchondritic Eu(t)
values (Fig. 2.8D) (Table 2.4). Thus, partial melting of a Paleoproterozoic juvenile mafic
crust and/or depleted mantle wedge in arc setting, without any continental contaminant, may
not account for the Archean Hf model ages of the Mirador Tonalites (Table 2.4). We suggest
that partial melting of mantle source metasomatized with Archean—derived subducted

sediments could be a plausible hypothesis. From literature information, mixing of juvenile arc
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magmas with subducted continental material has been a common interpretation to discuss
variation on trace element and isotope geochemistry of intra—oceanic arc rocks, as reported
for modern (e.g. Carpentier et al., 2009; Nebel et al., 2011; Tapster et al., 2014; Shao et al.,
2015) and ancient intra—oceanic arcs (e.g. Kuzmichev et al., 2005; Kemp et al., 2009;
Safonova et al., 2017). Nebel et al. (2011) also suggest that similar process could have started
very early in Earth’s crustal evolution, as sediment recycling in a subduction setting can
further account for Hf variations in the Hadean zircon record.

The metasomatized mantle wedge source has been proposed as the source for the
widespread Rhyacian plutonic rocks (Caicd complex) surrounding the Archean domains of
northern Borborema Province (Fig. 2.10) (Souza et al., 2007; Souza et al., 2016). According
to Hollanda et al. (2011), U-Pb SHRIMP zircon ages and whole—rock Nd isotopes for
plutonic rocks of the Caicd complex, show evidence that magmatism occurred mainly at 2.25
to 2.17 Ga, with Nd model ages varying from 2.45 to 2.81 Ga. This indicates that plutonic
rocks of the Caico complex represent juvenile magmatism with different degree of interaction
with an older, probably Neoarchean continental material (Hollanda et al., 2011). According to
Souza et al. (2007, 2016) most of these Rhyacian plutonic rocks of the Caic6 complex,
probably evolved by fractional crystallization from basic arc magma, derived from partial
melting of a metasomatized mantle. These authors also proposed that this magmatism evolved
in subduction zone setting, to account for both negative anomalies in high field strength
elements (HFSE) and LILE enrichment, as weel with slightly negative or positive epsilon
Nd(t). The mixed Hf isotope signature of crustal and juvenile material preserved in the
magmatic zircons of the Mirador tonalites supports the interpretation that these plutons
probably formed in an intra—oceanic arc in the vicinity of Archean continental crust, or in a
continental arc setting.

The U-Pb SHRIMP zircon age of 2185 + 4 Ma of the Mirador tonalites is within the
range of 2190-2160 Ma reported for the Cipé tonalites of the AlgodBes granite—greenstone
terrane, north of the Troia Massif (Martins et al., 2009; Costa et al., 2015) (Fig. 2.1B) (Table
2.5). The epsilon Nd(t) (+2.24 and +2.29 Ga) of the Cip0 tonalites (Table 2.5), together with
their high-silica adakitic affinity, suggest that these plutons derived from partial melting of a
juvenile mafic source (oceanic slab?), probably in a 2190-2160 Ma intra—oceanic subduction
zone, far away from Archean continental crust contamination (Martins et al., 2009; Costa et
al., 2015). In contrast, the 2185 Ma Mirador tonalites show Hf crustal model ages from 2.66
to 2.80 Ga (Table 2.4), being much older than the Paleoproterozoic Nd model ages of the
Cipo tonalites (Table 2.5). However, Nd TDM model ages may vary considerably, depending
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on which are the assumed initial values for the depleted mantle, which may be those of
DePaolo (1981) or Goldstein et al. (1984). Model ages calculated using the Goldstein et al.
(1984) model are typically c. 200 m.y. older than those calculated with the DePaolo (1981)
model (see Liegeois and Stern (2010) for further discussion). In addition, comparison between
Hf (zircon) and Nd (whole-rock) TDM model ages must be carefully interpreted, as Lu-Hf
isotopic system is apparently much more sensitive to track crustal contamination in igneous
rocks than Sm-Nd isotopes (e.g. Stern et al., 2010; Milhomen Neto et al., 2016). Nevertheless,
the “true” adakitic signature of the Cipo tonalites (Costa et al., 2015), distinct from the
mantle—related (adakite—like) Mirador tonalites, evidence contrasting sources for these early
c. 2190-2160 Ma tonalitic plutonism at the Troia Massif (Fig. 2.1B). This interpretation
implies in crustal growth by melting of the juvenile subducted oceanic crust to generated
“true” adakitic plutons (Cip6 tonalites, Costa et al., 2015). For the Mirador tonalites, their
possible connection with mantle—related magmatism also implies in crustal growth, but the
participation of subducted continental sediments to explain their mixed Hf signature implies
in crustal reworking (or recycling). This is fully compatible with a subduction zone setting,
which is also a very effective place for crustal recycling, rather than solely juvenile crustal
growth (e.g. Scholl and von Huene, 2009; Stern and Scholl, 2010; Stern, 2011).

2.6.3.2. Bananeira potassic plutons: Implication for crustal reworking during collision
Magmatic zircons from the 2086 Ma Bananeira granite yielded in situ zircon Hf
crustal model ages between 2536 to 2713 Ma, and Ey(t) values ranging from -0.46 to +1.85,
suggesting crystallization from a heterogeneous magma, derived from mixing of juvenile
crust and less—radiogenic continental components. The presence of inherited 2.31 Ga juvenile
and Archean zircons supports this idea (Fig. 2.7C and D). Two analyzed zircons of the ~2307
Ma inherited zircon population yielded superchrondritic €q¢(t) values of +4.86 and +4.87, and
Hf crustal model age of 2530 Ma, evidencing that less—radiogenic 2.31 Ga Siderian crustal
component contributed to genesis of the Bananeira granite. These granites are partially
intrusive into metasedimentary rocks of the Serra das Pipocas greenstone belt (Fig. 2.2), and
their slightly peraluminous composition suggests derivation from, or major assimilation of
greenstone belt sediments. According to Costa et al. (2014a), detrital zircon grains for
metagraywacke sample of the Serra das Pipocas metavolcano—sedimentary sequence, yielded
an expressive population aged around 2200 Ma and older zircon grains with ?’Pb/*®Pb ages
of 3096 Ma, 3074 Ma, 2600 and 2500 Ma, which indicates a mixture of Archean and

Paleoproterozoic sources, and a maximum depositional age of c. 2.20 Ga. However, c. 2.31
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Ga detrital zircon grains were not found in this previous work of Costa et al. (2014a), and
therefore, melting of an unexposed 2.31 Ga crust, together with Neoarchean 2.7-2.8 Ga TTG
rocks of the Troia Massif, could be a better source candidate. The Nd model age for the
Neoarchean TTG gneisses of the Troia Massif varies from 3.04 to 2.69 Ga (Table 2.5), which
is older than the Hf model age of the c. 2086 Ma Bananeira granites (2.54 — 2.71 Ga) (Table
2.4), supporting the mixing evidence of Archean TTG and less—radiogenic 2.31 Ga crustal
sources. Melting of a heterogeneous crustal source is also compatible with the geochemical
signature of the Bananeira plutons, which suggests relatively high temperature and low
pressure partial melting of a tonalitic crust and associated K—rich mafic rocks for the genesis
of granites and quartz—monzonites, respectively. The ages of 2079 and 2068 Ma clearly relate
this potassic magmatic event to the late tectonic evolution of the Rhyacian granite—greenstone
terranes of the Troia Massif (Table 2.5).

These potassic granitoids have also similar ages to the c. 2100 Ma Boa Viagem mafic—
ultramafic intrusion (Almeida, 2014), the 2100-2070 Ma S-type granitoids (Pessoa et al.,
1986; Garcia et al., 2014), the c. 2046 Ma leucosome age from migmatites (Gomes, 2013) and
the c. 2036 Ma PGE-bearing chromitites of the Troia Massif (Costa et al., 2014b) (Table
2.5). The evidence for high—grade metamorphism and the contemporaneity of crustal—derived
(e.g. Bananeira granitoids and S—type plutons) and mantle—derived magmas (Table 2.5), are
typical of collisional setting (e.g. Liégeois et al., 1998; Bonin, 2004). Mantle— and crust-
derived magmatism in syn— to post—collisional setting is generally attributed to slab breakoff
(Liégeois and Black, 1987; Davies and von Blanckenburg, 1995; Atherton and Ghani, 2002)
or large scale continental lithospheric delamination (e.g. Kay and Mahlburg Kay, 1993; Rey
et al., 2001; Liégeois et al., 2003, 2013). For both of these geodynamic processes,
asthenosphere upwelling (induced by lithospheric processes) is thought to be an important
mechanism for heat transfer to continental crust, resulting in partial melting of lower and
middle crustal sources, to generate collisional, usually K-rich, magmatism (e.g. Liégeois,
1998; Atherton and Ghani, 2002).
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Table 2.5: Geochronological and Nd isotopic data for the Troia Massif.

Complex / unit Rock type Analytical technique Age (Ma) Nd isotopes

TDM (Ga) &nq(y Refer.
ARCHEAN RECORD
Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 32705 Silva et al. (2002)

) Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2857 + 42 3.04 -0.3 Fetter (1999)

S Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2794 + 77 2.96 +0.2 Fetter (1999)

S Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 2793+6.3 Ganade et al. (2017)

S Cruzeta complex Metarhyolite (U-Pb isotopic dilution in zircon) 2776 + 65 2.81 +2.1 Fetter (1999)

g Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2773+ 60 2.92 -0.2 Fetter (1999)

8  Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 2698+ 8 Ganade et al. (2017)

D Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2675+ 64 2.69 +25 Fetter (1999)
PALEOPROTEROZOIC RECORD
Algoddes unit Amphibolite (metabasalt) (Sm-Nd whole rock isochron) 2236 + 55 2.26 +2.9  Martins et al. (2009)
Cip6 tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2190+ 6 Costa et al. (2015)

—  Mirador tonalites Metatonalite/granodiorite  (U-Pb SHRIMP in zircon) 2185+ 4 This work

€ Mirador tonalites Metatonalite/granodiorite  (U-Pb LA-ICPMS in zircon) 2181+4 Sousa, (2016)

-% Cip6 tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2180+ 15 Costa et al. (2015)

% Cip6 tonalites Metatonalite (Pb-Pb evaporation in zircon) 2172+ 7 2.29 +0.9  Martins et al. (2009)

x Cip6 tonalites Metatonalite (Pb-Pb evaporation in zircon) 2160+ 9 2.24 +1.9  Martins et al. (2009)

S Madalena orthogneiss ~ Metaquartz diorite (U-Pb isotopic dilution in zircon) 2156+ 8 2.30 +15 Castro (2004)

™ Cruzeta complex Felsic metavolcanic (U-Pb isotopic dilution in zircon) 2151+9 2.22 +25 Fetter (1999)

‘€  SerradaPalhaortho.  Granitic orthogneiss (U-Pb LA-ICPMS iin zircon) 2150 + 16 Costa et al. (2015)

% Boa Viagem complex  Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2150+ 29 2.38 -0.3 Silva et al. (2014)

> Madalena orthogneiss  Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2142 +20 Castro (2004)

@  Algoddes unit Metaquartz diorite (U-Pb isotopic dilution in zircon) 2140+ 6 2.27 +1.9 Fetter (1999)

2 Madalena orthogneiss ~ Metatonalite (Pb-Pb evaporation in zircon) 2140+ 6 2.23 +1.9  Martins et al. (2009)

g Macaoca orthogneiss ~ Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2139+ 12 2.37 +0.6 Castro (2004)

&  Boa Viagem complex  Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2124 + 35 2.35 -0.2 Silva et al. (2014)
Algoddes unit Metarhyolite (U-Pb SHRIMP in zircon) 2130+ 17 2.23 +2.3 Castro (2004)
Macaoca orthogneiss ~ Metatonalite (U-Pb isotopic dilution in zircon) 2130+3 2.44 -0.6 Fetter (1999)
Madalena orthogneiss ~ Metaquartz diorite (U-Pb isotopic dilution in zircon) 2130+3 2.23 +1.9  Martins et al. (2009)

€ Boa Viagem mafic Metagabbro (U-Pb LA-ICPMS in zircon) 2103+ 3 Almeida (2014)

% Bananeira suite Qtz-monzonite (U-Pb SHRIMP in zircon) 2079+ 4 This work

«  Canindé unit (?) Leucogranite (U-Pb LA-ICPMS in zircon) 2070+ 19 Garcia et al. (2014)

S Bananeira suite Granite (U-Pb LA-ICPMS in zircon) 2068 +5 This work

E Macaoca orthogneiss ~ Leucosome (U-Pb LA-ICPMS in zircon) 2046 + 12 Gomes (2013)

8 Troia mafic/ultramafics  Chromitite (U-Pb SHRIMP in zircon) 2036 + 28 Costa et al. (2014b)

Bt = biotite, Hb = hornblende, Qtz = quartz, SHRIMP = Sensitive High Resolution lon Microprobe, LA-ICMS = Laser Ablation Inductively Coupled Plasma Mass Spectrometry

Error for the ages are 1 o for the SHRIMP technique and 2 o for the others.

2.6.3.3. On the source of the c. 2.31 Ga less—-radiogenic zircons

In this work, an inherited zircon population with an age of 2307 + 14 Ma (12 grains)
was found in the Bananeira granite (Fig. 2.8C). The Hf isotopes for two concordant zircons of
this inherited population show superchrondritic €4¢(t) values of +4.86 and +4.87, and the same
Hf crustal model age of 2530 Ma (Table 2.4) (Fig. 2.8D). This suggests that these 2.31 Ga
less—radiogenic zircons may be derived from an igneous rock that was extracted from
depleted mantle at c. 2.53 Ga. However, mixing of juvenile Siderian and unradiogenic
Archean sources (or less—depleted mantle) is also a plausible hypothesis for the genesis of
these zircons. In the Médio Coreal domain (MCD), northwest of the Borborema Province
(Fig. 2.10), Siderian TTG gneisses, with U-Pb (TIMS) zircon ages of 2.35 to 2.30 Ga, and Nd
model ages between 2.61 Ga and 2.38 were reported by Santos et al. (2009) (Fig. 2.10). These
Nd isotopes from the Siderian TTG gneisses of the MCD suggest that both Paleoproterozoic
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and Archean sources contributed to their genesis. Juvenile orthogneisses with similar Siderian
ages were also identified in the Rio Grande do Norte Domain (Dantas et al., 2008).
Additionally, more recently, U-Pb (LA-ICPMS) zircon ages of 2356 + 12 Ma for a biotite—
gneiss and 2367 + 12 Ma for amphibolite were reported at the northeast margin of the
Archean Granjeiro complex (Freimann, 2014) (Fig. 2.10). Therefore, records of this Siderian
crust are becoming more frequent, with advancing geochronological studies in northern
Borborema Province. According to Santos et al. (2009), the 2.35 to 2.30 Ga TTG gneisses of
the MCD correspond to an early stage of juvenile crust generation, probably in intra—oceanic
arcs, prior to the subsequent widespread 2.22 to 2.10 Ga magmatic record in the Sdo Luis—
West African craton and northern Borborema Province. In the Birimian terranes, Gasquet et
al. (2003) recorded an age of 2312 + 17 Ma for xenocrystic zircons in a 2170 £ 19 Ma tonalite
from the Dabakala area, southeastern of the Baoulé—Mossi domain (Fig. 2.10). These
xenocrystic zircons have been suggested to represent an early phase of crustal growth in the
Birimian terranes (Gasquet et al., 2003). The early crustal growth event around 2.35 to 2.30
Ga has also been identified in other Paleoproterozoic domains of the Brazilian territory, such
as the Bacaja domain (southwest Amazon craton) (Vasquez et al., 2008; Macambira et al.,
2009) and the northern (Cruz et al., 2016) and southern S&o Francisco craton (Teixeira et al.,
2015).

2.6.3.4. Reworking of Archean crust and Paleoproterozoic juvenile crustal growth in the
northern Borborema Province

Archean crust in the northern Borborema Province is represented by the (1) Troia
Massif, (2) Granjeiro complex and (3) So José do Campestre Massif (SJCM) (Fig. 2.10)
(Fetter, 1999; Dantas et al., 2004, 2013; Matteini and Dantas, 2011; Silva et al., 2002; Souza
et al., 2016). These basement inliers consist mainly of gneisses and migmatites, and their
geochronological data evidence a long history of crustal growth and reworking throughout the
Archean Eon, with U-Pb zircon ages concentrating at 3.45, 3.25-3.18, 3.06, 2.85-2.77, 2.68
and 2.55 Ga (Fetter, 1999; Dantas et al., 2004; Matteini and Dantas, 2011; Silva et al., 2002;
Dantas et al., 2013; Freimann, 2014; Hollanda et al., 2015; Souza et al., 2016; Ganade et al.,
2017). The SICM (Fig. 2.10) contains one of the oldest preserved crust (3412 + 8 Ma) in the
South American Platform (Dantas et al., 2004, 2013). Hf isotopes in zircon from the 3.45 Ga
and 3.06 Ga gneissic-migmatitic rocks yielded model ages between 3.49 and 3.90 Ga,
evidencing that a polycyclic crustal evolution started in the Paleoarchean at 3.45 Ga with

generation of juvenile crust and reworking of older Eoarchean crust (3.90 Ga) (Matteini and
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Dantas, 2011). For the Paleoproterozoic record in the SJCM, according to Matteini et al.
(2010), zircon cores from a migmatite sample yielded U-Pb LA-ICPMS age of c. 2.05 Ga
and Hf model ages from 2.5 to 2.8 Ga. This characterized Paleoproterozoic magmatic
protoliths formed by partial melting of an older Archean juvenile crust generated at 2.5-2.8
Ga or, alternatively, may represent Rhyacian juvenile magmas generated at 2.05 Ga,
contaminated by older (Archean) crustal material (Matteini et al., 2010).

As already mentioned, abundant Paleoproterozoic plutonic rocks surrounding the
Archean SJCM and the Granjeiro complex are known as the Caico complex (in the Rio
Grande do Norte Domain — RGND) (Souza et al., 2007, 2016; Hollanda et al., 2011) (Fig.
2.10). According to Souza et al. (2016), these rocks cover about 50% of the northern
Borborema Province (Fig. 2.10). Their geochemistry indicates potassic calc-alkaline
differentiation trends, akin to I- and M-type magmas, and show negative anomalies for Ta,
Nb, Ti and P (Souza et al., 2007). Depleted and metasomatized mantle in a subduction zone
setting are interpreted to be the main sources of the Caic6 magmatism (Souza et al., 2007,
2016). U-Pb ages for this magmatism indicate largely generation of plutonic rocks at 2.24—
2.22 Gaand at 2.11 Ga (Souza et al., 2007; Hollanda et al., 2011; Souza et al., 2016).

According to Fetter et al. (2000), based on U-Pb (TIMS) zircon ages and Nd isotopes
for Paleoproterozoic basement rocks of the northern Borborema Province, three major crustal
domains were delimited as follow: (i) the 2.22 to 2.15 Ga Rio Grande do Norte domain
(RGND) (Caicé complex) with abundant negative epsilon Nd values; (ii) the 2.15 to 2.10 Ga
Ceara Central domain (CCD) (or Troia Massif) with both positive and negative epsilon Nd
values; and (iii) the c¢. 2.3 Ga juvenile Medio Coreal domain (MCD) (Fig. 2.10). The
juxtaposition of contrasting juvenile and reworked Paleoproterozoic terranes in northern
Borborema Province occurs at several scales within the CCD and RGND (Fetter et al., 2000).
This complex crustal framework, envisaged as an anastomosed mosaic of terranes that differ
in their ages and isotopic nature, is typical of accretionary continental margins (e.g. Coney,
1987; Condie, 2007; Cawood et al., 2009). A common feature for accretionary margins is the
presence of several accreted terranes, whose nature generally represents intra—oceanic arc
records, back—arc sequences. Additionally, a typical exotic terrane in the context of this
Rhyacian accretionary orogeny, is represented by the MCD, whose basement rocks consist
mainly of 2.35 to 2.30 Ga juvenile crust (Fetter et al., 2000; Santos et al., 2008), contrasting
with the nearby Rhyacian (2.22 to 2.06 Ga) domains (CCD and RGND) of both juvenile and
reworked nature (Fig. 2.10).
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Fig. 2.10. Pre—drift reconstruction of West—Africa and NE-Brazil, modified from Klein and Moura
(2008). Representation of Archean and Paleoproterozoic terranes are not to scale.

However, Archean domains unlike to represent accreted terranes and were probably
dissected by shear zones from larger continental blocks during collision (“metacratonization”,
see Liegeois et al. 2013). This accretionary—collisional event, that culminated with the
amalgamation of diverse juvenile and reworked Paleoproterozoic terranes along with large
Archean continental blocks, is thought to represent records of the Eburnean/Transamazonian
orogeny (2.2-2.0 Ga), even assuming later rework and terrane displacement during the 650—
535 Ma Pan—African/Brasiliano orogenic cycle (Fetter et al., 2000; Dantas et al., 2004; Santos
et al., 2009; Hollanda et al., 2011; Souza et al., 2016).
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2.6.3.5. Correlation with Nigeria shield and Birimian terranes

The similarities between Paleoproterozoic terranes of the northern Borborema
Province and those of the Nigeria shield and S&o Luis—West African craton have already been
discussed by several authors (Caby, 1998; Fetter et al., 2000; Dada et al., 2008; Arthaud et al.,
2008; Santos et al., 2008). The pre—drift reconstruction between Brazil and Africa continents,
clearly evidence the close spatial relationship of the northern Borborema Province with the
Nigeria shield and the Birimian terranes of the West African craton (Fig. 2.10).

Archean and Paleoproterozoic rocks have been reported for the basement complex of
the Nigeria shield (Bruguier et al., 1994; Dada, 1998; Kroner et al., 2001; Okonkwo and
Ganev, 2012, 2015), which is directly linked to the basement rocks of the northern Borborema
Province (Fig. 2.10). Radiometric ages in the Nigerian basement cluster around 3.5, 3.1-3.0,
2.7-2.5 and 2.1-1.8 Ga, evidencing that the Archean/Early Proterozoic boundary was the
major crust-forming period in the Nigeria shield (Dada, 1998; Kroner et al., 2001). One of the
oldest rock of West—Africa come from a migmatitic orthogneiss of granodioritic composition
from northern Nigeria, which yielded a SHRIMP zircon age of 3571 £ 3 Ma (Kroner et al.,
2001). For Paleoproterozoic rocks of the Nigerian basement complex, Okonkwo and Ganev
(2015) recently reported LA-ICP-MS zircon ages for granodioritic orthogneisses of 2236 + 29
Ma, 2228 + 32 Ma and 2179 + 28 Ma. Geochemical analysis show that these orthogneisses
are calc-alkaline, magnesian, metaluminous and have the characteristics of granitoids
emplaced in magmatic arcs (Okonkwo and Ganev, 2015). These are very similar ages and
geochemical characteristics of the nearby c. 2.22 Ga Caic6 orthogneisses, in the Rio Grande
do Norte domain (Souza et al., 2007, 2016), and the c. 2185 Ma Mirador tonalites (this study)
(Fig. 2.10).

The Birimian terranes of the Sdo Luis—West African craton (Fig. 2.10), are generally
considered to represent a widespread event of juvenile crustal growth between c. 2.22 to 2.06
Ga (Abouchami et al., 1990; Liégeois et al., 1991; Hirdes et al., 1996; Doumbia et al., 1998;
Hirdes and Davis, 2002; Gasquet et al., 2003; Feybesse et al. 2006; Klein et al., 2008, 2012;
de Kock et al., 2011; Baratoux et al., 2011; Tapsoba et al., 2013; Block et al., 2016; Parra—
Avila et al., 2016, 2017). Based on Sm-Nd isotopes coupled with the U-Pb zircon ages
(Liégeois et al., 1991; Doumbia et al., 1998; Feybesse et al. 2006; Baratoux et al., 2011;
Tapsoba et al., 2013), and more recently by Hf isotopes in zircon (Block et al., 2016), most of
the Birimian terranes has been reported as juvenile crust, evolved far away from any Archean
components. According to Block et al. (2016), Hf isotopes in zircon for c. 2.21 to 2.13 Ga

granitoids in Birimian granite—greenstone terranes show superchondritic Ex¢(t) values from +1
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to +6, and Hf model ages from 2.35 to 2.61 Ga, indicating that the they derived from the
reworking of juvenile crustal components. However, according to Parra—Avila et al. (2016),
combined U-Pb-Hf isotope data for >1000 detrital zircons from drainages of the western
Baoulé—Mossi domain yielded Paleoproterozoic U-Pb ages between 2.40 and 2.07 Ga, and Hf
model ages of 2.8 to 2.1 Ga, indicating some contribution from Archean aged components.
More recently, Petersson et al. (2017) obtained zircon U-Pb and Lu—Hf isotope data from
Birimian granitoids, showing mostly subchondritic €x¢(t) values, indicating that reworking of
Archean crust are recorded in almost all their analyzed 2220-2130 Ma zircon grains. This
evidence that reworking of Archean crust also occurred at the Baoulé—Mossi domain, at least
in the southeastern part (Petersson et al., 2016, 2017). Because of this finding, Petersson et al.
(2017) argue in favor of a subduction system in the vicinity of one, or possible in between two
Archean cratons. This subduction hypothesis (Petersson et al., 2016, 2017) finds support
when it is recognized that large portions of the Paleoproterozoic terrains of northern
Borborema Province occur in the proximity of Archean crust (Fig. 2.10), and incorporated
significant older crustal material in their genesis (Fetter et al., 2000; Souza et al., 2007;
Hollanda et al., 2011; Souza et al., 2016; this work). The progressively enrichment in
continental components (e.g. less—radiogenic Nd and Hf isotopes) toward east and southeast
of the Baoulé—Mossi domain (Petersson et al., 2016, 2017) and Borborema Province (Fetter et
al., 2000; Hollanda et al., 2011; this work), probably reflects the proximity of the arc system
to an Archean continental margin (Fig. 2.10).

Finally, at the end of the Transamazonian/Eburnean orogeny, at 2.10 to 2.06 Ga,
several peraluminous and potassic plutons intruded the Birimian terranes of Sdo Luis—West
African craton and correlated terranes of the Sdo Francisco—-Congo and Amazonian cratons,
showing temporal association to regional peak metamorphism (Feybesse et al., 2006; Lerouge
et al., 2006; McReath and Faraco, 2006; Mello et al., 2006; de Kock et al., 2011; Klein et al.,
2012; Eglinger et al., 2017). These late Rhyacian peraluminous and potassic granitoids
represent collisional magmatism, in response to final amalgamation of Archean continental
blocks and Paleoproterozoic juvenile terranes (Feybesse et al., 2006; de Kock et al., 2011;
Oliveira et al., 2011; Klein et al., 2012, 2014; Block et al., 2016; Eglinger et al., 2017; Wane
et al., 2018). For example, Eglinger et al. (2017) reported that mafic and felsic potassic
plutons were emplaced in Guinea, in vicinity to the Archean Kénéma—Man domain (KMD)
(Fig. 2.10), between 2.10 and 2.08 Ga. According to these authors, contemporaneous partial
melting of the different mantle and crustal domains perhaps happened in response to

lithospheric delamination following the collision of the juvenile Paleoproterozoic Baoulé—
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Mossi domain with the Archean KMD (Fig. 2.10). These potassic plutons show both juvenile
and reworked signatures from Hf isotopes in zircon, interpreted as collisional reworking of
juvenile Birimian arc—related crust and Archean—derived components of the KMD (Eglinger
etal., 2017). This is very similar to our interpretation on the 2.08 and 2.06 Ga potassic plutons
studied in this work (Bananeira granitoids), suggesting that similar collisional processes in the
vincinity of Archean continental blocks occurred at both sides of the Baoulé—Mossi domain
(Fig. 2.10).

2.7. Conclusion

Based on field relationships, U-Pb geochronology, Hf isotopes, geochemical
characteristics and regional correlations, the plutonic rocks studied in this work can be
divided into two groups: (i) early pre—collisional 2185 Ma Mirador tonalites; and (ii)
collisional 2079-2086 Ma granites and quartz monzonites of the Bananeira suite. We
summarize below the main conclusions.

(1) The Mirador tonalites are intrusive only into lower stratigraphic levels of the Serra das
Pipocas greenstone belt, evidencing that they have intrinsic association with the greenstone
evolution. U-Pb SHRIMP zircon age of 2185 + 4 Ma for these plutons evidences their early
evolution in the Rhyacian record of the Troia Massif. Their geochemical signatures suggest
evolution by fractional crystallization of mainly amphibole from arc-related mantle—derived
magmatism. The zircon Hf crustal model ages for these plutons range between 2660 and 2800
Ma, evidencing that Archean crustal components contributed to the magma genesis, possibly
via subduction of continental sediments. However, plutonic rocks of similar ages in the Troia
Massif (e.g. Cip6 tonalites) present younger whole-rock Nd model ages, suggesting that
many of the previously tectonic interpretations provided by Nd isotopes must be reassessed
by zircon Hf model ages.

(2) The Bananeira granitoids are intrusive both in Paleoproterozoic greenstone sequences
and Archean basement rocks of the Troia Massif. These plutons are mainly represented by
deformed quartz—monzonites and less—deformed granites. For the quartz—-monzonites we have
obtained a SHRIMP U-Pb zircon age of 2079 £ 4 Ma, and their geochemical signatures
suggest partial melting of a K—rich mafic rock, at relatively low pressures. The less—deformed
granites yielded LA-ICPMS U-Pb zircon age of 2068 £ 5 Ma, and an expressive inherited
zircon population of 2307 + 14 Ma. The high-K and slightly peraluminous geochemical
signature of these granites suggests partial melting of tonalitic crustal sources (e.g. TTG

gneisses and/or metagraywackes), at relatively low pressures. The zircon Hf crustal model
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ages for these granites range from 2536 to 2713 Ma in the crystallization—related zircons,
evidencing Archean crustal contribution. However, two analyzed zircon grains of the 2307
Ma inherited zircon population show €u¢(t) values of +4.8, and Hf crustal model ages of 2.5
Ga. This indicates that the less—deformed granites represent crustal reworking of both
Archean and less—radiogenic Paleoproterozoic sources during collisional processes.

(3) Correlations of our results with the Paleoproterozoic record in basement rocks of the
northern Borborema Province (NE Brazil), Nigeria shield and Birimian terranes of the Séo
Luis—West African craton, suggest that the plutonic rocks studied in this work are related to
the 2.2 to 2.0 Ga Transamazonian/Eburnean subduction—collision orogenic event. The
regional configuration and U-Pb, Hf and Nd isotopic patterns of the Paleoproterozoic
basement rocks of the Borborema Province, evidence that they mostly developed in the

vincinity of Archean continental blocks.
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Abstract

At the Archean—Paleoproterozoic Troia Massif, NE Brazil, two major Paleoproterozoic
greenstone belts are recognized (Algoddes and Serra das Pipocas). These share similar
lithostratigraphic characteristics with other 2.2-2.1 Ga greenstone belts of the surrounding cratonic
domains (e.g. Guiana shield and West Africa craton). Gold mineralization in the Serra das Pipocas
greenstone belt is associated with a regional NE—trending shear zone. In the mineralized area (the
Pedra Branca gold deposit) the main gold mineralization is found in association with quartz veins,
calc-silicate alteration (e.g. diopside, K—feldspar, amphibole, titanite, biotite, pyrite, albite, magnetite
+ carbonates) and abitization. Pyrrhotite is commonly found as inclusions in pyrite, and late magnetite
substitutes pyrite, suggesting progressive oxidation of the ore—forming fluid. Free—milling gold
commonly precipitates at the late stages of alteration, in close association with magnetite and
tellurides. The main tellurides found are hessite, altaite, sylvanite, calaverite and tellurobismuthite.
Two fluid inclusion assemblages were identified from mineralized quartz veins. Assemblage 1 is
characterized by pseudo—secondary trails that show the coexistence of CO,—rich and low salinity (0 to
8 wt% NaCl equiv.) CO,—H,O-NaCl and H,O-NaCl inclusions, suggesting formation during phase
separation (fluid immiscibility). Assemblage 2 is represented by late secondary low-temperature
(Th<200°C) H,0-NaCl inclusions, probably unrelated to gold mineralization. The §'°0, 8D and §"°C
values of hydrothermal minerals (quartz, calcite, biotite, hornblende and magnetite) and fluid
inclusions are compatible with a magmatic-hydrothermal ore—forming fluid that underwent fluid—rock
interaction with the greenstone pile. The calculated fluid 8'®0 values range from +8.3 to +11.0%o
(n=59), fluid 8D from -98 to -32%o (n=24) and 3"3C values of calcite from -6.35 to -9.40%o (n=3).
Oxygen isotope thermometry for quartz—magnetite pairs gave temperatures from 467 to 526°C (n=7,
average 503°C). This probably represents the temperature of gold deposition, because gold is
generally associated to magnetite in the ore mineral assemblage. The possible range of PT conditions
for gold mineralization from 467 °C and 1.93 kbar (7 km) to 526 °C and 3.48 kbar (13 km) was
obtained from the intersection of isochores with the temperature range from the quartz—magnetite
isotopic geothermometer. This PT range is akin to hypozonal orogenic gold deposits. The association
of gold with magnetite and tellurides strongly suggests an ore—forming fluid sourced by oxidized
magmas, similar to those interpreted as ‘orogenic oxidized intrusion—related gold deposits’ in other
Precambrian greenstone belts (e.g. Abitibi and Eastern Goldfields).

Key words: OXIDIZED, HYPOZONAL, OROGENIC, GOLD
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3.1. Introduction

A deep discussion exists in the literature over the source of gold and hydrothermal
fluids associated with orogenic gold deposits. Most researchers are divided between two
hypotheses; (1) a metamorphic-hydrothermal source (e.g. Kerrich and Fyfe, 1981; Pitcairn et
al., 2006; Tomkins and Grundy, 2009; Phillips and Powell, 2010; Tomkins, 2010; Large et al.,
2012; Tomkins, 2013, Goldfarb and Groves, 2015) or (2) a magmatic—hydrothermal source
(e.g. Bucci et al., 2002; Duuring et al., 2007; Kendrick et al., 2011; Beakhouse, 2011; Xue et
al., 2013; Doublier et al., 2014; Treloar et al., 2015; Zhang et al., 2017; Spence—Jones et al.,
2018). Fluids of metamorphic origin are generally interpreted as being derived from the
metamorphism of supracrustal rocks, such as mafic metavolcanic rocks (e.g. Elmer et al.,
2006; Bierlein and Pisarevsky, 2008; Phillips & Powell, 2010), and turbidites and black shales
rich in diagenetic pyrite (Large et al., 2012; Pitcairn et al., 2015). Most metamorphic fluids
are released before the rock reaches temperatures of around 500-550°C (amphibolite facies
metamorphism), and very little fluid is released above 550°C (Tomkins, 2010; 2013). This is
consistent with most orogenic gold deposits, as these are generally associated with greenschist
to lower—amphibolite metamorphic facies (Groves et al., 1998), so the source of fluid may be
inferred as progressive metamorphic devolatilization that occurred some kilometers below the
deposit site (Phillips & Powell, 2010). However, for hypozonal orogenic gold deposits (12 to
20 km deep), the fluids cannot be easily explained by devolatization during metamorphism
and, as a result, some authors disagree with the crustal continuum model elaborated by
Groves (1993) (Tomkins & Grundy, 2009; Phillips & Powell, 2009). For high-temperature
(hypozonal) orogenic gold deposits, the source of fluids (and gold) is commonly associated
with magmatic—hydrothermal processes, and syn— to late—collisional granitoids are generally
interpreted as the main sources of fluids and gold (e.g. Mueller, 1992; Bucci et al., 2002;
Duuring et al., 2007; Doublier et al., 2014). Generally, for orogenic gold deposits associated
with granitoids, the source of fluids is constrained by isotopic (stable and radiogenic) data and
fluid inclusions, as well as the close space/time association between mineralizations and
granitoids (e.g. Bucci et al., 2002; Salier et al., 2005; Duuring et al., 2007; Doublier et al.,
2014; Zhang et al., 2017). Within the context of magmatic—hydrothermal fluids, some authors
also refer to the contribution of mantle—derived fluids when associated with mafic and
ultramafic magmas contemporaneous with gold mineralization (e.g. Rock et al., 1989; Mao et
al., 2008; Vielreicher et al., 2010; Hronsky et al., 2012; Griffin et al., 2013). Fluids derived
from other processes, such as granulitization of the lower crust, dehydration of subducted

oceanic crust and devolatilization of the metasomatized lithospheric mantle are also reported
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in the literature (e.g. Pope et al., 2011; Fu et al., 2014; Groves and Santosh, 2016; Zhao et al.,
2018).

The Troia Massif, in northeastern Brazil, represents one of the main Archean-
Paleoproterozoic nuclei in the northern portion of the Borborema Province and hosts gold
mineralization (Pedra Branca deposit) in granite-greenstone terrain of Paleoproterozoic age
(Costa et al., 2015; 2016; 2018) (Fig. 3.1A and B). A study of whole—rock geochemistry and
U-Pb-Hf isotopes for Paleoproterozoic plutonic rocks intrusive in the Serra das Pipocas
greenstone belt (Costa et al., 2018), infers crustal growth (subduction-accretion) and
reworking  (collision) processes similar to many others c¢. 22-20 Ga
Birimian/Transamazonian granite-greenstone terranes of Sdo Luis-West African craton
(Liégeois et al., 1991; Feybesse et al. 2006; Klein et al., 2008, 2012; Block et al., 2016;
Petersson et al., 2016, 2017) and correlated terranes of the Guyana shield (Amazon craton)
(Vanderhaeghe et al., 1998; Delor et al., 2003; Rosa-Costa et al., 2006; McReath and Faraco,
2006; Hoffmann et al., 2018) and northern S&o Francisco craton (Silva et al., 2001; Costa et
al., 2011; Oliveiraet al., 2011).

The principal aspects of gold mineralization in the Paleoproterozoic Serra das Pipocas
greenstone belt are similar to those in the proposed classification of Groves et al. (1998) for
orogenic gold deposits, which involves quartz veins, shear zones, regional association with
terrane boundaries, and late age (2029 + 28 Ma U-Pb age in titanite) of gold mineralization in
the geotectonic context of the country rocks (2200-2068 Ma) (Costa et al., 2016; 2018;
submitted). The hydrothermal assemblage of the Pedra Branca gold deposit is generally
composed of diopside — amphibole — biotite — titanite — pyrite — magnetite — quartz +
carbonate, typical of high-temperature (hypozonal) alteration. Therefore, being a potential
example of high-temperature hypozonal orogenic gold mineralization, the source of fluids is,
as aforementioned, more likely to be related with magmatic-hydrothermal processes. In this
article, we present field geology, petrography of ore—related minerals, fluid inclusion and
stable isotope (O, H, C) data, with the aim of discussing the genetic model for the Pedra
Branca gold deposit, emphasizing the possible source(s) of fluid(s) of the mineralization (e.g.,

whether magmatic and/or metamorphic in origin).



87

(A) Borborema Province (NE Brazil) B Sedimentary cover

//7
‘I,
eld ./

[ Northern Borborema

[ Central Borborema

I Southern Borborema

Fortaleza  puy Archean crust:

1- Troia Massif;

2- Granjeiro complex;

3- Sao José do Campestre Massif

Nigeria

|
/

g craton
L4

v . :
Sao Francisco
craton N

[ Parnaiba Basin - Phanerozoic Il Archean crust

[Z==1 Neoproterozoic mobile belt SL- Sé&o Luis craton

Sao Francisco
craton

Tucano basin

Il Paleoproterozoic granite-greenstone terranes e 150 k)

(B) Troia Massif

20 km

Neoproterozoic
I Neoproterozoic granitoids (590-580 Ma)

1 Neoproterozoic supracrustals including
Paleoproterozoic basement inliers

Paleoproterozoic

I Troia gabbros (2100-2036 Ma)
[ Granites (2100-2068 Ma) @® Pedra Branca
[ Metasedimentary rocks (2150-2068 Ma) gold deposit
I Madalena diorites (2150-2130 Ma)

600

40°30'W

[ (a) Boa Viagem and (b) Macaoca orthogneisses (2150-2130 Ma)
[ Metatonalites (adakites) (2190-2160 Ma)

I Greenstone belts (1- Algoddes and 2- Serra das Pipocas) (2200-2130 Ma)
Archean

I Cruzeta complex (TTG orthogneisses) (2.7-2.8 Ga)

Fig. 3.1. Simplified geological framework of the Borborema Province and Troia Massif: (A) Yellow
dashed line locates Borborema Province in the pre—drift reconstruction of South America and Africa
(modified from Arthaud et al., 2008); and (at right) schematic map of the Borborema Province with
three major subdivisions delimited by the Patos (Pa—L) and the Pernambuco Lineaments (Pe-L).
Tectonic domains are according to Fetter et al. (2000); MCD= Médio Coreal Domain, CCD= Ceara
Central Domain and RGND= Rio Grande do Norte Domain, and shear zones are SP= Senador
Pompeu shear zone and TL= Transbrasiliano lineament (or Sobral-Pedro Il shear zone). (B)
Simplified geological map of the Troia Massif (Modified from Costa et al., 2015).
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3.2. Regional geology

3.2.1. Borborema Province and its basement nuclei

The Borborema Province represents part of a large continental collision between the
Sdo Luis—West African and S&o Francisco—Congo cratons, around 600 Ma, associated with
the Pan—African/Brasiliano orogenic cycle (Almeida et al., 1981). This tectonic unit of the
West Gondwana supercontinent (Fig. 3.1A) has, as its main structural feature, an extensive
network of transcurrent shear zones with associated Neoproterozoic magmatism (e.g.,
Vauchez et al., 1995; Nogueira, 2004). For the northern Domain of the Borborema Province,
limited to the south by the Patos shear zone (Fig. 3.1A), the basement rocks are mostly of
paleoproterozoic ages (e.g., Fetter et al., 2000; Hollanda et al., 2011), and locally, with
Archean crustal domains (Silva et al., 1997; Fetter, 1999; Dantas et al., 2004; Freimann, 2014;
Ganade et al., 2017). The latter are mainly represented by the Granjeiro Complex, Sdo José do
Campestre Massif and the Troia Massif (Fig. 3.2A).

3.2.2. The Serra das Pipocas greenstone belt

The first structural and lithological mapping in the central-west part of the Troia
Massif was presented by Pessoa and Archanjo (1984). According to these authors, a thrust
tectonics is responsible for the allochthonous character of the metavolcano—sedimentary
sequences and related mafic—ultramafic metaplutonic rocks, overlying the gneiss—migmatitic
basement of the Troia Massif. Additional work, with Rb—Sr and K—Ar geochronological data,
evidenced that the Troia Massif exhibits a polycyclic character, with Archean and
Paleoproterozoic rocks, mostly presenting K—Ar and Rb—Sr isotopic rejuvenation during the
Neoproterozoic (Brasiliano) orogenic event (Pessoa et al., 1986). However, even with the
record of Neoproterozoic (Brasiliano) isotopic disturbance, these authors suggested that the
thrust tectonic in the Troia Massif is Paleoproterozoic in age.

The Serra das Pipocas greenstone belt (or Troia metavolcano—sedimentary sequence),
in the central-west portion of the Troia Massif (Fig. 3.1B and 3.2) is composed of metabasalts
(amphibolites), felsic to intermediate metavolcanic rocks, metasedimentary rocks, metacherts,
marbles, serpentinites, and associated S—type leucogranite, tonalitic (Adakite—like) intrusions
and mafic—ultramafic metaplutonic rocks (Pessoa and Archanjo, 1984; Pessoa et al., 1986;
Cavalcante et al., 2003; Costa et al., 2014a; Sousa, 2016; Costa et al., 2018). According to

Pessoa and Archanjo (1984), metabasalt with pillow—like structures was locally identified.
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Fig. 3.2. Geological map of the area showing the principal mineralized areas of the Pedra Branca

gold deposit (modified from Costa et al., 2018).

The mafic metavolcanic rocks shows transitional tholeiitic to calc-alkaline affinity and

arc—related geochemical signatures, suggesting an arc/back—arc tectonic setting to this

volcanism (Sousa, 2016). U-Pb (in situ) zircon ages in metasedimentary and intrusive rocks

confirmed the Paleoproterozoic (Rhyacian c. 2.2-2.0 Ga) age for the Serra das Pipocas

metavolcano—sedimentary sequence and related metamafic—ultramafic rocks in the Troia
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Massif (Costa et al., 2014a, 2014b; Sousa, 2016). U-Pb detrital zircon dating of a
metagreywacke of the metavolcano—sedimentary sequence yielded a younger age population
around 2200 Ma and older (**’Pb/*®®Pb) ages of 3096 + 53 Ma, 3074 + 55 Ma, 2608 + 54 and
2546 = 55 Ma, which indicates a mixture of Archean and Rhyacian sources and a maximum
depositional age of c. 2.2 Ga (Costa et al., 2014a). The presence of Archean detrital zircon
grains suggests an ensialic (or continental proximity) setting for part of this granite—
greenstone terrane (Costa et al., 2014a). The mafic and ultramafic metaplutonic rocks are
more abundant in the central Troia region (Fig. 3.1B), and are mainly interpreted as
fragmented layered bodies, well-known because of the platinum and palladium mineralization
in metachromitites (Pessoa and Archanjo, 1984; Angeli et al., 2009; Barrueto and Hunt,
2010). A Sm—Nd isochron of ¢. 2060 Ma was obtained for this mafic—ultramafic magmatism
(Liégeois, unpublished data; cited by Fetter, 1999), recently attested by a U-Pb (SHRIMP)
zircon age of 2036 + 28 Ma obtained for a PGE—bearing metachromitite sample (Costa et al.,
2014b).

Based on the U-Pb ages (SHRIMP and LA-ICPMS) in zircon and litogeochemical
data for the felsic and intermediate metaplutonic rocks, two main plutonic events can be
recognized at the Serra das Pipocas granite—greenstone terrain; (1) (2190-2180 Ma) Tonalitic
magmatism (Mirador suite) with geochemical affinity similar to those of adakite—like rocks,
being exclusively intrusive in the metavolcano—sedimentary sequence, and (2) (2090-2060
Ma) K—rich plutonism (Bananeira suite) represented by deformed quartz monzonites, and less
deformed granites (Costa et al., 2018) (Fig. 3.2). All these plutons are generally foliated and
locally have gneissic banding, due to deformation under lower— to mid—-amphibolite facies
metamorphism during the Transamazonian (2.2 to 2.0 Ga) and/or Brasiliano (650-535 Ma)
orogenies (Costa et al., 2018). In the Serra das Pipocas greenstone belt, deformation and
metamorphism occurred under lower— to mid-amphibolite facies metamorphism, but no
partial melting has been observed (e.g. Pessoa and Archanjo, 1984; Pessoa et al., 1986; Sousa,
2016). The Archean basement gneisses and migmatites of the Troia Massif show generally
more complex poly—deformational patterns than the greenstone sequence, but the dominant
structures observed in both greenstone belt and basement rocks are east—dipping foliation (30
to 55°) with associated low-rake stretching lineation plunging 20-35° to NE (Fig. 3.2). Many
local- and regional-scale fold axis also plunge 20-35° toward NE (Fig. 3.2). The NE-SW
trending foliations, and the NE-directed lineations and fold axis in these rocks are in
structural concordance with the dextral strike—slip Neoproterozoic Senador Pompeu shear

zone, suggesting Brasiliano age deformation (Fig. 3.1B). However, according to Costa et al.
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(2018), the occurrence of less—deformed 2068 Ma granites crosscutting strongly deformed
2079 Ma quartz—monzonites, evidence that Paleoproterozoic deformation is also preserved in

this area.

3.3. Pedra Branca gold deposit

Recently, gold mineralization was identified in the Serra das Pipocas greenstone belt,
in the western region of the Troia Massif (Fig. 3.1B and 3.2). Gold mineralization occurs
associated with NE-SW regional shear zones, crosscutting metavolcano—sedimentary rocks at
amphibolite facies conditions. The mineralization occurs in quartz veins associated with zones
of hydrothermal alteration, measuring hundreds of meters along the strike, with 1 to 5 meters
of thickness, containing ~1 g/t up to 7 g/t of gold (Lopez, 2012). However, no economic
report has been released yet for the Pedra Branca gold deposit. The main mineralized areas
worked by private companies are referred to as Mirador, Queimadas, Coelho and Igrejinha
(Fig. 3.2) (Lopez, 2012). Recent works on the genesis of the Pedra Branca gold deposit,
suggest that this is an epigenetic gold mineralization, associated to quartz veins and high—
temperature hydrothermal alteration in the host rocks (Costa et al., 2016; submitted).
According to Costa et al. (submitted), the U—Pb titanite age of 2029 + 28 Ma places it late in
the crustal evolution of the c. 2.2 to 2.1 Ga of the Serra das Pipocas greenstone belt.

3.3.1. Host rocks and structure

The main host rocks of the gold mineralization are metatonalites (Mirador area),
amphibolites  (Coelho area), intermediate  metavolcanic/subvolcanic  rocks and
metasedimentary rocks (Queimadas and Igrejinha areas) (Lopez, 2012; Costa et al., 2016).
According to the current cartography of the area, it is suggested that stratigraphic layers in the
Serra das Pipocas greenstone belt are locally overturned by tectonics (Fig. 3.2 — cross
section). In this context, gold mineralization is structurally controlled by shear zones and
preferentially sited between contrasting layers of the sequence, occurring near—parallel to the
boundary of the lower unit (metavolcanic mafic/intermediate metavolcanic rocks) with the
upper unit (predominantly metasedimentary rocks, which includes layers of graphitic—schists)
(Fig. 3.2). At regional-scale, gold mineralization in the Serra das Pipocas greenstone belt is
part of a large fault system, probably of a trans—crustal character, representing the tectonic
boundary between the Archean (Cruzeta Complex) and the Paleoproterozoic granite—
greenstone terrane (Fig. 3.1 and 3.2). This tectonic boundary probably played an important

role in gold mineralization of the study area, representing a deep (trans—crustal) first—order
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structure, in which large amounts of fluids and magmas may have circulated (Fig. 3.1 and
3.2). Syn— to late—tectonic potassic plutons intruded along this shear zone and are mainly

represented by the granitoids of the Bananeira suite (Fig. 3.1 and 3.2).

3.3.2. Hydrothermal alteration and gold mineralization

Hydrothermal alterations associated to gold mineralization in the Pedra Branca deposit
are generally associated to quartz veins and may be classified by two main types: calc-silicate
alteration and albitization (Fig. 3.3A). Albitization occurs mainly in the intermediate
metavolcanic/subvolcanic rocks and associated intrusions (metatonalites), and the calc—
silicate alteration occurs mainly in association with quartz veins, as hydrothermal halos (1 to 3
cm) (Fig. 3.3A), and generally occur near the contact of the intermediate

metavolcanic/subvolcanic rocks with the metasedimentary sequence.

3.3.2.1. Calc-silicate alteration

The calc-silicate hydrothermal alteration at the metasedimentary and/or intermediate
metavolcanic/subvolcanic rocks occurs in association with quartz veins containing typical
“skarn—type” minerals, being visible in outcrop and drill core samples (Fig. 3.3A, B and C).
These, mainly include diopside, K—feldspar, amphiboles (hornblende and/or uralite), titanite,
quartz, pyrite, carbonate and magnetite (Fig. 3.3C, D and E). In this assemblage, diopside is
generally replaced by hornblende (Fig. 3.3D). Magnetite usually occurs at the rims of the
pyrite crystals, suggesting that it is a late oxidized phase relative to pyrite (Fig. 3.3E and F).
In the calc—silicate hydrothermal assemblage, close to magnetite crystals, gold is commonly
in spatial association with tellurides, such as silver and silver/gold (£ molybdenum) tellurides
(hessite = Ag,Te; sylvanite = (Ag, Au)Te,) (Fig. 3.3F).

Free-milling gold is also found at grain boundaries of hydrothermal biotite and
hornblende in some quartz—carbonate samples (e.g. Mirador area) (Fig. 3.4A, B and C). In
this, gold shows no association with magnetite (Fig. 3.4B and C), suggesting precipitation
during a less—oxidized stage. Investigation with a Scanning Electron Microscope (SEM) via
Energy Dispersive x—ray Spectrometry (EDS), shows that many of these free-milling gold
particles present c. 5% of silver, characterizing them as electrum particles (natural gold and
silver alloy) (Fig. 3.4D). In addition, free—milling gold particles also occur in contact with
chalcopyrite and some telluride minerals, such as calaverite (AuTe,), sylvanite ((Ag, Au)Te,)
and altaite (PbTe) (Fig. 3.4E). This suggests that for both the Queimadas and Mirador areas,

gold mineralization associated to calc-silicate alteration occurred under similar
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physicochemical conditions, characterized by gold-silver alloy mineralization together with
tellurides.

 calc-silicate
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Fig. 3.3. Queimadas area. (A), Quartz veins hosted by albitized mafic/intermediate
metavolcanic/subvolcanic rock, and detail for quartz vein with associated calc-silicate alteration halo
(vein selvage). Pencil is pointing to the north. (B) Drill core sample (Fi—12) showing albitized host
rock with a "pocket” of hydrothermal calc—silicate minerals associated with quartz vein. (C) Detail of
the calc—silicate alteration containing titanite (Ttn), amphiboles (Am), pyroxenes (Px), pyrite (Py) and
quartz (Qtz). (D) Photomicrographic image on transmitted light (crossed nicols) showing
arrangement of the main minerals of the hydrothermal assembly. (E) Photomicrographic image on
reflected light showing intergrowth between pyrite (Py), magnetite (Mt) and titanite. (F) Back—
scattered electron (BSE) image and Energy Dispersive x-ray Spectrometry (EDS) analyses by
Scanning Electron Microscope (SEM) in gold/silver and silver telluride (sylvanite and hessite)
inclusions in titanite, in spatial association with the magnetite.
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Fig. 3.4. Mirador area. (A) Mineralized quartz—carbonate vein (sample FQ-06) with hydrothermal
biotite and amphibole (hornblende). (B) Photomicrography under reflected light, showing gold
associated with amphibole and biotite. (C) Photo of the same view, with transmitted light (uncrossed
nicols). (D) BSD images and EDS analyses of gold/silver alloy particles. (E) Gold-silver alloy
associated to calaverite, sylvanite and chalcopyrite. (F) Gold-silver alloy associated to sylvanite and
altaite.

3.3.2.2. Albite alteration

One of the main mineralized zones of the Queimadas area is mainly hosted by
metatonalites (sheets) and/or intermediate subvolcanic rocks, herein referred to as
"hydrothermal albitites" or just “albitites”. In these rocks, besides to the opagque minerals and
the hydrothermal albite, which is a pseudomorph of the original (igneous) plagioclase, no

other hydrothermal minerals are found in the hand samples (Fig. 3.5A, B, C and D). Albite
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reaches about 80% of the total rock (albitites). In semi—quantitative analyzes by EDS in SEM,
little or no calcium (Ca) occurs in the plagioclase, and therefore these can be classified as pure
albite, associated with hydrothermal alteration (albitization). The contacts of these rocks with
the metavolcano—sedimentary unit are generally abrupt, suggesting an intrusive character in
the sequence (Fig. 3.5B), and are commonly associated to calc—silicate alteration and quartz
veins (Fig. 3.5C). Sulfides (mainly pyrite) are visible in drill core samples, generally
disseminated and associated with magnetite (Fig. 3.5A). Locally, discordant quartz—carbonate

veinlets in the albitized metatonalite also present pyrite crystals (Fig. 3.5D).
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Fig. 3.5. (A) Albitized felsic/intermediate intrusive (albitites) with disseminated pyrite (Py) and
magnetite (Mt), and locally concordant quartz (Qtz) vein (Sample Fi-09). (B) Albitite (albite = Ab)
(igneous/hydrothermal) showing abrupt (intrusive) contact with amphibolite of the metavolcano-
sedimentary sequence (enclave?) (Sample FJ-06). (C) Albitized felsic/intermediate intrusive in contact
with quartz vein and calc-silicate alteration (Sample FL-19). (D) Albitized felsic/intermediate
intrusive with disseminated pyrite, and pyrite, quartz and carbonate (Cb) fracture fills (Sample FK-
08).

In the albitites, pyrite occurs associated with albite, pyrrhotite, magnetite, biotite and
carbonate (Fig. 3.6A). Biotite is generally in contact with the pyrite, suggesting that biotite is
also of hydrothermal origin (Fig. 3.6A and B). Magnetite always occurs at the borders of
pyrite, and it can be seen in both hand-samples (Fig. 3.6C) and microscope petrography (Fig.
6B, D and E). It is texturally evident that magnetite replaces pyrite crystals, as pyrite
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commonly occurs as inclusions in the late magnetite (Fig. 3.6B). Pyrrhotite occurs always as
inclusions in pyrite crystals, suggesting its precipitation prior to pyrite (Fig. 6D and E).

Fig. 3.6. (A) Photomicrographic image for albitite under transmited light (crossed nicols) showing
albite (Ab) and pyrite (Py) + magnetite (Mt) (opaque minerals) in contact with biotite (Bt) and
carbonate (Cb). (B) Photomicrographic image on reflected light showing pyrite crystals substituted by
magnetite. (C) Drill core sample with pyrite crystal replaced by magnetite at the edges. (D) and (E)
Photomicrographic image on reflected light showing pyrrhotite (Po) crystals as inclusion in pyrite
and late magnetite on the edges of pyrite. Locally, magnetite has inclusions of pyrite.

Therefore, evolution of the opaque minerals from pyrrhotite to pyrite, and later

magnetite, is in concordance with the observed features of the calc—silicate alteration (e.g. late



97

magnetites), which suggest that both hydrothermal alteration (calc—silicate and albitization)
occurred together at similar physicochemical conditions. Pyrrhotite crystals being replaced by
pyrite, and pyrite being replaced by late magnetite, suggest a progressive oxidation of the
hydrothermal fluid (Fig. 3.7).
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Fig. 3.7. Paragenetic sequence of the hydrothermal alteration in the Pedra Branca gold
deposit interpreted from ore petrography. The figure is effective for both albitization and
calc-silicate alteration.

Mineralogic and textural observations indicate that gold generally occurs at the late
stage of alteration, associated with precipitation of magnetite and tellurides (in both calc—
silicate alteration and albitization) (Fig. 3.7). In the hydrothermal albitites, disseminated
free—milling gold can be seen in spatial association with albite and magnetite crystals (Fig.

3.8A, B, C and D). Gold particles are also located in a fracture parallel to the twinning planes
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of plagioclase (albite) (Fig. 8C and D). Carbonates occur close to the gold particles, also at
the grain boundaries and in the cleavage planes of the albite, suggesting alteration in
plagioclase by carbonatization (Fig. 8D). In the BSE images and EDS analyses of the free—
milling gold particles, a percentage (~5-15%) of silver (Ag) is always present, characterizing
them as electrum (Fig. 9A, B and C). Locally bismuth and lead tellurides occur as
tellurobismuthite (Bi,Tes) and altaite (PbTe), respectively, enveloping gold-silver alloy
(electrum) (Fig. 9C). In addition, in EDS analyzes, galena (PbS) and a possible Pb—Ag-Au
alloy were identified associated to early stage pyrrhotite crystal (Fig. 9D). This suggests that
some gold could also had precipitated at early (more reduced) stages of the hydrothermal
evolution, without being associated to magnetite and tellurides (Fig. 7).

Fig. 3.8. (A) Photomicrographic image on reflected light showing disseminated free—milling gold (Au)
within albite (Ab) crystals. (B) Photomicrographic image on reflected light showing pyrite (Py) and
free-milling gold in spatial association with the magnetite (Mt). (C) Photomicrographic image on
reflected light showing free—milling gold particles in the contact of albite grains next to carbonate
(Cb) and magnetite. (D) Photomicrographic image on transmitted light (crossed nicols) of the prior
view, highlighting carbonates (Cb) at the edges and planes of albite cleavage. Gold occurs at the
grain boundaries and is locally included parallel to the twinning planes of the albite.
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Fig. 3.9. BSE images and EDS analyzes by SEM in samples of the hydrothermal albitite. (A) BSE
image and EDS analysis of free—milling gold (Au) particles (+ silver (Ag) contents) arranged in
contact between albite (Ab) grains, and in close association with magnetite (Mt). (B) BSE image and
EDS analysis of free-milling gold (Au) particles (x silver (Ag) contents) arranged in fracture plane of
albite crystal. (C) BSE image and EDS analysis of gold-silver particle with +molybdenum (Mo)
content, surrounded by altaite and tellurobismuthite crystals. (D) BSE image and EDS analysis of
pyrite encompassing pyrrhotite crystal associated with galena and probable gold/silver/lead alloy (?).

3.4. Analytical procedures

3.4.1. Fluid inclusions

For the microthermometric study of fluid inclusions in mineralized quartz veins,
doubly polished thick—sections (< 0.3 mm thick) were prepared at the Federal University of
Pard — UFPA, Belém, Brazil. The microthermometric measurements were carried out at the
Geological Survey of Brazil, Belém, Brazil, using a Linkam THMSG 600 heating—freezing
stage, following procedures described elsewhere (Roedder, 1984; Shepherd et al., 1985;
Wilkinson, 2001). The equipment was previously calibrated with synthetic samples of fluid
inclusions. The data are reproducible to £0.5 °C for the freezing which lowers to -180 °C and

15 °C for the heating that rises to the appropriate temperature of total homogenization. The
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salinities of the NaCl-H,O aqueous inclusions were calculated according to the ice melting
temperature (Tm,ice) and using the equation provided by Bodnar (1993). Salinities of CO,—
NaCl-H,0 inclusions were calculated using the final melting temperatures of CO,—clathrate
(Tm,cla) (Collins, 1979). The Package FLUID 1 software from Bakker (2003) was used to
calculate bulk—fluid densities of CO, and NaCl-H,O inclusions to define isochores and
trapping conditions.

3.4.2. Stable isotopes

All stable isotope (oxygen, hydrogen and carbon) data presented in this study were
produced at the University of Cape Town (UCT), South Africa. Sample preparation and
isotope extraction were carried out in the Stable Isotope Laboratory of the Department of
Geological Sciences, and isotope ratios were measured off-line using a Finnigan Delta XP
mass spectrometer in dual inlet mode, hosted in the Department of Archaeology. Data are
reported in § notation, where 8 = (Rsample/Rstandard -1)*1000, and R = the measured ratio (i.e.
180/*0, 1*¢/*C or D/H). The *C/**C, ¥0/*®0, and D/H ratios are normalized to the standard
PDB (carbon) and SMOW (oxygen and hydrogen) scales.

For oxygen isotopes, both conventional and laser fluorination methods were used. The
mineral separates (except two samples of hornblende; A-15-2 and Fi-01-2) were analyzed by
the laser fluorination method described by Harris and VVogeli (2010). Each sample (2 to 4 mg
of single/multiple mineral pieces) were reacted in the presence of ~10kPa BrFs, and the
purified O, was collected onto a 5 A molecular sieve contained in a glass storage bottle. An
internal standard (Monastery garnet — MONGT, 820 = +5.55%0) was analyzed to calibrate
the data to the SMOW scale, and duplicates gave agreement within 0.2 per mil. For oxygen,
powdered whole-rock samples and two hornblende separates were analyzed using a
conventional silicate line following methods described by Harris and Ashwal (2002).
Approximately 10 mg of sample was reacted with CIF3, and the liberated O, converted to CO,
using a hot platinized carbon rod. An internal standard (Murch Quartz — MQ, §*%0 = +10.1%o)
was analyzed to calibrate the data to the SMOW scale. The mean values obtained from
repeated analyses of MQ gave a difference of 0.3 per mil from the accepted value.

Hydrogen isotopes were measured on biotite, muscovite and amphibole on the
hydrogen silicate line, extracted from 100 mg of amphibole and 50 mg of biotite and
muscovite using the method of Vennemann and O’Neil (1993) with reduction by “Low-blank
Indiana Zinc” (Schimmelmann and DeNiro, 1993). For D/H determination, the inhouse Serina
Kaolinite standard (Serina bulk kaolinite, D= -57%., H,0=12.4 wt.%) (Harris et al., 1999
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sample SB8) was analyzed in triplicate with the silicates, and internal water standards
CTMP2010 (Cape Town Millipore Water 2010, D= -7.4%0) and RMW (Rocky Mountain
Water, D= -131.4%0) were used to convert raw data to the Standard Mean Ocean water
(SMOW) scale and correct for scale compression. Water concentrations (H,O+) were
determined from the voltage measured on the mass 2 collector of the mass spectrometer, using
identical sample inlet volume (Vennemann and O'Neil, 1993). The expected voltage per
milligram of water was determined from accurately measured amounts of the 5 standard
waters analyzed with the samples. The precision for 8D for the internal kaolinite standard
were £2%o (1 6, n=3). The typical precision for water amounts based on many measurements
of water and kaolinite standards is 0.1 wt.%. The average standard kaolinite gave a 6D value
of -63%., after all the corrections to the raw data were applied. All data were adjusted to the
accepted kaolinite value of -57%.. Hydrogen isotopes were also measured on quartz vein
samples, by extraction (thermal decrepitation at >800°C) of the fluids inclusions from ~3.5 ¢
of quartz samples. The quartz vein fragments were degassed under vacuum at 200°C using a
hot air gun to eliminate any moisture before heating it to about 800°C. The obtained water
was trapped cryogenically and transferred to pyrex tubes containing Zn. The hydrogen isotope
composition of the H,O was determined using the closed tube Zn reduction method of
Vennemann and O’Neil (1993). For hydrogen isotopes from fluid inclusion water, internal
water standard CTMP2010 and RMW were used to calibrate the data to the SMOW scale.
The amount of CO; pressure liberated from the fluid inclusions was insufficient to collect for
carbon isotope analysis.

Carbon and oxygen isotopes from calcite were measured by the method of McCrea
(1950), using 100% phosphoric acid as the reagent. Samples were reacted at 50°C and a CO.-
calcite fractionation factor of 1.009 was used to correct the raw data. Most carbonate samples
contain some dolomite and the 5'®0 value obtained is, therefore, a mixture derived from both
calcite and dolomite. The total carbonate content was estimated by comparing the pressure of
gas produced for weighed aliquots of samples and standards during the extraction procedure.
For carbon isotope analysis on graphite from graphitic-schists, samples were cleaned by
ultrasound in various media and combusted in a Thermo 1112 Elemental Analyzer interfaced
via a Conflo 11 device to the Thermo Delta XP Plus mass spectrometer. The quartz oxidizing
tube used chromium oxide at 1020°C, the reducing tube used reduced copper wires at 650°C
and the calibration to the PDB scale was made using a variety of standards, as descripted in
Kramers et al. (2013).
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3.5. Fluid inclusions

3.5.1. Types and distribution

The petrographic study of fluid inclusions was performed in quartz veins associated
with the calc—silicate hydrothermal alteration. The selected quartz samples show clear
association with pyrite, magnetite, titanite, amphibole and biotite. In the petrographic
description, fluid inclusions were carefully observed to identify their genetic and
compositional types, vapor—liquid ratios, and spatial clustering. According to their spatial
occurrence and clustering, the observed fluid inclusions were classified as distinct Fluid
Inclusion Assemblages (FIA), according to the proposed classification method of Goldstein
and Reynolds (1994). For the observed samples, the presence of two main FIA was
evidenced; (FIA 1) Pseudo-secondary trails composed of CO,-rich inclusions (Type-I)
together with CO,—NaCl-H,0 (Type—Il) and NaCl-H,O (Type—Ill) inclusions (Fig. 3.10A, B
and C), and (FIA 2) Secondary (transgranular) trails of late NaCl-H,O inclusions (Type—IV)
(Fig. 3.10D and E).

The pseudo—secondary trails of the FIA 1 are mainly composed of Type-I and Type-
I11 inclusions, followed by less abundant Type—II inclusions (Fig. 3.10A, B and C). The CO,
inclusions (Type-l) of the FIA 1 are shown as biphasic (liquid CO, + vapor CO,) and
monophasic (vapor CO,) at room temperature (Fig. 3.10B, C and D). In the biphasic varieties,
the vapor phase occupies between 60-80% of the cavity (Fig. 3.10C). They have negative
crystal and ellipsoidal shapes, with sizes ranging from 8 to 12 um (Fig. 3.10B, C and D). The
CO,—NaCl-H,0 inclusions (Type—Il) of the FIA 1 occur with three—phases at room
temperature (vapor CO; + liquid CO, + liquid H,O) with variable proportions of CO, and
H,O phases (Fig. 3.10C). Their CO, (vapor CO; + liquid CO,) volumetric proportion ranges
from 35 to 80%. They are ellipsoidal and irregular in shape, 10 to 15 um in size, coexisting
with Type—I and Type-Ill inclusions. The NaCl-H,O inclusions (Type—IIl) of the FIA 1 are
two—phase aqueous inclusions carrying vapor and liquid water at room temperature, with
bubbles usually accounting for 20-35% in volume (Fig. 3.10B and C). They are generally
ellipsoidal and irregular in shape, with 5-10 um in size (Fig. 3.10B and C). The fluid
inclusions of FIA 2 generally occur in trails of secondary inclusions showing intersection
features with FIA 1 trails (Fig. 3.10D). Only NaCl-H,O inclusions were found in the FIA 2,
showing homogeneous two—phase (vapor H,O + liquid H,O) characteristics at room

temperature, with bubbles usually accounting for 10 to 15% in volume (Fig. 3.10D and E).
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They are ellipsoidal and irregular in shape, ranging from 10 to 20 pum in size (Fig. 3.10D and
E).

Type-I

monophasic Ity

/
L4H20)

Type-ll

FIA1 trail

Fig. 3.10. Fluid inclusion types. (A) Microscopic view on transmitted light of doubly polished sections
of quartz associated with opaque mineral (Py= pyrite and Mt= magnetite). This photo also shows the
detail of pseudosecondary trails of fluid inclusions from FIA 1 (predominantly CO,—rich, Type-I). (B)
Detail for coeval NaCl+H,O aqueous inclusion (Type—Ill) and monophasic CO,-rich inclusions
(Type-1) of the FIA 1. (C) Inclusion trail of FIA 1 (details at different levels of focus) showing
predominance of CO,—rich inclusions (Type-I) associated with CO,—NaCl-H,O (Type-Il) NaCI-H,0
and aqueous (Type—IIl) inclusions. Emphasis was given to the carbonic inclusions (Type-I and II),
with variable percentage of filling of the vapor and liquid phases. (E) Trail of late NaCl-H,O aqueous
inclusions (Type—IV) of the FIA 2 intersecting trail of FIA 1. Zoom detail of representative inclusions
are shown. (D) Detail for late NaCl-H,0O aqueous (Type—IV) inclusions of FIA 2.
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3.5.2. Microthermometry
Microthermometric data collected for the fluid inclusions are summarized in Table
3.1, and Fig. 3.11.

Table 3.1. Summary of the microthermometric data for fluid inclusions

Type N FIA Size (um) Vapor (vol.%)  TmCO, (°C) Tm,ice (°C) Tm,cla (°C) ThCO, (°C) Th(°C) wt.% NaCl p (g/cm®)

Type-l 30 FIA1 8-12 60-80 -57.6t0-56.9 7.5-31 0.594-0.879
Type-ll 9 FIA1 10-15 50-85(CO,) -58.1t0-56.8 7.3-8.5 8.5-31 240-400 3.0-5.2 0.872-0.880
Type-lll 55 FIA1 5-10 20-35 -8.9to 0.2 200-430 0.5-7.3 0.537-0.938
Type-IV 12 FIA2 10-15 10-15 -3.2t0-0.2 125-179 0.3-5.3 0.659-1.016

Notation: TmCO, = CO, melting temperature; Tm,ice = final ice melting temperature; Tm,cla =
melting temperature of the CO, clathrate; ThCO, = CO, partial homogenization temperature; Th =
homogenization temperature.

The CO, melting temperatures (TmCO;) for CO,—rich inclusions (Type-I) range from
-57.6 to -56.9°C, suggesting a fluid composition near pure CO, with minor presence of other
volatile components (e.g. N, and/or CH,) (Fig. 3.11A and C). For Type-I inclusions, the
calculated densities range from 0.594 to 0.879 g/cm® (Table 3.1) and given by partial
homogenization temperatures (ThCO,) ranging from 7.5 to 31°C (Fig. 3.11B and C). For the
CO,-NaCl-H,0 (Type-Il) inclusions, the melting temperatures of solid CO, (TmCO,) ranges
from -58.1 to -56.8°C (Fig. 3.11A and C), also suggesting minor presence of other gaseous
components (e.g. N, and/or CH,;) (Roedder, 1984). The clathrate melting temperature
(Tm,cla) between 7.3 and 8.5°C is indicative of salinities between 3.0 and 5.2 wt.% NacCl
equiv. (Fig. 3.11E, Table 3.1). The Type-Il fluid inclusions, with the calculated densities
ranging from 0.872 to 0.880 g/cm® (Table 3.1), have partial (ThCO,) and total
homogenization (Th) at 8.5 to 31°C and 240 to 400°C, respectively (Fig. 3.11B, C and D).
Partial homogenization temperatures (ThCO;) for Type-1 and Type-II inclusions, and total
homogenization for Type-II inclusions, occur both to liquid and vapor state.
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Fig. 3.11. (A) Histogram for CO, melting temperature (TmCQO,) for CO, (Type—I) and CO,~NaCl—
H,O (Type-Ill) inclusions. (B) Histogram for CO, partial homogenization temperature (ThCO,) of
Type—I and Type-ll inclusions. (C) Diagram for CO, melting temperature (TmCO,) vs. CO, partial
homogenization temperature (ThCO,) of Type-1 and Type-II inclusions. Mole fractions of CH,4 are
from Van der Kerkhof and Thiéry (2001). (D) Diagram for CO, partial homogenization temperature
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(ThCO,) vs. homogenization temperature (Th) of Type-Il inclusions. (E) Histogram for salinity (wt%
NaCl equivalent) of Type-Il, Type-Ill and Type-IV inclusions. (F) Histogram for homogenization
temperature (Th) of Type—Il, Type—Ill and Type—IV inclusions. (G) Salinity (wt% NaCl equivalent) vs.
Homogenization Temperature (Th) of Type—II, Type—Ill and Type—IV inclusions.

For the aqueous NaCl-H,O (Type-Ill) inclusions of FIA 1, the ice-melting
temperature (Tm,ice) ranges from -8.9 to -0.2°C, which defines salinities between 0.5 and 7.3
wt.% NaCl equiv. (Fig. 11E and G). Their homogenization temperatures (Th) vary from 200°
to 430°C (Fig. 3.11F and G), with densities of 0.61-0.92 g/cm®. The late aqueous NaCl-H,0
(Type-IV) inclusions of the FIA 2 have ice-melting temperatures (Tm,ice) ranging from -3.2
to -0.2°C, salinities between 0.3 and 5.3 wt.% NaCl equiv. (Fig. 3.11E and G),
homogenization temperatures (Th) varying from 125° to 179°C (Fig. 3.11F and G) and
densities of 0.659-1.016 g/cm® (Table 3.1).

3.6. Stable isotopes (Oxygen, hydrogen and carbon)

3.6.1. Calc-silicate and albite alteration

The §'20, 8D and §"3C values for minerals from the hydrothermal assemblages of the
Pedra Branca gold deposit and associated country rocks are presented in Table 3.2.

The fractionation factor for fluid—mineral equilibrium for biotite, hornblende and
muscovite are from Suzouki and Epstein (1976) for hydrogen and from Zheng et al (1993a)
for oxygen. Oxygen fractionation factor for quartz, magnetite and calcite are those from
Clayton et al. (1972), Cole et al. (2004) and Hu and Clayton et al. (2003), respectively. Most
of the temperatures used to calculate the fluid "0 and 8D composition are those obtained
from the oxygen isotope thermometry (Table 3.2, and item 3.6.2). The temperature of 500°C
was used to calculate 520 of the fluid in equilibrium for some of the quartz samples, based on
the mean value of Qz-Mt isotopic thermometer. To calculate the 8*20 and 8D values of the
fluid in equilibrium with muscovite of S—type granite, a temperature of 850°C was assumed
(average temperature for S—type granites; Clemens, 2006) and for hornblende of garnet—
amphibolite country rocks, a temperature of 600°C (average amphibolite facies temperature).
To estimate 520 values of fluid composition for the analyzed whole—rock albitites and
monzogranite, the mineral-water fractionation factors for fluid-albite (albitite) and fluid—
(alkali feldspar) (monzogranite) from Zheng et al. (1993b) were used, with temperatures of
850°C (estimated for magmatic—hydrothermal fluid) and 600°C (albitization process,

Hovelmann et al., 2010).



Table 3.2. The results of oxygen, hydrogen and carbon isotopes

a¥o

Sample Rock/Alteration ~ Mineral 60 (%) 8D (%) 6 °C (%)  Pair T £(C)  ®Opg(%0) SDpuia (%o)
Ore-related samples
Fi-12 calc-silicate alteration quartzvein  11.2 -37 (fi) 500 9.0 -37
quartz vein 111 500 8.9
hornblende 75 -63 Qz-Hb 3.7 629 +36 9.8 -42
hornblende 75 -61 Qz-Hb 38 622 +36 9.8 -39
hornblende 6.7 Qz-Hb 45 545 +27 8.9
hornblende 8.9 Qz-Hb 23 870 75 11.0
biotite 7.7 -88 Qz-Bt 34 521 £35 10.2 -51
biotite 8.1 -98 Qz-Bt 31 557 x40 10.6 -64
FL-12  calc-silicate alteration whole rock 9.4 600 8.8
and associated albitite quartzvein 115 Qz-Mt 9.9 515 12 9.3
magnetite 1.6 9.4
hornblende 8.0 -65 Qz-Hb 35 654 +40 10.3 -45
hornblende 7.8 -62 Qz-Hb 3.7 627 =36 10.1 -40
hornblende 7.6 Qz-Hb 3.9 611 +34 9.9
hornblende 8.3 Qz-Hb 32 693 +45 10.6
biotite 7.3 -83 Qz-Bt 4.2 448 +26 9.6 -39
biotite 7.3 -73 QzBt 4.2 448 +26 9.6 -29
calcite 10.7 -9.4 Ce-Mt 9.0 524 £13 10.8
calcite 10.1 -9.3 Ce-Mt 8.5 551 15 10.5
CcQz -08 404  +£125
FQ-06  calc-silicate alteration quartz vein 115 -32 (i) 500 9.3 -32
hornblende 75 -86 Qz-Hb 4.0 590 +32 9.8 -62
hornblende 71 -84 Qz-Hb 45 549 +28 9.3 -57
hornblende 6.7 Qz-Hb 4.9 515 +24 8.9
hornblende 6.9 Qz-Hb 4.6 538 +27 9.1
biotite 6.9 -93 Qz-Bt 4.6 412 £22 9.0 -45
biotite 6.6 -85 Qz-Bt 4.9 390 =20 8.6 -33
biotite 6.4 Qz-Bt 51 377 +19 8.4
biotite 6.5 Qz-Bt 5.0 387 £20 8.5
calcite 10.7 -6.3 Cc—Qz -0.9 394 +119 9.0
FL-19  calc-silicate alteration quartzvein  11.3 9.1
biotite 74 -72 QzBt 39 471 +£29 9.8 -30
biotite 7.2 =77 Qz-Bt 4.0 458 +27 9.5 -34
FK-08 albitite whole rock 9.9 600 9.3
magnetite 24 500 10.2
FJ-06  albitite whole rock  10.4 600 9.8
magnetite 13 9.1
FK-09 albitite quartz 115 Qz-Mt 10.4 493 11 9.3
magnetite 1.0 8.8
FK-10 albitite whole rock 9.7 600 9.1
quartz 11.8 Qz-Mt 10.0 508 +12 9.6
quartz 11.5 Qz-Mt 9.7 522 *12 9.3
magnetite 18 9.6
FJ-09  albbitite whole rock 9.2 600 8.6
quartz 11.5 -32 (fi) Qz-Mt 9.6 526 *12 9.3 -32
magnetite 1.9 9.7
Fi-09 albitite wholerock  10.4 600 9.8
magnetite 13 500 9.1
Fi-10 albitite whole rock 9.7 600 9.1
quartz 12.4 Qz-Mt 11.2 467 +10 10.2
quartz 11.7 Qz-Mt 10.5 492 +11 9.5
magnetite 13 9.1
FQ-10  quartz vein quartz 115 -93 (fi.) 500 9.3 -93
FN-04 quartz vein quartz 11.8 -72 (fi.) 500 9.6 -2
FJ-18  quartz vein quartz 113 -59 (i) 500 9.1 -59
FK-02 quartz vein quartz 10.5 -74 (i) 500 8.3 -74
FL-02  quartz vein quartz 11.0 -46 (f.i.) 500 8.8 -46
FJ-13  quartz vein quartz 11.2 -59 (i) 500 9.0 -59
FJ-14  quartz vein quartz 11.5 =72 (fi) 500 9.3 -72
FL-10  quartz vein quartz 115 500 9.3
Greenstone belt - barren country rocks
FC-278 c. 2068 Ma mozogranite ~ whole rock 8.6 850 8.8
FC-143 S-type granite muscovite 104 -62 850 11.7 -60
muscovite 10.4 -78 850 117 -76
A-15-2  garnet-amphibolite hornblende 7.7 -73 600 10.0 -58
Fi-01-2 garnet-amphibolite hornblende 8.1 -68 600 10.4 -54
FC-03  graphitic-schist (metapelite) graphite -22.7
FC-04  graphitic-schist (metapelite) graphite -27.1

107

Notes: Abbreviations are f.i.= fluid inclusions; Qz= quartz, Hb= hornblende, Bt= biotite, Cc= calcite, Mt= magnetite. The

temperatures for coexisting minerals were calculated by the equation A=A x 10%T? where T is temperature (K) and A is an
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experimentally or empirically determined coefficient. The A coefficients used for oxygen isotope thermometry are the
following: Qz—Mt= 6.12, Cc—Mt= 5.74 and Qz-Cc= -0.38 (Clayton and Kieffer, 1991); Qz-Bt= 2.16 (Chacko et al., 2001);
Qz-Hb= 3.01 (Lackey et al., 2008). Errors on the temperatures are calculated assuming a 0.15 per mil error on all delta
values. The equation 1000ina = (D.10°%)/T? + (E.10%)/T + F was used to calculate the fractionation factor for fluid—mineral
equilibrium for quartz, magnetite, calcite, biotite, hornblende and muscovite. The D, E and F coefficients used for oxygen
isotope are from Zheng et al. (1993a) for biotite (D= 3.84, E= -8.76 and F= 2.46); for hornblende (D= 3.89, E= -856 and
F= 2.43) and for muscovite (D= 4.10, E= -7.61 and F= 2.25). The D, E and F coefficients used for hydrogen isotope are
from Suzouki and Epstein (1976) for biotite (D= -21.3, E= 0 and F= -2.8); for hornblende (D= -23.9, E= 0 and F=7.9); and
for muscovite (D= -22.1, E= 0 and F= 19.1). For calcite coefficients used for oxygen isotope are from Hu and Clayton et al.
(2003) (D= 2.01, E= 0 and F= -1.77), and coefficients for quartz are from Clayton et al. (1972) (D= 2.51, E= 0 and F= -
1.96). Fractionation factor for fluid-magnetite was calculated by the equation 1000Ina = (B.10?)/T* + (D.10%)/T?, with B=
2.181 and D= -8.284, according to Cole et al. (2004).

The 80 values for ore—related hydrothermal minerals range from +10.5 to +12.4%o
for quartz (n=19), +1.0 to +2.4%o for magnetite (n=8), +6.4 to +8.1%o for biotite (n=10), +6.7
to +8.9%0 for hornblende (n=12) and +10.1 to +10.7%o for calcite (n=3), corresponding to
fluid 820 values of +8.3 to +10.2%o, +8.8 to +10.2%o, +8.4 to +10.6%o, +8.9 to +11.0%o and
+9.1 to +10.8%o, respectively (Table 3.2). The 8D values range from -93 to -32%o for fluid
inclusions in quartz (n=10), -98 to -72%o for biotite (n=8) and -86 t0 -61%. for hornblende
(n=6), corresponding to fluid 6D values of -93 to -32%o, -64 t0 -29%0 and -39 t0 -62%.,
respectively (Table 3.2). For the associated country rocks of the Pedra Branca gold deposit,
metamorphic hornblende from garnet-amphibolite samples have &0 values of +7.7 and
+8.1%o, and 8D values of -73 and -68%., corresponding to fluid §'%0 values of +10.0 and
+10.4%0, and fluid 6D values of -58 and -54%o, respectively (Table 3.2). Muscovite from
spatially—related S—type granite have 80 values of +10.4%0 and 8D of -78 and -62%,
corresponding to fluid 8'®0 values of +11.7%0 and fluid 8D values of -76 and -60%o,
respectively (Table 3.2). The §**C values for ore—related hydrothermal calcite range from -9.4
to -6.3%0 (n=3), whereas the analyzed graphite from metasedimentary country rocks yield

8"3C values of -27.1 and -22.7%o (Table 3.2).

3.6.2. Isotope thermometry

Oxygen isotope thermometry for the mineral pairs from the hydrothermal assemblages
of the Pedra Branca gold deposit is presented in Table 2 and Fig. 12. Temperature for
coexisting minerals was calculated by the equation A=A x 10%/T?, where T is temperature
(K) and A is an experimentally or empirically determined coefficient. The A coefficients used
for oxygen isotope thermometry are the following: Qz—Mt= 6.12, Cc—Mt= 5.74 and Qz—Cc= -
0.38 (Clayton and Kieffer, 1991); Qz—Bt= 2.16 (Chacko et al., 2001); Qz—Hb= 3.01 (Lackey
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et al., 2008). Seven quartz—magnetite pairs indicate isotopic temperatures from 467 to 526°C
(average 503°C), (Table 3.2, Fig. 3.12A). The approximate concordance of the calculated
temperature for all the O-isotope data from different samples suggests that oxygen isotopic
equilibrium was approached (Table 3.2, Fig. 3.12A). Also, on the plot of 8**Omineral VErsus
AlBOQZ-Mh the data define positive and negative slopes (Fig. 3.13), which is consistent with
isotopic equilibration under closed-system conditions of originally hydrothermal mineral pairs
(e.g. Gregory and Criss, 1986). The calculated temperatures of quartz—magnetite pairs are also
similar to those calculated for two calcite—magnetite pairs (524 and 551°C) (sample FL-12,
Table 3.2, Fig. 3.12B). Two calculated temperatures for a quartz—calcite pair gave much
lower values of 404 and 394°C, but with much larger errors (Table 3.2).

Calculated temperatures for the quartz—hornblende and quartz—biotite pairs are
presented for the calc-silicate alteration of the Pedra Branca gold deposit (Table 3.2). For
these, separates of quartz vein and spatially associated hydrothermal hornblende and biotite
were extracted from samples Fi-12, FQ-06, FL-12 and FL-19, which can be seen in Fig.
3.3B, 3.4A and 3.5C (FL-12 has no photo). For each sample, the analyzed quartz separates
are from the quartz vein, in spatial association with the hydrothermal hornblendes and biotites
(Fig. 3.3B, 3.4A and 3.5C). Therefore, the obtained 80 value of the quartz vein was used
for temperature calculation with the associated hornblendes and biotites (Table 3.2). To test
the degree of internal oxygen isotope equilibrium among these pairs, the 820 values of
hornblende and biotite are plotted against the §*%0 value of the coexisting quartz veins (Fig.
3.12C and D). For sample Fi-12, the 5'®0 values for separates of hornblende and the
coexisting quartz, apparently exhibit a pattern in disequilibrium, wildly varying from 545 to
870°C and crossing the isotherm lines (Fig. 3.12C). Temperatures for quartz—hornblende
pairs from samples FL-12 and FQ-06 yield less—variable temperatures, ranging from 611 to
693°C (average 646°C) and 515 to 590°C (average 548°C), respectively (Table 3.2, Fig.
3.12C). Temperatures calculated for all quartz—biotite pairs yield values from 377 to 557°C,
which are systematically lower than the calculated ones from quartz—hornblende pairs of the
same sample (Table 3.2, Fig. 3.12 C and D).
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3.7. Discussion

3.7.1. Relating fluid inclusions to mineralization

In this study, whether the coexisting types of fluid inclusions of the FIA 1 are truly
related to gold mineralization of the Pedra Branca deposit is difficult to prove, but there are
some evidence to support this possibility: (1) These analyzed fluid inclusions come from a
mineralized quartz vein; (2) The Type-Il and Type-Ill inclusions of the FIA 1 have a much
higher total homogenization temperature than the secondary Type—IV aqueous inclusions of
the FIA 2 (Table 3.1), which makes the FIA 1 inclusions much more reliable to represent
hydrothermal fluids associated with the gold-related high—temperature mineral assemblage
(e.g. diopside, amphiboles, biotite, titanite, pyrite, magnetite) of the Pedra Branca gold
deposit; (3) There is no need to link ore—forming fluids to primary fluid inclusions in the
Pedra Branca gold deposit because this deposit is associated with shear zone and structural—
controlled quartz veins (orogenic gold), so the pseudo—secondary nature of the FIA 1 could be
ore—related, as early quartz in shear zones is repeatedly refractured, and much of the gold
endowment may be sited in fractures in already—formed quartz veins (e.g. Wilson et al.,
2013); (4) Fluid inclusion characteristics of the FIA 1 are consistent with a low—salinity H,O—
NaCl-CO, + CH,; hydrothermal fluid, which has been frequently reported as the most
common ore—related fluid for orogenic gold deposits (e.g. Ridley and Diamond, 2000;
Garofalo et al., 2014).

3.7.2. Fluid immiscibility

Fluid immiscibility has been proposed by several authors to interpret the coexistence
of carbon-rich, agueous—carbonic and aqueous-rich inclusions from many orogenic gold
deposits, generally associating this phenomenon (phase separation, fluid immiscibility) as a
trigger for gold deposition (e.g. Klein et al. 2000; 2001; 2006; 2015; Coulibaly et al., 2008;
Zhang et al., 2012; Lawrence et al. 2013; Wang et al., 2015; Lambert—Smith et al., 2016).

The three types of fluid inclusions, CO,—rich (Type-I), CO,—NaCl-H,0 (Type-Il) and
NaCl-H,O (Type-lIll), coexisting in the same fluid inclusion assemblage (FIA 1) are
suggestive of phase separation (fluid immiscibility) (Fig. 7.1 B and C). Nevertheless, both
mixing of different fluids (Anderson et al., 1992; Xavier and Foster, 1999) and necking down
(Bakker and Jansen, 1994; Roedder, 1979) could also lead to the occurrence of CO,—rich,
CO,—NaCl-H,0 and NaCIl-H,0 inclusions in the same fluid inclusion assemblage. Therefore,

it is firstly important to determine which process is related to the formation of the inclusions
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identified in this study, which bears implications on the interpretation of PT conditions of
fluid trapping. Mixing of two different fluids would result in distinct inclusion populations
showing widely variable temperatures of total homogenization and salinities (e.g. Xavier and
Foster, 1999). However, CO,—NaCIl-H,0O (Type-Il) and NaCIl-H,O (Type-Ill) inclusions in
this study show relatively uniform low salinity (0 to 7 wt% NaCl equiv.), but variable
homogenization temperatures (Table 3.1) (Fig. 3.11 G). This lack of covariation indicates
that the mixing of two separate fluids was not a relevant process for the formation of the
coexisting Type—Il and Type—Ill inclusions. This phenomenon of having a similar salinity
alongside variable homogenized temperatures can also be due to necking down of the
inclusions (Roedder, 1979). However, quartz hosting the analyzed fluid inclusions exhibits
only weak deformation, and few necking down features were observed for fluid inclusions of
the FIA 1, suggesting that these inclusions were unaffected (or least affected) by post-
entrapment deformation.

The similar TmCO; and ThCO, of Type—I and Type—Il fluid inclusions (Fig. 3.11A
and B) from FIA 1 indicate that these inclusions trapped the same fluid during the evolution
of the hydrothermal event. Furthermore, at room temperature, the variable proportions of CO,
and H,0 phases of the Type—Il inclusions (Fig. 3.10C) also indicate that liquid and vapour
coexisted during entrapment (e.g. Diamond, 2001). Therefore, the following evidence favours
fluid immiscibility (phase separation) having taken place for the observed FIA 1 in this study.

The Type-I and Type-II fluid inclusions show a positive correlation between ThCO,
and TmCO, (Fig. 3.11C), and two mechanisms may explain this behavior (e.g. Klein et al.
2000): (1) oxidation of an early fluid at low oxidation-state, following the reaction CH4 + 20,
= CO; + H,0; or (2) reduction of an initially more oxidized fluid exemplified by the hydration
reaction CO, + 4H, = CH, + 2H,0. The predominance of inclusions with high ThCO, and
TmCO; strongly indicates that the first mechanism has occurred. The oxidation might be
related to fluid immiscibility. During phase separation of a CO,—CH;—H,0—salt fluid, the CHy4
content of the fluid decreases toward the end of the process in response to the higher gas
distribution coefficient of the CH, in relation to CO, (Drummond and Ohmoto, 1985).

3.7.3. PT conditions of alteration and mineralization

The isochore calculations were performed in software from Bakker et al. (2003), using
the equation from Belonoshko and Saxena (1991) (pure CO,) for CO,—rich inclusions (Type—
I) and the equations from Bakker (1999) and Bowers and Helgeson (1983) for NaCl-H,O

aqueous inclusions (Type-IIl). The possible range of PT conditions for the gold
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mineralization was obtained from the intersection of the maximum and minimum density
isochores of Type—Ill inclusions with the temperature range of 467-525°C from quartz—
magnetite isotopic geothermometer (Also(Qz_Mt)) (Fig. 3.14). The gray area represents the
possible range of PT conditions for the gold mineralization, from 467 °C and 1.93 kbar (c. 7
km) to 526 °C and 3.48 kbar (c. 13 km). Related lithostatic depth was calculated using a
density of 2.8 g/cm®. The intersection of the isochores of Type—Ill inclusions with the quartz—
magnetite isotopic geothermometer provide very consistent PT conditions, compared to
hydrothermal alteration (e.g. diopside, hornblende, biotite) and results our from isotope
geothermometry (Fig. 3.13) (Table 3.2). The fluctuation in the range of density of the
calculated isochores (Fig. 3.14) correlates well with an alternating lithostatic fluid system,
associated to the fault-valve model, which is common in orogenic gold deposits (e.g. Sibson

et al., 1988; Kerrich et al., 2000; Deng et al., 2014).
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Fig. 3.14. Isochores for coexisting Type—I and Type—Ill inclusions of the FIA 1. Dashed lines are for
CO,—rich (Type-l) inclusions and solid lines for NaCl-H,O aqueous (Type-Ill) inclusions. The
temperature range of 467-525 °C was obtained from calculation of the quartz—magnetite isotopic
geothermometer (AlBO(QZ,Mt)). The gray area represents the possible range of PT conditions for the
gold mineralization, from 467 °C and 1.93 kbar (c. 7 km) to 526 °C and 3.48 kbar (c. 13 km).
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The high temperatures obtained for quartz—hornblende pairs (515 to 870°C, n=12)
from ore—related hydrothermal assemblage of the Pedra Branca gold deposit, suggest that
fluid evolution underwent high temperatures during its early stages, compatible with
hydrothermal “skarn—type” calc—silicate alteration and albitization (Fig. 3.7). The presence of
diopside replaced by hornblende (Fig. 3.3), and the decreasing calculated temperature from
quartz—hornblende (average 620°C, n=12) to quartz—biotite (average 442°C, n=8) isotopic
thermometers (Table 3.2 and Fig. 3.12C and D), reflect strong temperature variation of the
hydrothermal system, which can also trigger gold deposition (e.g. Orde and Hobbs et al.
2018). For sample FQ-06 (Mirador area) (Fig. 3.4A), oxygen isotope thermometry for the
quartz—hornblende and quartz—biotite pairs yield temperatures from 515 to 590°C (average
548°C, n=4) and 377 to 412°C (average 392°C, n=4), respectively (Table 3.2, Fig. 3.12C and
D). The average temperature (392°C) for the quartz—biotite thermometer is also very similar
to the obtained temperature of 394°C from the calcite—quartz pair of the same sample (FQ-06)
(Table 3.2).

Free-milling gold has been found in spatial association with late magnetite that
replaces pyrite crystals (Fig. 3.6 and 3.8). This implies that major gold deposition probably
occurred by oxidation of the fluid during its evolution (Fig. 3.7). Therefore, as magnetite
appears to be genetically linked to gold mineralization, the best estimated temperature for
gold precipitation is given by the quartz—magnetite isotope geothermometer (Table 3.2, Fig.
3.12A). The relative large oxygen isotope fractionation between quartz and magnetite make
this mineral pair one of the most sensitive isotope geothermometers on nature (Bottinga and
Javoy, 1973; Chiba et al., 1989; Clayton and Kieffer, 1991). For the analyzed samples, quartz
and magnetite occurs in well isotopic equilibrium (Fig. 3.13), and the temperature for the
guartz—magnetite pairs reported for albitites and calc—silicate alteration yield values from 467
to 526°C (n=7, average 503°C) (Table 3.2 and Fig. 3.12A). This is also consistent with the
temperature obtained by the fluid inclusion isochore method (Fig. 3.14).

3.7.4. Origin of gold—associated magnetite

The §'®0 value of magnetite is commonly used to interpret if magnetite crystallizes
from low—temperature hydrothermal fluids or magmatic processes (e.g. Taylor, 1967,
Nystrom et al., 2008; Jonsson et al., 2013). According to Taylor (1967), igneous magnetite is
very uniform in 0/*°0 ratio (8*%0= +1 to +4 %), and any magnetite with 80 values
substantially outside this range must have a different derivation or have been recrystallized

and altered later to its formation. To distinguish magmatic and/or magmatic—hydrothermal
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magnetite from low—temperature (< 400°C) hydrothermal magnetite, samples with §'°0
values > +0.9%o satisfy equilibrium conditions with high—temperature magmatic waters
(Nystrom et al., 2008; Jonsson et al., 2013) (Fig. 3.15). However, it is not possible to
distinguish between magmatic (igneous magnetite) and magmatic—hydrothermal magnetites
using O—isotopes alone, and according to Jonsson et al. (2013), they can just be termed as
“ortho—magmatic”, to distinguish it from low—temperature (< 400°C) hydrothermal

magnetites (Fig. 3.15).
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Fig. 3.15. Magnetite 60 values from the Pedra Branca gold deposit compared to other ore—related
magnetites from different deposit types (modified after Jonsson et al., 2013). Range for typical ortho—
magmatic magnetites (+1 to +4%o) is according to Taylor (1967) (pink field). The Pedra Branca
gold—related magnetites range between +1.04%o and +2.42%o and thus plot entirely in the field of
ortho—magmatic magnetites, suggesting that they must have been in equilibrium with high-
temperature (>400 °C) magmatic fluids. The cut—off point between ortho-magmatic and low-T
hydrothermal magnetites is +0.9%o (Jonsson et al., 2013). Magnetites with 5**0 values lower than
+0.9%o are believed to have been in equilibrium with a high negative 60 fluid at temperatures of
<400 °C. References for ore-related magnetites from different deposit types are: Orogenic gold
deposits (1- Beaudoin and Pitre, 2005; 2- Kerrich and Watson, 1984), Fe-Ti-V deposits (Yu et al.,
2015; Ganino et al., 2013; Rose et al., 1985; Singoyi, 1995; Zlrcher et al., 2001; Zheng et al., 2017;
Xie et al., 2017), IOA deposits (Nystrom et al., 2008; Jonsson et al., 2013; Childress et al., 2016) and
IOCG deposits (Chen et al., 2011; Dreher et al., 2008; Acosta-Gongora et al., 2015; Bastrakov et al.,
2007; Monteiro et al., 2008; Silva et al., 2015; Rotherham et al., 1998; Oreskes and Einaudi, 1992).
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The compiled §'20 values for ore—related magnetite from different deposit types, such
as Iron—Oxide—Apatite (IOA), Iron—Oxide—Cooper-Gold (I0CG), Fe-Ti-V and orogenic
gold deposits are shown in Fig. 3.15. In this diagram, the less—variable and high §'20 values
are found for skarn—type magnetite (Fig. 3.15). Magnetite in the skarn iron ores are generally
interpreted as precipitation from a reaction between **O-rich carbonate-dominated country
rocks and magmatic—hydrothermal fluids (e.g. Ziircher et al., 2001; Zheng et al., 2017; Xie et
al., 2017). The 5'®0 values of magnetite from IOA deposits usually plot in the range of ortho—
magmatic magnetite, indicating magnetite derivation from magma and/or high—temperature
magmatic—hydrothermal fluid (Fig. 3.15) (Nystrom et al., 2008; Jonsson et al., 2013; and
references therein). However, for the low 8*°0 values (< +0.9%o) of some IOA magnetites, the
influence (e.g. mixing) of low-temperature hydrothermal fluids (e.g. meteoric water) is
generally assumed to be involved (Fig. 3.15) (Nystrom et al., 2008; Jonsson et al., 2013; and
references therein). In IOCG deposits, wild variation on 520 values of magnetite is observed
(Fig. 3.15), suggesting distinct processes to its genesis. In general, magnetite associated to
IOCG deposits are interpreted to precipitate from early high—temperature magmatic—
hydrothermal fluids, but gold/copper mineralization is usually interpreted to precipitate by the
interaction (e.g. mixing) with late low—temperature fluids (e.g. meteoric water) (e.g., Oreskes
and Einaudi, 1992; Bastrakov et al., 2007; Monteiro et al., 2008; Dreher et al., 2008; Chen et
al., 2011; Silva et al., 2015).

For those deposits interpreted as orogenic gold, only a few 'O values of
hydrothermal magnetite are found in literature (Kerrich and Watson, 1984; Beaudoin and
Pitre, 2005) (Fig. 3.15), since magnetite is not a common mineral within hydrothermal
alteration of orogenic gold deposits (e.g. Eilu et al., 1991; Eilu and Mikucki, 1998).
According to Beaudoin and Pitre (2005), one sample of hydrothermal magnetite of the Val-
d’Or vein field, Abitibi greenstone belt, yielded a 80 of -2.8%o, evidencing a low—
temperature (>400°C) derivation (Fig. 3.15). This is consistent with the calculated
temperature of 384°C obtained by Beaudoin and Pitre (2005) for a quartz—magnetite pair of
the Val-d’Or vein field. In other example, the lode—gold Macassa Mine, also in Abitibi, the
820 values of magnetite presented by Kerrich and Watson (1984) are generally higher than
the +0.9%o cutoff for low—temperature (>400°C) magnetite (Fig. 3.15). This is also consistent
with the calculated temperature for quartz—magnetite pairs of the Macassa Mine, ranging from
400 to 420°C (Kerrich and Watson, 1984). According to these authors, gold mineralization
and associated magnetite of the Macassa Mine originated from metamorphic hydrothermal

solution, with a possible contribution from magmatic-hydrothermal fluids.
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The §'®0 values of magnetites from the Pedra Branca gold deposit range between +1.0
to +2.4%0 (n=8) (Table 3.2), and therefore, they fit entirely within the range of “ortho—
magmatic” magnetite (Fig. 3.15). This indicates a high—temperature (>400°C), and probably
magmatic—hydrothermal genesis for the Pedra Branca gold-related magnetites (Fig. 3.15).
This is also consistent with the calculated temperature for quartz-magnetite pairs, ranging
from 467 to 526°C (Table 3.2) (Fig. 3.12A).

3.7.5. Nature and source of the hydrothermal fluid

3.7.5.1. Oxygen and Hydrogen

The oxygen stable isotope data presented for the Pedra Branca deposit have fluid 520
values ranging from +8.3 to +11.0%o0 (n=59) (Table 3.2), which indicate an average fluid 820
value of +9.4%o for fluids circulating through mineralized rocks. The narrow range in fluid
80 values for the analyzed ore—related hydrothermal minerals, indicate a common fluid
source for all hydrothermal minerals (Table 3.2) (Fig. 3.16). The uniformity of oxygen
isotope values for mineralizing fluids is common in orogenic gold deposits (e.g. Kerrich
1987; McCuaig and Kerrich, 1998; Kontak et al., 2011; Goldfarb and Groves, 2015), and the
fluid 8'®0 values for Precambrian orogenic gold deposits generally range from +6 to +11%o
(McCuaig and Kerrich, 1998). However, there is no consensus if hydrothermal fluids in
orogenic gold deposits originated from a magmatic and/or metamorphic source (e.g. Goldfarb
and Groves, 2015 and references therein). According to McCuaig and Kerrich (1998), fluid
80 values greater than +8%o cannot be magmatic fluids alone, and some *O-rich crustal
contribution (e.g. fluid mixing and/or exchange) is needed for the genesis of orogenic gold
deposits. Some authors have interpreted that the high &0 values in original derived
magmatic fluid is the result of fluid-rock interaction in the metavolcano—sedimentary
sequence (e.g. **0O—enriched metasedimentary rocks) (e.g. Roger et al., 2013; Bhattacharya et
al., 2014).

The calculated 8D and 'O composition of the fluid taken for orerelated
hydrothermal minerals of the Pedra Branca gold deposit, and 3D values measured in inclusion
fluids, plot in the overlapping fields of magmatic and metamorphic fluids, after Sheppard
(1986), or are slightly displaced from the magmatic water box (Fig. 3.16). This suggests that
the hydrothermal fluid originated from a magmatic and/or deep—seated metamorphic source,
which is also consistent with fluid composition of those related to Precambrian orogenic gold
deposits (Fig. 3.16).
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The calculated fluid §'°0 value of +8.8%o for the c. 2068 Ma monzogranite (Table
3.2) located in the northern part of the Serra das Pipocas greenstone belt (Fig. 3.2), suggest
that it could be a possible candidate for the source of ore—forming fluids (magmatic—
hydrothermal fluid). However, the fluid 880 = +8.8%o value of the monzogranite is slightly
lower than the average fluid 620 = +9.4%o value of the analyzed samples ranging from +8.3
to +11.0%0 (n=59) (Table 3.2). The calculated fluid 8*°0 values for muscovites from S—type
granite, which is intruded in the Serra das Pipocas greenstone belt (Fig. 3.2), yields two
similar values of 11.7%o, which are higher than the range of fluid 'O values in equilibrium
with the hydrothermal minerals (Table 3.2) (Fig. 3.16). The S—type granite perhaps represents
partial melting of the greenstone metasedimentary rocks at greater depth, inheriting the high
880 value from the metasedimentary source. This also implicates that none of the **O-rich
S—type granite and/or metasedimentary rocks of the greenstone pile may solely represent the
source of the ore—forming fluid (Fig. 3.16). More likely, the calculated fluid 5'®0 values for
metamorphic hornblende from two garnet-amphibolite samples of the Serra das Pipocas
greenstone belt yielded values of +10.0 and +10.4%o, which is in the range of calculated fluid
880 values related to the Pedra Branca gold deposit (Table 3.2) (Fig. 3.16). This could
suggest that the amphibolites (after mafic metavolcanic rocks) may represent a potential
source of the ore—forming fluid, as some of it went through a devolatization process at greater
depths in the greenstone pile (e.g. Phillips and Powell, 2010). However, fluid 50 values of
+10.0 and +10.4%0 for hornblende of the metamorphic amphibolites cannot alone explain
some low fluid 80 values (down to +8.3%0) of the calculated ore—related hydrothermal
minerals (Table 3.2) (Fig. 3.16).

Calculated 8D values of the hydrothermal ore—forming fluid vary more than the
calculated fluid 80 values, especially the fluid 6D values from the analyzed fluid inclusions
from quartz veins (e.g. down to -93%o) (Table 3.2) (Fig. 3.16). However, bulk extraction of
fluid inclusions from quartz veins has to be carefully interpreted (e.g. Goldfarb and Groves,
2015). According to these authors, several low fluid 6D values obtained by analyzing bulk
extraction of fluid inclusions are due to late generations of secondary inclusions, trapping
meteoric water unrelated to gold deposition. Thus, the lowest fluid 8D value of -93%o
obtained for sample FQ-10 (quartz vein) of this study (Table 3.2) (Fig. 3.16), may be due to
late secondary aqueous inclusions in this sample. However, large 6D variations can also be
produced during fluid immiscibility (Kerrich 1987; Taylor 1997), by changes in the oxygen
fugacity of the fluid at the depositional site (Colvine et al. 1988) and/or postentrapment
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modification in fluid inclusions (selective water leakage), causing H, difusion (Klein et al.,
2006).

Therefore, based only on oxygen and hydrogen isotopes, we suggest that the most
likely evolution of the ore—forming fluid in the Pedra Branca gold deposit, may be related to a
magmatic—hydrothermal fluid (e.g. ~2068 Ma granite magmatism with fluid 5'°0 = +8.8%o),
that interacted with **O-rich metavolcano—sedimentary rocks of the greenstone pile (e.g. fluid
820 from amphibolites = +10.0 and +10.4%o). In addition, preliminary constraints on the age
of gold mineralization in 2029 + 28 Ma (U-Pb titanite age) (Costa et al., submitted), also
corroborate with the link to the ~2090-2030 Ma post—collisional granite magmatism,
associating gold mineralization to the end of Paleoproterozoic crustal evolution of the Troia

Massif (e.g. Costa et al., 2018).
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120

3.7.5.2. Carbonate and graphite isotopic signature

Since CO,-rich fluid is a common characteristic of hydrothermal gold deposits (e.g.
orogenic gold), several studies on stable carbon and/or oxygen isotopes have been presented
for hydrothermal carbonates and/or fluid inclusions to infer the possible sources for CO; in
hydrothermal fluids (e.g. Kerrich and Fyfe, 1981; Burrows et al. 1986; Groves and Phillips,
1987; Groves et al., 1988; Santosh et al., 1995; McCuaig and Kerrich, 1998; Knight et al.,
2000; Klein et al. 2006; Sun et al., 2009; Sarangi et al., 2012; Liders et al., 2015; Swain et al.,
2015; 2018). Among these authors, interpretations are generally in favor of a mantle and/or
magmatic origin for CO, (Burrows et al. 1986; Groves et al., 1988; Santosh et al., 1995; Sun
et al., 2009; Sarangi et al., 2012; Swain et al., 2015; 2018), or in favor of the metamorphic
model, in which CO, derives from dehydration of mafic metavolcanic rocks and/or
decarbonation of metasedimentary carbonaceous rocks (Kerrich and Fyfe, 1981; Groves and
Phillips, 1987; Luders et al., 2015). However, the interaction of mantle and/or magmatic—
derived fluids with supracrustal rocks and/or metamorphic fluids has also been proposed for
the origin of CO; in orogenic gold deposits (McCuaig and Kerrich 1998; Kinght et al., 2000;
Klein et al., 2006).

The hydrothermal carbonates (calcite) of the Pedra Branca gold have 8'°C values from
-6.3 10 -9.4%o and 520 values from +10.1 to +10.7%. (Table 3.2). This indicates composition
near the carbonatite field of Taylor et al. (1967) (Fig. 3.17), and, is therefore, compatible with
a magmatic fluid and/or mantle—derived fluid signature (e.g., Burrows et al., 1986; Groves et
al., 1988). The calculated 'O composition of the fluid in equilibrium with the analyzed
carbonates range from 9.1 to 10.8%o, which are in the range of the calculated fluid 8*°0 values
for other hydrothermal minerals of the Pedra Branca gold deposit (Table 3.2). Thus, similar
interpretation for the increase of 820 values in an originally derived magmatic fluid by fluid—
rock interaction in the greenstone pile (e.g. *O—enriched metasedimentary rocks), may also
be applied for the oxygen isotope composition of the analyzed carbonates. Similarly, the s1C
values (-6.3 t0 -9.4%o) from the analyzed carbonates may also represent an originally derived
magmatic fluid (613C ~ -5.0%o; Burrows et al., 1986), that underwent fluid—rock interaction in
the greenstone pile (e.g. **C—depleted metasedimentary rocks). In addition, graphite separates
from metasedimentary rocks (graphitic—schist) of the Serra das Pipocas greenstone sequence
yields 8"°C values of -22.7 and -27.1%. (Table 3.2), which is consistent with an organic

carbon source (Hoefs, 2009).
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Fig. 3.17. Carbon and oxygen isotope composition for hydrothermal calcites from the Pedra Branca
gold deposit. Fields for igneous carbonatites from Taylor et al. (1967) Marine carbonates from Veizer
and Hoefs (1976) and sedimentary organic matter from Hoefs (2009).

So far, a magmatic-hydrothermal fluid that interacted with '*C—depleted
metasedimentary rocks of the greenstone pile may be a plausible interpretation for the
observed 5'°C values of the analyzed carbonates from the Pedra Branca gold deposit, as
similarly interpreted for other hydrothermal gold deposits (e.g. Klein et al., 2006; Marshall et
al., 2006). For example, according to Klein et al. (2006), in the Serrinha gold deposit of the
Gurupi Belt, Brazil, the 8*3C values in vein carbonates vary from -14.2 to -15.7%o, and is -
23.6%o in graphite of the host rocks, suggesting a contribution of organic carbon to fluids that

were originally rich in *C (e.g. magmatic fluid and/or mantle—derived).

3.7.6. Hypozonal orogenic gold deposits and commonly associated fluids

The calculated values for pressure and temperature taken from fluid inclusion density
and isotopic thermometry for the Pedra Branca gold mineralization give a possible range of
PT conditions for the gold mineralization from 467 °C and 1.93 kbar (c. 7 km) to 526 °C and
3.48 kbar (c. 13 km) (Fig. 3.14). This is fairly compatible with the compiled PT data for
hypozonal orogenic gold deposits, mainly between c. 500-700°C and 2—7 kbar, while the
mesozonal orogenic gold deposits exhibits temperatures and pressures lower than 400°C and

2.5 kbar, respectively (e.g. Kolb et al., 2015 and references therein).
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However, many gold deposits in high—grade metamorphic rocks can be explained by
mineralization at greenschist facies conditions, wich is subsequently metamorphosed to mid—
amphibolite (e.g., Hemlo, Tomkins et al., 2004; Big Bell, Phillips and Powell, 2009) or
granulite facies (Challenger, Tomkins and Mavrogenes, 2002; Griffins Find, Tomkins and
Grundy, 2009). Therefore, the recognition of texture diagnostics of ore mineral assemblage
melting and deformation of the studied deposit is crucial for interpreting it as a hypozonal
type, or an overprinted mesozonal deposit (e.g. Tomkins and Mavrogenes, 2002; Tomkins et
al.,, 2004). For example, inclusion of gold or gold-bearing sulfide minerals in peak
metamorphic minerals (particularly K-feldspar and garnet) may be diagnostic of a mesozonal
gold mineralization overprinted by high—grade regional metamorphism (e.g. Tomkins and
Mavrogenes, 2002; Tomkins et al., 2004). In the Pedra Branca gold deposit, none of these
features have been recognized, and the documented albitization and calc-silicate alteration are
more likely to represent processes of the hypozonal hydrothermal gold mineralization.

The “skarn—type”, diopside—bearing calc—silicate hydrothermal alteration (Fig. 3.3), is
developed in many examples of hypozonal orogenic gold deposits, and commonly associated
with the emplacement of granites, late in the regional metamorphic evolution (Mueller and
Groves, 1991; Bucci et al., 2002; Wulff et al., 2010; Mueller et al., 2004; Doublier et al.,
2014). Because of the deep crustal origin of hypozonal gold mineralization, anatectic melts
are coeval and spatially related to many of these high—temperature mineralizations, and form
an integral part of the terrane deformation, metamorphism and mineralization (e.g. Bucci et
al., 2002; Ootes et al., 2011; Biczok et al., 2012; Doublier et al., 2014; Kolb et al., 2015). So
far, the magmatic fluid source of some hypozonal gold deposits is commonly associated to
crustal—derived granites (e.g. Knight et al., 2000; Krienitz et al., 2008; Biczok et al., 2012;
Rogers et al., 2013; Doublier et al., 2014; Sahoo et al., 2018). For example, in the Hutti and
Hira—Buddini orogenic gold deposits of southern India, gold precipitation at ¢. 530°C and 3 to
4 kbar is interpreted to be related to magmatic fluid derived from the Yellagatti and Kavital
granites, that later underwent fluid—rock interaction in the greenstone pile (Krienitz et al.,
2008; Rogers et al., 2013; Sahoo et al., 2018).

Therefore, as discussed in the above examples, and as highlighted by Kolb et al.
(2015), the formation of hypozonal gold deposits occur in dynamic settings involving a
complex tectono—metamorphic and magmatic evolution in a given orogeny, where fluids may
derive from both metamorphism and contemporaneous magmatism. The wide spread of
granitic melts present late in the orogeny evolution (e.g. “late granite bloom”) release fluids

that mix with the metamorphic fluids, as generally interpreted for many hypozonal orogenic



123

gold mineralizations (Mueller et al., 2004; Krienitz et al., 2008; Mueller et al., 2008; Rogers
et al., 2013; Doublier et al., 2014; Kolb et al., 2015; Sahoo et al., 2018).

3.7.7. Orogenic oxidized intrusion—related systems

Magnetite—bearing calc-silicate hydrothermal alteration and/or albitization, as
reported here for the Pedra Branca gold deposit, has been recognized in other hydrothermal
gold deposits within Precambrian greenstone belts, such those of the Eastern Goldfields,
Yilgarn Craton, Western Australia (e.g. Bucci et al., 2002; Salier et al., 2004; Mueller et al.,
2008; Neumayr et al., 2008; Evans, 2010; Mueller et al., 2012; Jowett et al. 2014; Witt et al.,
2015; 2018). However, this magnetite—bearing alteration is mineralogically unusual for a
typical orogenic gold deposit (e.g. Eilu et al., 1991; Eilu and Mikucki, 1998). Many authors
interpret that magnetite within these lode—gold deposits derives from oxidized magmatic—
hydrothermal fluids (e.g. Bucci et al., 2002; Salier et al., 2004; Mueller et al., 2008; Neumayr
et al., 2008; Mueller et al., 2012; Jowett et al. 2014; Witt et al., 2015; 2018). However, Evans
(2010) interpreted that strong oxidation by fluid—rock interaction may generate abundant
magnetite in the deposit site, without any need for an external oxidizing fluid. For these
magnetite—bearing deposit types, Witt et al. (2015) placed them within the “proximal
intrusion—related” subclass of orogenic gold deposits, which is characterized by proximal
biotite and/or amphibole alteration associated with hydrothermal magnetite. These gold
deposits have generally a close temporal-spatial association with mantle—derived syenitic
intrusions (Mueller et al., 2008; Witt et al., 2018) or crustal-derived granites (Jowett et al.
2014). Many of these deposits contain proximal albite—rich alteration, in which gold is
associated with disseminated pyrite/magnetite in albite-rich host rocks (Witt et al., 2015;
2018). This is very similar to the features found in the gold—mineralized albitites of the
Queimadas area (Fig. 3.8), in association with gold-bearing amphibole-biotite—pyrite—
magnetite calc—silicate (or “skarn—type”) alteration (Fig. 3.3 and 3.4).

In the Pedra Branca gold deposit, free—milling gold is generally associated to
magnetite (Fig. 3.8) and tellurides (Fig. 3, 4, 8 and 9). The main tellurides found in the Pedra
Branca gold deposit are hessite (Ag.Te), altaite (PbTe), sylvanite (AgAu)Te,), calaverite
(AuTe,) and tellurobismuthite (Bi,Tes) (Fig. 3, 4, 8 and 9). The association of gold with
telluride minerals in hydrothermal gold deposits is generally interpreted as derivation from an
oxidized fluid source of magmatic-hydrothermal origin (e.g. Bucci et al., 2002; Grundler et
al., 2013; Jowett et al. 2014; Xu and Campbell, 2015; Zhou et al., 2018; Spence—Jones et al.,

2018). Several hydrothermal gold deposits have been genetically linked to oxidized magmatic



124

intrusions, such as those examples described in the Archean Abitibi greenstone belts in
Canada (e.g. Robert et al., 2001; Beakhouse, 2007; 2011; Helt et al., 2014; Bigot and Jébrak,
2015; Fayol and Jébrak, 2017) and the aforementioned Eastern Goldfields in Western
Australia (e.g. Mueller et al., 2008; 2012; Witt et al., 2015; 2018). As highlighted by Witt et
al. (2015; 2018), it is important to recognize that these intrusion—related deposits discussed
here, are associated with oxidized, alkali-rich intrusions, and are therefore distinct from
intrusion—related gold systems associated with reduced intrusions (e.g. Lang and Baker, 2001;
Hart, 2007). In addition, as also commented by Witt et al. (2015), these oxidized intrusion—
related gold deposits are mostly connected with late orogenic granitoids, so they may be

termed as “orogenic oxidized intrusion—related gold systems”.

3.7.8. Gold mineralization and post—collisional magmatism

The 2029 + 27 Ma U-Pb titanite age of gold mineralization in the Pedra Branca deposit
(Costa et al., submitted), places it in the final setting of Paleoproterozoic crustal evolution of
the country rocks. The age of gold mineralization is very close (within error) to the ages of
2068 + 5 and 2079 + 4 Ma potassic magmatism of the Bananeira suite (Costa et al., 2018), to
the c. 2100 Ma Boa Viagem mafic—ultramafic intrusion (Almeida, 2014), the 2100-2070 Ma
S—type granitoids (Pessoa et al., 1986; Garcia et al., 2014), the c¢. 2040 Ma for metamorphic
zircon overgrowth in detrital zircons from high—grade paragneiss of the Jaguaretama complex
(Calado et al., 2018), the 2046 + 12 Ma leucosome age from migmatite (Gomes, 2013) and
the 2036 + 28 Ma PGE-bearing chromitite of the Troia Massif (Costa et al., 2014b). This
clearly relates the gold mineralization to the late tectonic evolution of the Rhyacian granite—
greenstone terranes of the Troia Massif, similarly as proposed for many Paleoproterozoic
greenstone belts of the surrounding cratonic domains, such as the Sdo Francisco craton (e.g.
Rio Itapicuru greenstone belt, gold mineralization at c. 2080-2050 Ma, Mello et al., 2006),
Guiana shield (Omai area, gold mineralization at c. 2002-2094 Ma, Norcross et al., 2000),
Sao Luis craton (Caxias and Piaba deposit, gold mineralization at c. 2009-1990 Ma, Klein et
al., 2014) and West Africa craton (e.g. Wassa deposit at 2055 + 18 Ma and Obuasi at 2045 *
40 Ma, Mignot et al., 2017).

The evidence for high—grade metamorphism and the contemporaneity of crustal- and
mantle—derived magmas during the Paleoproterozoic evolution of the Troia Massif is typical
of post—collisional setting (e.g. Liégeois et al., 1998; Bonin, 2004). Mantle— and crust—derived
magmatism in a post—collisional setting is generally attributed to slab breakoff (Liégeois and
Black, 1987; Davies and von Blanckenburg, 1995; Atherton and Ghani, 2002) or large scale
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continental lithospheric delamination (e.g. Kay and Mahlburg Kay, 1993; Rey et al., 2001,
Liégeois et al., 2003, 2013). For both of these geodynamic processes, asthenosphere
upwelling is thought to be an important mechanism for heat transfer to continental crust,
resulting in partial melting of the lower and middle crustal sources (e.g. Liégeois, 1998;
Atherton and Ghani, 2002). In addition, this mantle—crust lithospheric interaction has been
proposed to be the first—order parameter controlling the formation of orogenic gold deposits
(Bierlein et al., 2006; 2009). For example, according to Eglinger et al. (2017), at the western
subprovince of the Baoulé-Mossi, West—Africa craton, the late potassic magmatism bloom
that occurs between c. 2.10 and 2.08 Ga is interpreted as a critical magmatic event, even
driving large—scale fluid and metal migration to the crust. Therefore, a genetic link with post—
collisional magmatism may be inferred for the Pedra Branca gold deposit, as similarly
interpreted to many 2.10 to 2.07 Ga orogenic gold deposits in the West-Africa craton (e.g.
Eglinger et al., 2017), in the Archean greenstone belts of the Eastern Goldfields (e.g. Blewett
et al., 2010; Davis et al., 2010), in the Abitibi greenstone belts (e.g. Lin and Beakhouse, 2013)
and also Phanerozoic orogenic gold deposits elsewhere (e.g. Zhang et al., 2017; Spence—Jones
etal., 2018).

3.7.9. Genetic model

Several factors indicate that the Pedra Branca gold deposit fits into the proposed
classification of Groves et al. (1998) for orogenic gold deposits. These factors include: (1)
gold mineralization occurs associated with structurally controlled quartz veins; (2) it is
associated with regional Archean—Paleoproterozoic terrane boundary (trans—crustal shear
zone), and locally associated to second order shear zones in the greenstone pile (Fig. 3.1B and
2); (3) it is an epigenetic greenstone-hosted gold mineralization; (4) the c. 2029 + 27 Ma U-
Pb titanite age of gold mineralization places it in the final setting of the Rhyacian orogeny,
slightly later than metamorphic peak and syn— to post—collisional magmatism (Costa et al.,
submitted); (5) the mineralizing fluid is characterized as low-salinity (0 to 8 wt% NaCl
equiv.) and H,O-CO,+CHy, in composition; and (6) the hydrothermal mineral assemblages are
in equilibrium (pressure and temperature) with the host mid—-amphibolite facies metamorphic
rocks.

However, within the crustal continuum of orogenic gold classification (Groves et al.,
1993), the PT conditions performed by isochore intersection with calculated temperatures
from the quartz—magnetite isotope pair (Fig. 3.14), evidence that the Pedra Branca gold

deposit may be classified as an hypozonal orogenic gold deposit. As discussed here, in these
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type of orogenic gold deposits, a contribution of deep—seated magmatic—hydrothermal fluid is
commonly ascribed to their ore genesis (e.g. Knight et al., 2000; Krienitz et al., 2008; Biczok
et al., 2012; Rogers et al., 2013; Doublier et al., 2014). In addition, the occurrence of
magnetite—bearing hydrothermal assemblage and the association of free—milling gold with
telluride minerals, also suggests a connection of the Pedra Branca gold deposit with
magmatic—hydrothermal fluid, such as interpreted for those “orogenic oxidized intrusion—
related gold systems”, existent at the Abitibi (e.g. Helt et al., 2014) and Eastern Goldfield
(e.g. Witt et al., 2018) greenstone belts.

Based on the stable isotopes (O, H, C) presented in this work (Table 3.2), a plausible
interpretation, is that the hydrothermal minerals associated with gold mineralization in the
Pedra Branca gold deposit, derived from a magmatic-hydrothermal fluid that interacted with
the metavolcano—sedimentary rocks of the Serra das Pipocas greenstone belt. This might
explain some high 50 values (e.g. quartz 820 values ranging from +10.5 to +12.4%o, n=18)
(Table 3.2), in which an ore—forming fluid of magmatic—hydrothermal origin (e.g. ~2068 Ma
granite magmatism with fluid 80 = +8.8%., Table 3.2), interacted with '*O-rich
metavolcano—sedimentary rocks of the greenstone pile (e.g. fluid 50 from amphibolites =
+10.0 and +10.4%., Table 3.2). In addition, 0 values of gold—associated magnetite from
the Pedra Branca gold deposit range between +1.0 to +2.4%0 (n=8) (Table 3.2), which are
typical of “ortho—magmatic” magnetite (Fig. 3.15), and the hydrothermal carbonates yields a
8"C and 80 composition that plots near the carbonatite field of Taylor et al. (1967) (Fig.
3.17), and, therefore, is compatible with a magmatic fluid and/or mantle-derived fluid

signature.

3.8. Conclusions
Based on the petrographic relationships, fluid inclusion and stable isotopes (O, C, H)
presented here for the Pedra Branca gold deposit, we summarize below the main conclusions.
(1) The main gold mineralization is found in association with quartz veins, calc—silicate
alteration (e.g. diopside, hornblende, biotite, and titanite) and abitization.
(2) Pyrrhotite is commonly found as inclusions in pyrite, and late magnetite substitutes
pyrite, suggesting progressive oxidation of the ore—forming fluid.
(3) Free—milling gold commonly precipitates at the late stages of alteration, in close
association with magnetite and tellurides.
(4) Two fluid inclusion assemblages were identified from quartz veins. Assemblage 1 is

characterized by the coexistence of CO,—rich (Type-I) and low salinity (0 to 8 wt%
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NaCl equiv.) CO,—H,O-NaCl (Type-Il) and H,O-NaCl (Type-Ill) inclusions,
suggesting formation during phase separation. Assemblage 2 is represented by late
secondary low—temperature (Th<200°C) H,O-NaCl inclusions (Type-1V), probably

unrelated to gold mineralization.

(5) Oxygen isotope thermometry for quartz—magnetite pairs gave temperatures from 467

to 526°C, which probably represents the approximated temperature of gold deposition,
as gold is generally associated to magnetite in the ore mineral assemblage. However,
higher temperatures were obtained from quartz—hornblende thermometer, suggesting

that fluid evolution underwent high temperatures during its early stages.

(6) The possible range of PT conditions for the gold mineralization from 467 °C and 1.93

kbar (c. 7 km) to 526 °C and 3.48 kbar (c. 13 km) was obtained from the intersection
of the isochores of Type-Ill inclusions with the temperature range from quartz—
magnetite isotopic geothermometer. This range of PT conditions is akin to hypozonal

orogenic gold deposits.

(7) The 80, 8D and 5™C values of hydrothermal minerals (quartz, calcite, biotite,

hornblende and magnetite) and fluid inclusions are compatible with a magmatic—
hydrothermal ore—forming fluid that underwent fluid—rock interaction with the
greenstone pile.

(8) The association of gold with magnetite and tellurides strongly suggests an ore—

forming fluid sourced by oxidized magmas, similar to those interpreted as “orogenic

oxidized intrusion—related gold deposits” in other Precambrian greenstone belts (e.g.
Abitibi and Eastern Goldfields).
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Abstract

The hypozonal orogenic Pedra Branca gold deposit is located in the Troia Massif, an
Archean/Paleoproterozoic inlier within the Neoproterozoic Borborema Province, NE Brazil,
and hosted by the amphibolite facies Paleoproterozoic Serra das Pipocas greenstone belt. Ore
bodies are located near parallel to the stratigraphy, siting on shear zones established at
metavolcanic and metasedimentary boundary. Four deformation events are recognized: (1) Dn
was responsible for the early Sn foliation, parallel to the greenstone bedding (So). (2) Dn+1 is
characterized by a pervasive, southeasterly—dipping Sn+1 foliation that is axial-planar to a
number of asymmetric, tight to isoclinal and recumbent folds. (3) Dn+2 represents a strike—
slip deformation phase, and (4) the late Dn+3 event is characterized by ductile-brittle
deformation. The main stage of gold mineralization comprises deformed quartz veins and
associated high—temperature calc-silicate alteration (diopside, amphibole, titanite) and
albitization of the host rocks, and is associated to Dn. Lower temperature gold (£ Te, AQ)
occurs along late stage brittle structures (Dn+3). The U—Pb titanite age of 2029 + 28 Ma for
the calc-silicate alteration (and gold mineralization) of the Pedra Branca gold deposit is
similar to the age of many Transamazonian/Eburnean gold mineralizations elsewhere.
However, the strong Pb loss of titanite grains defines a 574 + 7 Ma lower intercept age,
indicating that early gold mineralization was affected (remobilization?) by Neoproterozoic
deformational events and metamorphism (Brasiliano/Pan—African orogeny). This is in line
with the U-Pb zircon age of 575 + 3 Ma obtained for the syn—tectonic Guaribas diques, which
bracketed the age of Dn+3. Dn+1, Dn+2 and Dn+3 are of Neoproterozoic age, with the
maximum compressive stress in the WNW-ESE direction. Locally, the Paleoproterozoic Dn
is still preserved. The two-stage gold mineralization at Pedra Branca is here interpreted as
product of crustal exhumation, with (1) early hypozonal orogenic gold mineralization
occurring shortly after the high—grade Paleoproterozoic metamorphism and first exhumation
processes of the greenstone pile; and (2) late gold mineralization occurring at shallow levels
(second exhumation process), associated to the Neoproterozoic Brasiliano/Pan—African
orogeny.

Keywords

Hypozonal, Orogenic, Gold, Structural, Rework, Remobilization
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4.1. Introduction

Craton margins are one of the most dynamic geological settings on the planet, and also
the site of major lithospheric discontinuities, which can become mineralizing corridors that
transfer elements (by fluid/melt) from mantle depths to shallow crustal levels (Hronsky et al.,
2012, Groves and Santosh, 2015; Tassara et al., 2017; Li and Santosh, 2017; Groves et al.,
2018). Also, in cratonic margins, many Archean to early Paleoproterozoic granite—greenstone
terranes hosting orogenic gold mineralizations have been reworked by younger orogenies,
which brought new complexities to unravel the structural control and timing of gold
mineralization at these locations (Perring and McNaughton, 1990; McMillan, 1996; Fortes et
al., 1997; Queiroz et al., 2000; Vielreicher et al., 2002; Jost et al., 2010; Morelli et al., 2010;
Gazley, 2011; Duclaux et al., 2012; Larionova et al., 2013; Molnar et al., 2016; Gazley et al.,
2016; Martins et al., 2016; Zhang et al., 2018).

Surrounding the Borborema Province, in northeastern Brazil, Rhyacian granite—
greenstone terranes are a very conspicuous feature of many cratonic domains (Fig. 4.1),
including the Birimian/Transamazonian granite-greenstone terranes of Sdo Luis-West African
craton (Liégeois et al., 1991; Feybesse et al. 2006; Klein and Moura, 2008; Klein et al., 2012;
Block et al., 2016; Petersson et al., 2016, 2017) and correlated terranes of the Guyana Shield
(Amazon craton) (Vanderhaeghe et al., 1998; Delor et al., 2003; Rosa-Costa et al., 2006;
McReath and Faraco, 2006) and northern S&o Francisco craton (Silva et al., 2001; Costa et al.,
2011; Oliveira et al., 2011) (Fig. 4.1). In addition, orogenic gold mineralizations are also a
very common characteristic for all of the above mentioned Rhyacian metavolcano—
sedimentary sequences, and related to the late episodes of the 2.2-2.0 Ga
Transamazonian/Eburnean orogeny (Mello et al., 2006; Silva et al., 2001; Voicu et al., 2001;
McReath and Faraco, 2006; Daoust et al., 2011; Béziat et al., 2008; Hammond et al., 2011,
Klein, 2014; Klein et al., 2014; 2015; Mignot et al., 2017).

However, at the craton margins, some of these Transamazonian/Eburnean orogenic
gold deposits and associated Paleoproterozoic granite—greenstone terranes were tectonically
reworked during the 620-580 Ma Brasiliano/Pan—African orogeny, such as the Goias Massif
in the Brasilia belt (Queiroz et al., 2000; Fortes et al., 1997; 2003; Jost et al., 2010), and the
Gurupi belt (Klein et al., 2005; 2006) (Fig. 4.1). Similarly, Paleoproterozoic greenstone belts
hosting gold mineralization have been recognized in the Troia Massif, an
Archean/Paleoproterozoic basement inlier of the Neoproterozoic Borborema Province (Fig.
4.1). However, besides private company reports, only a few literature information is available

about this newly discovered gold mineralization (Lopez, 2012; Costa et al., 2016; Naleto et
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al., 2016; 2018; Costa et al., submitted). Gold mineralization in the Serra das Pipocas
greenstone belt (Pedra Branca gold deposit) is associated to structurally—controlled quartz
veins and high—temperature hydrothermal assemblage (diopside, hornblende, titanite, and
biotite), suggesting that the Pedra Branca is probably a hypozonal orogenic gold deposit
(Costa et al., 2016).

In this work, we present the stratigraphic and structural framework of the Serra das
Pipocas greenstone belt, which hosts the Pedra Branca deposit, based on field and airborne
geophysical data, along with U-Pb titanite and zircon ages constraints on the timing of gold
mineralization, deformation and metamorphism. The results suggests that early hypozonal
orogenic gold mineralization is of Paleoproterozoic age, but underwent later overprint by the
Neoproterozoic Brasiliano/Pan—African orogeny, and provide an ideal opportunity to study
the effects of subsequent orogenies and hydrothermal activity on a pre—existing orogenic gold

deposit hosted by amphibolite facies greenstone belt.
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Fig. 4.1. Schematic cartoon (not to scale) of pre—Mesozoic drift reconstruction of parts of Africa and
South America showing the major cratonic domains, Paleoproterozoic greenstone belts and Pan-
African/Brasiliano provinces (modified from Trompette, 1994). (BP= Borborema Province; PB=
Parnaiba block; SF= Sao Francisco, SL= S&o Luis craton, RIGB= Rio Itapicuru greenstone belt and

SPSZ= Senador Pompeu shear zone).
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4.2. Regional geology

4.2.1. Northern Borborema Province and its basement inliers

The Borborema Province represents a Neoproterozoic mobile belt related to the
agglutination between the S&o Luis—West African and S&o Francisco—Congo cratons around
600 Ma, during the Pan—African/Brasiliano orogenic event, related to the amalgamation of the
West-Gondwana supercontinent (Almeida et al., 1981) (Fig. 4.2A). This geotectonic unit has
as its main structural features an extensive transcurrent shear zone network, associated with
several intrusion of 590-530 Ma—old, syn— to late—tectonic plutonism (Caby and Arthaud,
1986; Vauchez et al., 1995; Monié et al., 1997; Fetter, 1999; Nogueira, 2004; Arthaud et al.,
2008; Aradujo et al., 2012; Costa et al., 2013; Amaral et al., 2012; Garcia et al., 2014; Santos et
al., 2015). The northern Borborema Province, bounded to the south by the Patos shear zone
(or lineament), has been divided into three main crustal blocks: Médio Coreau, Cearé Central,
and Rio Grande do Norte (Van Schmus et al., 2008) (Fig. 4.2B). The Médio Coreau and
Ceara Central domains are divided by the Sobral-Pedro Il shear zone (or Transbrasiliano
Lineament) and the limit between the Ceara Central and Rio Grande do Norte (and/or
Jaguaribe) domains is marked to the east by the Senador Pompeu shear zone (Brito Neves et
al., 2000; Oliveira, 2008; Padilha et al., 2017; Oliveira and Mederios, 2018). According to
Padilha et al., (2017), magnetotelluric data collected along the northern Borborema Province
revealed that the limits of these blocks are compatible with high conductivity anomalies in the
crust and upper mantle, interpreted as suture zones correlated to their Neoproterozoic collage.
However, according to Neves (2003; 2015), these regional-scale structures are mostly
reactivations of older Paleoproterozoic shear zones, and the lack of evidence for vast
Neoproterozoic oceans suggests that the Neoproterozoic metamorphism and deformation in
the whole Borborema Province may be the product of an intra—continental orogeny.

For the northern Borborema Province, basement rocks are mostly of Paleoproterozoic
ages (Fetter et al., 2000; Hollanda et al., 2011; Souza et al., 2016), but located Archean crustal
domains have also been indentified (Fig. 4.1 and 4.2B). Three main Archean nuclei have been
identified in northern Borborema Province, corresponding to: (1) Neoarchean (2.8-2.7 Ga)
TTG gneisses of Troia Massif in the Ceara Central Domain (Fetter, 1999; Silva et al., 2002;
Ganade et al., 2017); (2) the 3.2 to 2.5 Ga Granjeiro complex (Silva et al., 1997; Freimann,
2014; Hollanda et al., 2015); and (3) the 3.4 to 2.7 Ga Séo José do Campestre Massif,
cropping out in the northeastern portion of the Rio Grande do Norte Domain (Dantas et al.,
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2004, 2013). More recently, Archean rocks have also been identified in the Central
Borborema Province (2.6 Ga Riacho das Lages suite) (Santos et al., 2017). Mostly, these
Archean fragments are enveloped by Rhyacian granite—gneissic domains and associated
metavolcano—sedimentary sequences (Fetter et al., 2000; Dantas et al., 2004; Souza et al.,
2007; Hollanda et al., 2011; Costa et al., 2015; Souza et al., 2016). For more details of the
northern Borborema Province geology and its correlation with the African counterpart, see
Arthaud et al. (2008) and Santos et al. (2008).

4.2.2. Troia Massif and its Paleoproterozoic greenstone belts

The Archean—Paleoproterozoic basement rocks in the Ceara Central Domain were
originally named Troia Massif (Brito Neves, 1975), and as Cruzeta complex by Oliveira and
Cavalcante (1993) (Fig. 4.2B and C). U-Pb TIMS zircon ages obtained by Fetter (1999)
confirmed its 2.8-2.7Ga Archean age. The southeastern limit of this Archean domain is
sharply defined by the Senador Pompeu shear zone (Fig. 4.2B and C), whereas the northern
and western limits are less clear, and have been inferred on the basis of geochronological data
and airborne gamma-spectrometry (Pinéo and Costa, 2013). According to Fetter (1999), the
Troia Massif can be divided into two distinct crustal blocks: (i) Pedra Branca and (ii)
Mombaga block, both with Neoarchean 2.8-2.7 Ga U-Pb TIMS zircon ages, but differing in
their Sm—Nd isotopic signature. The Mombaga block has ENd(t) values ranging from -0.79 to
+2.73, and the Pedra Branca block yielded slightly more radiogenic values (juvenile) (-0.02 to
+2.48) (Fetter, 1999). According to Ganade et al. (2017), new SHRIMP U-Pb
geochronological data demonstrate that the Mombaca block (2793 £ 6 Ma) is older than the
grey gneisses of the Pedra Branca block (2698 + 8 Ma), as also suggested by Fetter (1999).
However, in the simplified regional-scale map of the Troia Massif, all the Neoarchean rocks
of the Troia Massif are represented by the Cruzeta complex (Fig. 4.2C). These Archean rocks
are mostly TTG orthogneisses and migmatites. The migmatites are mainly composed of
stromatic metatexites with main protolith represented by biotite gneiss of granodioritic
composition (Mombaca unit), and tonalitic to dioritic compositions (Pedra Branca unit)
(Ganade et al., 2017). The U-Pb (SHRIMP) age of 3270 £ 5 Ma was determined by Silva et
al. (2002) for a metatonalite of the Cruzeta complex. This age provides evidence that the
emplacement of the Mombaca and Pedra Branca TTGs occurred over pre—existing crust with
ages similar to those reported in the Sdo José do Campestre Massif (Dantas et al., 2004, 2013;
Souza et al., 2016).
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blocks are (1) Troia Massif, (2) Granjeiro Complex and (3) S&o Jose do Campestre Massif. (C)
Geological map of the Troia Massif (Modified from Costa et al., 2015).

Paleoproterozoic granitoids of the Troia Massif occur as intrusions into both Archean
rocks of the Cruzeta Complex and Paleoproterozoic greenstone belts (Fig. 4.2C). For
example, the Boa Viagem Complex is represented by tonalitic to granodioritic orthogneisses
with U-Pb (SHRIMP) zircon ages of 2150 + 29 Ma and 2124 + 35 Ma, and may probably
represent continental arc plutonism at the northern portion of the Cruzeta complex (Silva et
al., 2014) (Fig. 4.2C). The Séo José da Macaoca Complex, defined by Torres et al. (2007) to
the north of the Troia Massif, also represents a large portion of tonalitic to granodioritic
orthogneisses with similar U-Pb TIMS zircon ages of 2139 + 12 Ma (Castro, 2004) and 2130
+ 3 Ma (Fetter, 1999) (Fig. 4.2C). According to Costa et al. (2015), the 2139-2130 Ma
Macaoca orthogneisses have low-silica adakitic signature (mantle—related magmas), and were
probably associated to the accretion of the AlgodGes greenstone terrane to the north margin of
the Troia Massif. In this massif, two major metavolcano—sedimentary sequences have been
recognized as Paleoproterozoic greenstone belts, named Algoddes greenstone belt to the north
(Martins et al., 2009; Costa et al., 2015), and Troia greenstone belt (or Serra das Pipocas
greenstone belt) to the south (Pessoa and Archanjo, 1984; Pessoa et al., 1986; Costa et al.,
2014a, 2015; Sousa, 2016; Costa et al., 2018) (Fig. 4.2C).

4.2.2.1. Algodoes greenstone belt

The Algoddes greenstone belt occurs at the northern portion of the Troia Massif (Fig.
4.2C). This sequence comprises mainly amphibolites derived from metabasalts, fine—grained
leucocratic paragneisses, metagreywackes, meta—arkoses, rare metapelites, quartzites, meta—
andesites, meta—conglomerates, and calc-silicate rocks (Martins, 2000; Martins et al., 2009;
Costa, 2013). Amphibolites were dated at 2236 + 55 Ma (whole-rock Sm—Nd isochron; four
samples) (Martins et al., 2009) and share geochemical features akin to oceanic plateau and/or
back—arc basalts (Martins et al.,, 2009; Verma and Oliveira, 2014). They record upper
greenschist to lower amphibolite metamorphic conditions and lack migmatization (Martins,
2000; Costa, 2013). Structurally, the Algodbes greenstone belt shows penetrative regional
northeastward trending foliation dipping to SE (Martins, 2000; Costa, 2013). A LA-ICPMS
U-Pb zircon age of 2046 + 12 Ma obtained by Gomes (2013) for the leucosome of a
migmatitic (Macaoca) orthogneiss found close to the Algoddes sequence shows that regional

metamorphism is probably of Paleoproterozoic age. Based on Pb—Pb zircon ages, Sm-Nd
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isotopes, and whole—rock geochemistry, the 2190 to 2160 Ma Cipd tonalites, which intrude
the Algoddes greenstone belt, are thought to represent TTG-like (trondhjemite or high-silica
adakite) plutonic rocks that probably evolved in an intra—oceanic arc, to account for their
juvenile Nd signature (TDM model ages = 2.24 to 2.29 Ga and ENd(t) values = +0.29 to +1.9)
(Martins et al. 2009). For these plutonic rocks (Cipé tonalites), Costa et al. (2015) reported
LA-ICPMS U-Pb zircon ages of 2189 + 14 Ma and 2180 £ 15 Ma, and also suggested a pre—

collisional (arc—related) setting to these tonalites.

4.2.2.2. Serra das Pipocas greenstone belt

The first structural and lithological mapping in the central-west part of the Troia
Massif was presented by Pessoa and Archanjo (1984). According to these authors, thrust
tectonics was responsible for the allochthonous character of the metavolcano—sedimentary
sequences and related mafic—ultramafic metaplutonic rocks, overlying the gneiss—migmatitic
basement of the Troia Massif. Additional work, with Rb—Sr and K—Ar geochronological data,
evidenced that the Troia Massif exhibits a polycyclic character, with Archean and
Paleoproterozoic rocks, mostly presenting K—-Ar and Rb-Sr isotopic rejuvenating during the
Neoproterozoic (Brasiliano) orogenic cycle (Pessoa et al., 1986). These authors also
suggested that the thrust tectonics in the Troia Massif is Paleoproterozoic in age. However,
because of the lack of reliable isotopic results for the supracrustal sequences of the Serra das
Pipocas region, Pessoa et al. (1986) interpreted it as an Archean greenstone belt. Later on,
Fetter (1999) provided 2151 + 9 Ma a U-Pb zircon age for a metadacite layer close to the
Serra das Pipocas region, suggesting a minimum depositional (Paleoproterozoic) age for the
Serra das Pipocas granite—greenstone sequence, whilst the metamafic—ultramafic plutons and
associated greenstone belts of the central portion of the massif were still interpreted as of
Archean age. However, new U-Pb (in situ) zircon ages in metasedimentary and intrusive
rocks confirmed the Rhyacian age for the Serra das Pipocas metavolcano—sedimentary
sequence and related metamafic—ultramafic rocks in the Troia Massif (Costa et al., 2014a,
2014b; Sousa, 2016).

The Serra das Pipocas greenstone belt, in the central-west portion of the Troia Massif
(Fig. 4.2C) is composed of metabasalts (amphibolites), felsic to intermediate metavolcanic
rocks, metasedimentary rocks, metacherts, marbles, serpentinites, and associated S-type
leucogranite (i.e., Cedro suite), tonalitic (TTG-like) intrusions and mafic—ultramafic
metaplutonic rocks (Pessoa and Archanjo, 1984; Pessoa et al., 1986; Cavalcante et al., 2003;
Costa et al., 2014a; Sousa, 2016; Costa et al., 2018). According to Pessoa and Archanjo
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(1984), metabasalt with pillow—like structures was locally identified. Geochemistry of mafic
metavolcanic rocks shows transitional tholeiitic to calc—alkaline affinity and arc—related
signature, suggesting an arc/back—arc tectonic setting to this volcanism (Sousa, 2016). U-Pb
detrital zircon dating of a metagreywacke of the metavolcano—sedimentary sequence yielded a
younger age population around 2200 Ma and older (**’Pb/*°°Pb) ages of 3096 + 53 Ma, 3074
+ 55 Ma, 2608 + 54 and 2546 + 55 Ma, which indicates a mixture of Archean and Rhyacian
sources and a maximum depositional age of 2.2 Ga (Costa et al., 2014a). The presence of
Archean detrital zircon grains suggests an ensialic (or continental proximity) setting for part
of this granite—greenstone terrane (Costa et al.,, 2014a). The mafic and ultramafic
metaplutonic rocks are more abundant in the central Troia region (Fig. 4.2C), and are mainly
interpreted as fragmented layered bodies, well-known because of the platinum and palladium
mineralization in metachromitites (Pessoa and Archanjo, 1984; Angeli et al., 2009; Barrueto
and Hunt, 2010). A Sm-Nd isochron of 2060 Ma was obtained for this mafic—ultramafic
magmatism (Liégeois, unpublished data; cited by Fetter, 1999), recently attested by a U-Pb
(SHRIMP) zircon age of 2036 + 28 Ma obtained for a PGE—bearing metachromitite sample
(Costa et al., 2014b).

4.3. Methodology

U—Pb titanite dating was carried out at the isotope/geochemistry laboratory of the
Department of Geology, Federal University of Ouro Preto, Brazil. Gold-related titanites were
hand—piked from the calc-silicate alteration, after crushing a mineralized drill core sample.
Titanites were analyzed for U-Pb isotopes by Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICPMS). The LA-ICPMS analyzes were performed using a Thermo
Scientific Element Il and a 213 nm CETAC laser. The analyzes were performed on a
conventional polished epoxy mount, 100% free of common Pb. Acquisitions consisted of 20
seconds measurement of the gas blank, followed by 20 seconds measurement of U, Th, and
Pb signals during ablation, and 20 seconds washout. Laser conditions were 20 um beam at 10
Hz and 0.02 J energy, giving a fluency of 8 J/mm. Common Pb corrected isotopic ratios were
reduced using an Excel spreadsheet (Gerdes and Zeh 2006). Apparent age calculations and
Concordia diagrams were produced using Isoplot 3.7 (Ludwig, 2012). Two standards were
used during runs: the primary standard BLR (1049.9 £ 1.3 Ma; Aleinikoff et al. 2007) and the
secondary standard Khan titanite (522.2 = 2.2 Ma, Heaman 2009).

U-Pb zircon dating was carried at the Isotope Geology Laboratory of the Federal

University of Para, in Belém, Brazil. The U-Pb analyses were performed on zircon using a
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high-resolution Neptune Thermo Finnigan Multi—collector ICP—MS, equipped with a
Nd:YAG 213 nm LSX-213 G2 CETAC laser microprobe. The analytical procedures
followed, in general, the work of Chemale et al. (2012). Acquisitions consisted of
measurement of the gas blank, followed by 40 seconds measurement of U, Th, and Pb signals
during ablation. Laser conditions were 25 um beam at frequency rate of 10 Hz, energy of 45—
50 mJ/cm?. The instrumental mass discrimination was corrected by the analyses of zircon
reference material GJ-1 (Jackson et al., 2004) and 91500 (Wiedenbeck et al., 1995), which
ages are 608.5+ 1.5 Ma and 1065.4 + 0.3 Ma, respectively. Common lead (***Pb) interference
and background correction is normally carried out monitoring the “?Hg and */(Hg + Pb)
masses during analytical sessions and using a model Pb composition (Stacey and Kramers,
1975). Age calculations and U-Pb plots in Concordia diagrams were performed using the
software Isoplot 3.7 (Ludwig, 2012).

Magnetic and gamaspectrometric data from airborne geophysical survey was acquired
by the Geological Survey of Brazil. Survey parameters are: N-S line spacing of 500 m, E-W
tie-line spacing of 1000 m and an elevation of 100 m. Data processing was performed using
Oasis Montaj software developed by GEOSOFT. After cutting the area of interest and quality
analysis, the data were then interpolated using the Bi-Directional Gridding method, resulting
in regular grids of 125 x 125 m. A series of maps were produced by digital processing
methods of the geophysical grids, which include the generation of a total-field magnetic
anomaly, analytic signal, first vertical derivative and ternary composition (eU in blue, eTh in
green, K in red) of airborne gamma-ray spectrometric image. The total-field magnetic
anomaly map was processed according to Medeiros et al. (2011) and Spector and Grant
(1970) to quantify the depth of the top of different magnetics fonts. The topographic data was
obtained from the Shuttle Radar Topography Mission (SRTM), designed by NASA. Shaded—
relief image was generated from SRTM image of 30 meters in resolution, and using a 35°
solar illumination angle at azimuth angle of 0°. The data was processed using ArcMap™
software, in order to generate shaded relief images by changing the azimuth angle of the light
source. Landsat-8 image (217/64) (RGB-5, 6, 7 band composition) was also used in this

work.

4.4. Tectono-stratigraphy of the Serra das Pipocas greenstone belt
According to our recent mapping and reappraisal to this work, the Serra das Pipocas
greenstone belt represents the major metavolcano—sedimentary sequence in the central-west

portion of the Troia Massif (Fig. 2C and 3). This sequence is flanked on the east by granitoids
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of the Bananeria suite and basement rocks of the Archean Cruzeta complex. Neoproterozoic
micaschists of the Ceard complex flank the west boundary of the sequence. All metavolcano—
sedimentary sequences in the Troia Massif are found with similar lithologies of the Serra das
Pipocas greenstone belt (Algoddes greenstone belt, Fig. 4.2C). However, the effects of
deformation, such as folding and thrusting in the original stratigraphy of these sequences,
have probably caused local repetition and thickening of the greenstone sequence. In a
simplified way, we propose here, that the Serra das Pipocas greenstone belt may be divided
into two main tectono-stratigraphic units: (1) Lower unit, with predominance of mafic
metavolcanic and associated gabbroic rocks and (2) Upper unit, which consist mainly of
metasedimentary rocks. Latter, these units have been intruded by distinct pulses of plutonic
rocks and dikes (Fig. 4.3 and 4.4).

4.4.1. Lower unit (mafic/intermediate metavolcanic rocks)

Mafic metavolcanic rocks are the predominant rock type in the Lower unit of the Serra
das Pipocas sequence (Fig. 4.3 and 4.4) and are mainly represented by layers of amphibolites
and/or garnet-amphibolites associated with schists (metapelites) and metagraywackes.
Amphibolites occur parallel to the bedding of their host metasedimentary rocks, suggesting
that these volcanic rocks represent lava flows that extruded during sedimentation (Fig. 4.5A).
Locally, layers of meta—ultramafic rocks represented by talc—schists and actinolite—tremolite—
schists (metapicrites and/or metakomatiites) are also found in this sequence, as well as
intermediate (andesitic/dacitic) metatuffs, metacherts and banded iron formation alternated
with the amphibolites and metapelites. The U-Pb zircon ages presented by Sousa (2016) for
felsic metavolcanic rocks (metadacites) in the Serra das Pipocas greenstone belt vary from
2234 + 13 to 2156 + 45 Ma. According to Sousa (2016), the older age of 2234 + 13 Ma is for
a metadacite of the west part of the sequence, related to the mafic and ultramafic
metavolcanic rocks, while the younger ages were found at the Upper metasedimentary unit
(Fig. 4.3 and 4.4). Therefore, the metadacite age of 2234 + 13 Ma may bracket the minimum
age for the Lower unit (Sousa, 2016). Many gabbroic plutons are found within the Lower unit,
and may probably represent plutonic (or subvolcanic sill) equivalent of the mafic

metavolcanic rocks.
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Fig. 4.3. Geological map and schematic cross section of the study area with the location of the
mineralized areas from the Pedra Branca gold deposit (After Costa et al., 2018).
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Fig. 4.4. Simplified tectono-stratigraphic column of the Serra das Pipocas greenstone belt.

4.4.2. Upper unit (metasedimentary rocks)

The Upper unit of the Serra das Pipocas greenstone belt is mainly composed of
intercalated metagraywacke and mica schist (metapelites) layers. Mica schists comprise
biotite—muscovite schists (Fig. 4.5B), but higher metamorphic conditions are locally indicated
by the presence of graphite, garnet and kyanite (Fig. 4.5C, D, E and F). Therefore, these
rocks may have reached medium— to high—pressure upper amphibolite metamorphic
condition. Kyanite crystals are generally aligned along the main foliation (Fig. 4.5D). Kyanite
is commonly overgrown by muscovite, in association with biotite and sillimanite (Fig. 4.5E
and F), suggesting decompression processes (exhumation), typical for clockwise PT trajectory
of high—grade metamorphic rocks (Foster, 1991; Gervais and Hynes, 2013).
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Fig. 4.5. (A) Mafic metavolcanic rock in contact with muscovite—biotite schist of the Serra das
Pipocas region, with metamorphic foliation parallel to bedding (So), plunging to SE. (B) Detail of the
outcropping with alternating metagraywacke and mica schist layers. (C) Detail for graphite crystal in
garnet—kyanite schist. (D) Thin section microphotography (on transmitted light, crossed nicols)
showing aligned kyanite (Ky), biotite (Bt) crystals defining th metamorphic foliation. Muscovite
overgrowths occur locally at the kyanite borders. (E) Thin section microphotography (on transmitted
light, crossed nicols) showing kyanite (Ky) porphyroblast with muscovite and biotite overgrowth
indicating decompression processes. (F) Thin section microphotography (unpollirezed light) for
fibrolitic sillimanite (Sill) aligned with biotite (Bt) suggesting a retrograde phase from pseudomorphic
pre-existing kyanite porphyroblasts. Fibrolitic sillimanite is sub-parallel to the foliation (probably
Sn//Sn+1). (G) Alternating muscovite—biotite schist and metagraywacke layers with felsic
metavolcanic rocks (metariodacite). (H) Deformed granitoid with mylonitic foliation croscutted by
late—tectonic less—deformed granitic dike. Both deformed and less—deformed granitoid are
Paleoproterozoic in age.

The U-Pb detrital zircon ages available on the literature for these kyanite—bearing
schists, evidence a younger zircon population at 2227 + 25 Ma according to Costa et al.
(2014a), and similarly, at 2207 £ 14 Ma according to Sousa (2016). This bracket the
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maximum depositional age of these metassedimentary rocks (Upper unit) at 2227 Ma (Fig.
4.4). Locally, rhythmically compositional bedding of metagraywacke and mica schist
alternate with felsic metavolcanic rocks (Fig. 4.5G). Fetter (1999) was the first one to
recognize the age of felsic metavolcanic rocks in the Serra das Pipocas sequence by a U-Pb
(TIMS) zircon age of 2151 + 9 Ma, later reinforced by Sousa (2016) with U-Pb (LA-ICPMS)
zircon age of 2156 + 46 Ma. Thus, the age of 2150 + 9 Ma of these felsic metavolcanic rocks
may bracket the minimum age for the deposition of the Upper metasedimentary unit of the
Serra das Pipocas greenstone belt (Fig. 4.4). Toward the top of the Upper unit, a subunit was
also individualized, in which metasedimentary rocks are more psamitic, alternating thick
layers of metagraywarcke, less metapelites, and several occurrence of quartzites, marbles and
calc-silicate rocks (Fig. 4.3 and 4.4). This uppermost subunit is probably correlated to
quartzites and meta—conglomerates of the Chord Unit, in the Algoddes greenstone belt (Costa
et al., 2015). No geochronological information have been presented to this late psamitic
subunit, but because granitoids of the Bananeira unit intruded part of this rocks, the
depositional age may be necessary older than 2068 + 5 Ma (Fig. 4.4). Neoproterozoic mica
schists of the Ceara complex flank the west boundary of the Paleoproterozoic Serra das

Pipocas greenstone belt (Fig. 4.3).

4.4.3. Granitoids at the Serra das Pipocas granite—greenstone terrane

Two major Paleoproterozoic plutonic events are recognized at the Serra das Pipocas
granite—greenstone terrain: (1) The 2180-2190 Ma sodium-rich (adakite—like) plutonism,
represented by the Mirador tonalites, and (2) the 2068-2079 Ma potassium-rich plutonism
represented by the Bananeira suite (Costa et al., 2018). The recognition of these two plutonic
events is a powerful tool to interpret the tectono-stratigraphic evolution of the Serra das
Pipocas greenstone belt, as the pluton ages and their geochemical signatures are suggestive
for the record of arc—related (Mirador tonalites) and collisional (Bananeira suite) magmatism
(Costa et al., 2018). The 2180-2190 Ma Mirador tonalites have intrusive contact with
amphibolites and metasedimentary rocks of the Lower unit of Serra das Pipocas greenstone
belt, and do not occur in the surrounding basement rocks (Fig. 4.3 and 4.4). These tonalitic
intrusions are restricted to the Lower unit of the greenstone belt and are not intrusive in the
Upper unit (Fig. 4.3 and 4.4). This suggests that most of the Upper unit must be younger than
2180-2190 Ma and probably deposited in a distinct tectonic setting when compared to the
Lower unit of the greenstone sequence. The ages of the Mirador tonalites are also similar to
those of the 2180-2190 Ma Cip0 tonalites of the Algoddes greenstone belt (Fig. 4.2C), in the
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northern part of the Troia Massif ( Martins et al., 2009; Costa et al., 2015), suggesting a
regional tectono—stratigraphic correlation between these two greenstone belts.

The Bananeira suite represents a large plutonic manifestation in the study area, mainly
represented by potassic granitoids that are intrusive both in the Paleoproterozoic greenstone
sequences and Archean basement rocks of the Troia Massif (Fig. 4.3) (Oliveira and
Cavalcante, 1993; Costa et a., 2018). According to Costa et al. (2018), a SHRIMP U—Pb
zircon age of 2079 = 4 Ma was obtained for the deformed quartz—monzonites and a LA—
ICPMS U-Pb zircon age of 2068 + 5 Ma for the less—deformed granites. In general, both
Mirador and Bananeira plutons are affected by regional deformation, with development of
sub—solid ductile foliation and late ductile—brittle structures. However, for the Bananeira
suite, less—deformed and fine—grained granites are also found, occurring as late aplite dikes in
the deformed porphyritic granitoids (Fig. 4.5H), or as isolated semi-circular granitic

intrusions (Fig. 4.3).

4.4.4. Neoproterozoic Guaribas dike swarm

The Guaribas dike swarm occurs in the south portion of the Serra das Pipocas
greenstone belt, represented by the intrusion of subparallel dikes oriented in the NW-SE
direction (Fig. 4.3). These dikes are undeformed acid to intermediate subvolcanic rocks,
raging in composition from latite, quartz latite, andesite and rhyolite (Almeida et al., 1984;
Almeida, 1987). The dikes are metric to kilometric (up to 2 km) in thickness, with vertical to
subvertical dipping, extending as long as 30 km (Fig. 4.3). These dikes are strictly connected
to large syn—transcurrent Neoproterozoic (590-580 Ma) batholiths that emplaced along the
Taué and Senador Pompeu shear zones (Taua and Quixadd—Quixeramobim batholiths) (Fig.
4.2C) (Almeida, 1987; Neves, 1991; Fetter, 1999; Nogueira, 2004).

4.5. Structural geology

4.5.1. Previous works

According to Pessoa and Archanjo (1984), three main deformational events (or
phases) were identified in the granite—greenstone terranes of the Troia Massif. The first
deformation event (D1) resulted in an intensive intrafolial folding, gneissic banding and
down-dip mineral lineation, the second (D2) is associated to asymmetric folds of an imbricate
thrust tectonic, with transport to NW, and (D3) the last deformation event, is related to the

development of open folds (Pessoa and Archanjo, 1984). According to Oliveira and
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Cavalcante (1993), five deformation events were characterized; Dn-1, Dn, Dn+1, Dn+2,
Dn+3 and Dn+4. In brief, the Dn—1 and Dn events are recognized only by foliation planes and
locally transposed intrafolial folds, the Dn+1 is related to the thrust tectonic, the Dn+2/Dn+3
are associated to transcurrent deformation, and the Dn+4 event associated to NW-direction
brittle—ductile shear zones and open folds (Oliveira and Cavalcante, 1993). According to these
two previously works on the study area, the most important deformation event, which
developed the most pervasive foliation plane in the area, is the thrust tectonics, considered as
the D2 event by Pessoa and Archanjo (1984) and Dn+1 by Oliveira and Cavalcante (1993).
The deformation event associated with dextral trascurrent shear zones were only described by
the regional (1:100.000 mapping) work of Cavalcante and Oliveira (1993), but not identified
by local scale mapping of Pessoa and Archanjo (1984).

4.5.2. Field work results

Based on the above mentioned literature information, and on our field data, we
interpret the structural data of the study area as the record of four deformation events (Dn,
Dn+1, Dn+2 and Dn+3). The first deformation event is referred here as the Dn tectonic event,
responsible for the generation of the early Sn foliation plane, which is parallel to the bedding
(So) of the Serra das Pipocas greenstone belt rock units (Fig. 4.5A, B, E, and 4.6A).
However, no folding related to this Dn event has been recognized in the study area. Most of
the observed folds on the compositional layering (So) of the rock units, and the parallelized
Sn foliation, define a Dn+1 compressional event in the area. The Dn+1 tectonic event is
characterized by a pervasive, southeasterly—dipping, NE—trending Sn+1 foliation that is axial—
planar to a number of asymmetric, tight to isoclinal and recumbent folds (Fig. 4.6A, B, C, D,
E and F). The parallelized foliation planes (Sn//Sn+1) define the main regional fabric of the
area, which can be attributed to a maximum shortening axis oriented in a WNW-ESE
direction. Most of the asymmetric folds evidence tectonic transport to W/NW, associated to
thrust shear zones (Fig. 4.6A, B, C, D). Isoclinal to recumbent folds are also associated to this
Dn+1 event (tangencial tectonic) (Fig. 4.6E, F). On the Sn+1 foliation planes, the
development of a down-dip stretching lineation (Ln+1) are attributed to the Dn+1 thrusting

and folding event.
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Fig. 4.6. (A), (B), (C) Asymmetric fold in metasedimentary rocks (Upper unit) of the Serra das
Pipocas greenstone belt (road BR-226). Fold recording Dn+1 compressional event, with tectonic
transport to west/northwest (W/NW). (D) Tight to isoclinal syn—thrust (intrafolial) folds (Transport to
W/NW). (E) A recumbent fold in metagraywacke (Upper unit) and the interpreted Sn+1 axial-planar
foliation. (F) Recumbent fold in metagabbro (Lower unit) and the interpreted Sn+1 axial-planar
foliation.

The Dn+2 event represents a transcurrent (strike—slip) deformation phase in the area,
dominated by moderately to steeply—dipping dextral shear zones with NE-SW direction. At
regional scale, the Senador Pompeu Shear Zone (SPSZ) is the most notable example of these
NE-trending macro-structures associated to the Dn+2 trancurrent event (Fig. 4.2C). The
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SPSZ delimit the southeast boundary of the Troia Massif and connect to the Ile—Ife Fault in
the Nigeria shield (Fig. 4.1). The development of the Sn+2 foliations associated to Dn+2
transcurrent event concentrates on the proximity of the SPSZ, and also at the Serra das
Pipocas Shear Zone (Fig. 4.2C). The Serra das Pipocas shear zone is hosted almost entirely
by the granite—gneisses of the Bananeira suite and is characterised by a well-developed
mylonitic foliation near the greenstone margin (Fig. 4.7A). At high strain domains, the Dn+2
deformation generates a zonal crenulation fabric, in which the Sn//Sn+1 foliation planes
deflected into parallelism with spaced Sn+2 foliations, characterizing narrow zones of
concentrated shear (Fig. 4.7A). The Sn+2 mylonitic foliations, commonly found in deformed
granitoids of the Bananeira suite, locally developed eye-shaped feldspar augen textures (Fig.
4.5H).
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Fig. 4.7. (A) Deformed migmatitic—orthogneiss (Bananeira suite) close to the greenstone—basement
boundary, and sketch showing the geometric relationship of Sn//Sn+1 and Sn+2 foliation planes. The
Sn//Sn+1 foliation planes are transposed by spaced Sn+2 milonitic foliation. Fold axis is dipping 20
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to 30° to NO5SE. (B) Drag fold in quartz vein showing sinistral kinematics of a Dn+3 ductile—brittle
fault with NW-SE direction. A spaced Sn+3 ductile—brittle cleavage can also be observed. Notebook is
pointing north.

Finally, the Dn+3 deformation event represents a late deformation characterized by the
development of WNW-trending faults and fractures (Fig. 4.7B). Both sinistral and dextral
movements occurred along these steeply—dipping planes. Most of the Dn+3 NW-trending
faults have sinistral sense of shear, while the W-trending faults present dextral movements.
The recorded of drag folds, and localized Sn+3 foliation planes is also observed along these
WNW-trending faults (Fig. 4.7B). The Sn+3 ductile—brittle cleavage is the less pervasive
foliation in the study area. The record of open folds with sub—horizontal NE-trending axis is
also interpreted to develop during this late Dn+3 event.

The stereonet and rosette plots of our field data show that the overall foliation planes
(Sn//Sn+1) have generally NE-SW strike direction and average dip of 40-60° to the SE (Fig.
4.8A). Field data of stretching lineation show two distinct generations: (1) a Ln+1 early
down—dip stretching lineation related to Dn+1 thrust tectonics, and (2) a Ln+2 low-rake

stretching lineation associated with transcurrent movements of the Dn+2 event (Fig. 4.8B).

A Foliations (Sn / Sn+1 // Sn+2) B Lineation
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Fig. 4.8. Stereonet plots of structural measurements taken in field work: (A) Foliation poles and
density contour plot; (B) Lineation measures with relative density contour plot; (C) Fold-axis plot
with relative density contour; (D) Rosette diagram displaying similar orientation of conjugated
structures.
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The plunge of the low-rake Ln+2 stretching lineation is sub—parallel to most of the
fold axis measurements (Fig. 4.8B and C), evidencing a high—strain deformation associated to
the Dn+2 event, in which mostly of the sub—horizontal Dn+1 fold axis were probably rotated
during the Dn+2 strike-slip shearing. Most of fold axis generally dip 30-45° to NE (Fig.
4.8C). Finally, the field data for faults and fractures associated to the ductile—brittle Dn+3
deformation event show a visible NW-SE strike direction, displaying orientation of
conjugated fractures of the Riedel shears patterns (Fig. 4.8D).

Based on these field observations, a simplified structural evolution of the area is
proposed here, consisting of four deformational events: Dn, Dn+1, Dn+2 and Dn+3 (Fig. 4.9).
After an early Dn event, the following Dn+1, Dn+2 and Dn+3 probably developed by
progressive deformation (from ductile to brittle) with the maximum compressive stress (1) in

the WNW-ESE direction (Fig. 4.9).

Fig. 4.9. Scheme of the main deformation events with the maximum compressive stress (ol) in the
WNW-ESE direction. A previous Sn foliation (Dn event) is folded by Dn+1 thrusting deformation with
tectonic transport to W/NW. This evolves to Dn+2 deformation event, characterized by transcurrent
movement and development of the Sn+2 (mylonitic) foliations. The later ductile-brittle deformation
develops in response of the same compressive stress (cl), described as typical conjugated fractures of
the Riedel shears patterns.
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4.5.3. Structural control on gold mineralization

Gold mineralization in the Serra das Pipocas greenstone belt (Pedra Branca gold
deposit) occurs associated with NE-SW regional shear zone (Fig. 4.2C and 4.3), crosscutting
metavolcano—sedimentary rocks that underwent amphibolite facies metamorphic conditions.
The mineralization (Pedra Branca gold deposit) occurs in quartz veins associated to zones of
hydrothermal alteration and the main mineralized areas are referred as Mirador, Queimadas,
Coelho and Igrejinha (Fig. 4.3). The main host rocks of the gold mineralization are
metatonalites (Mirador  area), amphibolites (Coelho area), intermediate
metavolcanic/subvolcanic rocks and metasedimentary rocks (Queimadas and Igrejinha areas)
(Fig. 4.3). Gold mineralization has hundreds of meters along the strike, with 1 to 5 meters of
thickness, containing ~1 g/t up to 7 g/t of gold (Lopez, 2012). However, no economic report
has been released yet for the Pedra Branca gold deposit.

According to the cartography of the Serra das Pipocas greenstone belt, the
stratigraphic layers that host gold mineralization are apparently overturned by tectonics (Fig.
4.3 and 4.4). Gold mineralization is controlled by local (second to third order) shear zones
that is preferentially sited between contrasting layers of the sequence, occurring at the
boundary of the Lower and Upper units (Fig. 4.3 and 4.4). The hydrothermal alteration
associated to gold mineralization may be included in two main types: (1) calc-silicate
alteration (diopside, K-feldspar, amphibole, biotite, titanite, pyrite, albite, magnetite *
carbonates) and (2) albitization (mainly albite, carbonates, pyrite, magnetite and gold) (Costa
et al., 2016). The high—temperature hydrothermal assemblage evidences that the Pedra Branca
gold deposit may be classified as a hypozonal orogenic gold deposit (Costa et al., 2016).

Deformation style at outcrop to hand specimen scale suggest that mineralized quartz
veins and associated hydrothermal calc-silicate alteration occur intensively folded (Fig.
4.10A, B, C and D). The calc-silicate alteration occurs mainly as hydrothermal halos (1 to 3
cm) associated with deformed (folded and/or boudinaged) quartz veins, as observed from both
outcrop and drill core samples (Fig. 4.10A, B, C and D). At the Queimadas area, the main
host rocks are intermediate metavolcanic to subvolcanic rocks and associated metatonalites,
which commonly show hydrothermal albite alteration and host the quartz veins with calc—
silicate vein selvage alteration (Fig. 4.10A, C, D). Free-milling gold and gold-silver
tellurides have been found in both calc-silicate alteration and albitized rocks (Fig. 4.10E, F,
G, H, I and J). The main tellurides found are hessite, altaite, sylvanite, calaverite and
tellurobismuthite (Costa et al., submitted). Most of the folds on quartz veins and calc-silicate

alteration of the mineralized zones are asymmetric folds related to the Dn+1 and/or Dn+2
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deformation event (Fig. 4.10A, B, C and D). Undeformed sulfide precipitation is also
observed in zones of pressure—shadow related to quartz vein boudinage, suggesting that gold

may have also been remobilized during the Dn+1 and/or Dn+2 event (Fig. 4.10L).
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Fig. 4.10. (A) Outcrop with folded quartz veins hosted by albitized intermediate
metavolcanic/subvolcanic rock. Fold axis measurements record low-rake dipping (10-20°) to N25E,
suggesting that sub—horizontal Fn+1 fold axis were probably rotated during the Dn+2 strike—slip
shearing. Pencil in the photo is pointing north. (B) Mineralized drill core sample with transposed
intrafolial folds on quartz (Qtz) veins and sketch showing the geometric relationship of Sn and Sn+1
foliation planes. (C) and (D) Folding of quartz veinlets and associated calc—silicate alteration that
probably represents NW—verging structures of the Dn+1 compressional event (Py = pyrite). (E) Drill
core sample (Fi—12) with detail of hydrothermal calc-silicate minerals associated with quartz vein
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(Amp = amphibole, Cpx= clinopyroxene, Py = pyrite, Ttn = titanite, Bt = biotite and Qtz = quartz).
(F) Photomicrographic image on transmitted light (crossed nicoles) showing arrangement of the main
minerals of the hydrothermal assembly, in which clinopyroxene (Cpx) are partially replaced by
amphibole (Am). Red polygon locates next figure. (G) Photomicrographic image on reflected light
showing intergrowth between pyrite (Py), magnetite (Mag) and titanite (Ttn). Red polygon locates next
figure. (H) Back—scattered electron image and Energy Dispersive x—ray Spectrometer (EDS) analyzes
by Scanning Electron Microscope in gold/silver and silver telluride (sylvanite and hessite) inclusions
in titanite, in spatial association with the magnetite. (I) Mineralized drill core sample showing
albitized metaigneous rock (intermediate metavolcanic rock) in association with quartz vein and calc—
silicate alteration. (J) Photomicrographic image on reflected light showing free-milling gold (Au)
from albitized igneous rock (Ab= albite). (L) Undeformed pyrite crystals in zones of pressure—shadow
during quartz vein boudinage, evidencing the precipitation of sulfides during Dn+1 event.

Deformed pyrite crystals occur disseminated along foliation planes, but also,
undeformed pyrite crystals filling late—tectonic Dn+3 fractures are also observed (Fig. 4.11A
and B). Most of the observed sulfides are pyrite, with minor relicts of early pyrrhotite crystals
(Fig. 4.11B and C). Locally, some tracks of gold/silver tellurires have been identified in
association with late-tectonic Dn+3 undeformed sulfides (Fig. 4.11D). Most of these
undeformed sulfides occur in association with quartz—carbonate veins filling the Dn+3
fractures, but no calc-silicate alteration and albitization are associated to this (low—
temperature) Dn+3 deformation event (Fig. 4.11E, F and G).

4.5.4. Structural lineaments from airborne geophysical data

Linear interpretations on magnetometric image (1st vertical derivative) (Fig. 4.12A
and B) demonstrate that the main magnetic trend occurs in the NE-SW direction. This can
probably correspond to the imprint of the last tectono—thermal event (metamorphism) in the
area (Dn+2), in which, many iron— and magnesium-bearing minerals were magnetic oriented
(Curie temperature for magnetite, 580°C). The abrupt terminations of these magnetic
lineaments are interpreted as ductile—brittle structures, represented by faults and fractures
mostly with NW-SE strike direction (Dn+3). These ductile—brittle structures are not
magnetic, and generally occur displacing the magnetic lineaments (Fig. 4.12A and B). In the
rosette diagram, the direction of the magnetic (ductile) lineaments is predominantly NE-SW,
with an average value in N50E, while the ductile—brittle lineament (Dn+3) shows two well—
defined NW-SE striking structures (Fig. 4.12C and D). These automatic azimuth plots in the

rosette diagrams are compatible with the structural field data of the study area (Fig. 4.8).
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Fig. 4.11. (A) Drill core sample of mineralized amphibolite with deformed pyrite along foliation
planes and undeformed pyrite along a Dn+3 fracture. (B) Detail of amphibolite sample with deformed
sulfides along foliation planes and undeformed sulfides in late Dn+3 fractures. Pyrrhotite (Po)
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crystals are replaced by pyrite (Py). (C) Petrographic microscopy (reflected light) of pyrrhotite crystal
(Po) replaced by pyrite (Py). (D) Back—scattered electron (BSE) image and Energy Dispersive x-ray
Spectrometer (EDS) analyzes by Scanning Electron Microscope (SEM) showing gold and silver
telluride precipitation between pyrite and pyrrhotite crystals. (E) and (F) Albitized intermediate
metavolcanic/subvolcanic rock with Dn+3 fractures filled by pyrite—bearing quartz/carbonate vein.
(F) Undeformed pyrite (Py) crystal associated to late—tectonic Dn+3 quartz (Qtz) vein crosscutting
Sn//Sn+1 foliation.

e} . L e Ductile-Brittle linear structures
Gold mineralization A5
Ductile linear structures
C Linear interpretation (Ductile trend) D Linear interpretation (Ductile-brittle trend)
N=348 N=112
20 15 10 5 5 10 15 20 20 15 10 5 5 10 15 20

Fig. 4.12. (A) Magnetometric (1st vertical derivative) image. (B) Magnetometric image with linear
interpretation. (C) Rosette diagram with direction of magnetic lineaments interpreted as ductile
structures. (D) Rosette diagrams with direction of magnetic lineaments interpreted as ductile—brittle
structures. (Azimuth extracted automatically by the ArcGis program). The area of the Fig. 4.12A and
B correspond to the area of the geological map in Fig. 4.3.

Using the airborne gamma-ray ternary image to interpret the main foliation trend in
the area, a strongly folded pattern can be envisaged (Fig. 4.13A and B). The plot of the liner
interpretation extracted from the 1st vertical derivative magnetometric image together with
foliation trend extracted from the gama-ray image, suggests that the magnetic lineaments
represent the projection of planar structures that are plane-axial to the folded Sn//Sn+1
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foliations (Fig. 4.13C and D). The Sn//Sn+1 and Sn+2 foliations are parallel to each other at
fold limbs (fold transposition) (Fig. 4.13C and D). The older Sn//Sn+1 foliations are both
folded by the Dn+2 strike-slip deformation event (Fig. 4.13C and D). This regional scale
framework is a similar structural pattern observed in some local scale outcrop description of
the Sn+2 mylonitic foliations (Fig. 4.7A).
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Fig. 4.13. (A) Ternary composition (U in blue, Th in green, K in red) of airborne gamma-ray
spectrometric image and liner interpretation of the fold patterns in the area. (B) Ternary image with
transparency to highlight the interpreted foliation trend. (C) Ternary image with foliation trend (in
black) together with magnetic lineaments (in red). (D) Detail of the foliation trend showing the plane—
axial arranging of the magnetic lineaments in folded Sn//Sn+1 foliations. The area of the Fig. 4.13A,
B and C corresponds to the area of the geological map in Fig. 4.3.



169

In the interpretation of the reduced to pole (RTP) magnetic image, main linear
magnetic structures are easily delineated. As such, the main mineralized areas of the Pedra
Branca gold deposit are clearly bounded by a well-marked NE-trending magnetic anomaly.
This large magnetic signal delineates the greenstone—basement boundary in the study area,

which we interpret as the Serra das Pipocas shear zone (Fig. 4.14).
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Fig. 4.14. Linear interpretation on reduced to pole image derived from total magnetic field data.

Along the greenstone—basement boundary, granitoids of the Bananeira suite are
largely intrusive, represented by Paleoproterozoic (2079-2068 Ma) deformed and less—
deformed potassic granitoids (Fig. 4.3). Magnetite crystals can be often found in many of
these plutonic rocks, so the observed magnetic signal may be reflecting large amount of
magnetite—bearing plutonic rocks along this regional structure (Fig. 4.3 and 4.14). Reducing
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the magnetic data to the pole, the angle of magnetic inclination has been removed, thus,
without the effect of asymmetry caused by the magnetic inclination, the anomalies are better
located relative to the orientation of the causative bodies. The approximated dip direction of
the structures seen in the RTP image may be interpreted by the asymmetry of the magnetic
signal (Fig. 4.14). Structures with high—angle dips (80-90°) tend to be symmetrical in the
magnetic signal, while structures with low— to medium dipping angles (10-45°) show clearly
asymmetric pattern. Therefore, the dip direction of the greenstone—basement boundary, Serra
das Pipocas shear zone and related magnetite—bearing granitoids are clearly seen in RTP
image, evidenced by the asymmetric magnetic signature, gradually lowering intensity toward
the southeast direction. In the other hand, the Taua shear zone, for example, and other NW-
SE trending steeply—dipping Dn+3 structures, show symmetric signals in RTP image,

evidencing the high—angle dip (close to vertical) of these regional structures (Fig. 4.14).

4.5.5. Structural lineaments from remote sense image

Shaded-relief image was also used for interpreting structural elements in the study
area (Fig. 4.15A). On this image, we omitted the NE-SW linear structures because it is
mainly related to ductile structures, and we focused on the linear interpretation of the WNW-
ESE direction ductile—brittle structures. The rosette diagram (Fig. 4.15B) is similar to those
obtained from airborne geophysical data (Fig. 4.12D) and field data (Fig. 4.8D). The
interpreted lineaments on the shaded-relief image evidence many WNW-ESE trending
structures which configures a conjugated R and R’ faults Riedel pattern. This indicates a
maximum compressive stress (o1) in the NW-SE direction, compatible with a regional dextral
strike—slip shear system (Fig. 4.15C). In this context, the Guaribas dike swarm, which
represents a late—collisional Neoproterozoic felsic/intermediate magmatism in the area,
probably intruded along the tension (T) fractures of the Riedel system, parallel to the
maximum compressive stress (o1) (Fig. 4.15A and C).

The Guaribas dike swarm, close to the Pedra Branca gold deposit, is characterized by
several NW-SE trending hills, clearly seen on the Landsat-8 image (Fig. 4.16A). Structural
interpretation on this Landsat-8 image show that the Guaribas dikes are influenced by two
conjugated faults, parallel to the R and R’ structures, that probably controlled the
development of tension (T) fractures of the Riedel system (Fig. 4.16B and C). However, the
principal mineralization of gold in this area are oriented in the NE-SW direction, suggesting

that gold mineralization is not related to regional late Dn+3 brittle—ductile NW-SE trending
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structures (Fig. 4.16B). The Guaribas dikes are not affected by ductile deformation, and only
fractures have been seen on these rocks (Fig. 4.16D).

B Rosette diagram
N=668

‘ 5 :
@City —— Road Guaribas dikes
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Linear interpretation ¥~ Dam —

Fig. 4.15. (A) Shaded-relief image from Shuttle radar topographic mission (30m resolution)
using a 35° solar illumination angle at azimuth angle of 0°. Red dots refer to the mineralized
areas of the Pedra Branca gold deposit. The yellow lineaments are interpreted as ductile—
brittle lineaments. (B) Rosette diagram with azimuth direction extracted automatically by the
ArcGis program. (C) Riedel structural system for a regional dextral shear. The o1 IS
positioned parallel to the Guaribas dikes. The area of Fig. 4.13A corresponds to the same
area of the geological map in Fig. 4.3.
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O  Gold mineralization:
1- Mirador, 2- Queimadas, |
3- Coelho and 4- Igrejinha

Guaribas dikes

Fig. 4.16. (A) Location of the Guaribas dike swarm and the main mineralized areas on the
Landsat-8 image (RGB-567). (B) Landsat image (60% of transparence) with structural
interpretation of the foliation trend. (C) Riedel shear system for dextral kinematics. (D)
Outcrop of the undeformed Guaribas dike, represented by a porphyritic quartz latite
(equivalent of a quartz monzonite in composition) (sample FC-207).

4.6. U-PD titanite and zircon ages

Hydrothermal titanite is a common mineral in the calc—silicate alteration associated to
gold mineralization in the study area (Fig. 4.10E and F). We analyzed titanite grains from a
drill core (FCQ-01, UTM 385075; 9400584). These are brown, euhedral to subhedral, up to
0.5 cm long (Fig. 4.10E), and locally present gold and gold-silver telluride inclusions (Fig.
4.10F). A total of 52 laser spots by LA-ICPMS technics were carried out (Table 4.1).
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Table 4.1. U-Pb LA-ICPMS titanite data.

(spot) U(ppm) Pb(ppm) Th/U  %**Pb_c 2Pb/*8U  +2s (%) *“'Pb/*U +2s (%) *"Pb/**Pb  +2s (%) rhoe  2Pb/*8U 125 (Ma) **'Pb/*U  +2s (Ma) *’Pb/*™Pt +2s (Ma) conc. (%)

14 4 2 0.0212 9.74 0.328 2.08 5.511 4.65 0.122 4.16 0.448 1828 33 1902 41 1984 74 92
67 3 1 0.0127 13.58 0.244 184 3.851 5.18 0.115 4.84 0.355 1406 23 1604 43 1873 87 75
21 8 1 0.0059 5.10 0.110 0.72 0.993 3.82 0.065 3.75 0.187 675 5 700 20 781 79 86
34 6 1 0.0278 15.42 0.102 164 0.992 6.28 0.070 6.06 0.261 627 10 700 32 941 124 67
70 7 1 0.0214 14.10 0.098 182 0.978 579 0.072 5.50 0.314 605 1 693 29 989 112 61
56 6 1 0.0147 13.21 0.100 153 0.969 5.43 0.070 5.21 0.281 617 9 688 28 929 107 66
1 4 1 0.0275 10.54 0.103 138 0.969 525 0.068 5.06 0.263 635 8 688 27 867 105 73
58 7 1 0.0140 7.20 0.106 138 0.965 4.48 0.066 4.27 0.308 649 9 686 23 809 89 80
79 6 1 0.0092 6.81 0.106 117 0.963 4.37 0.066 4.21 0.268 650 7 685 22 801 88 81
78 8 1 0.0089 6.41 0.106 111 0.960 4.30 0.065 4.16 0.257 652 7 683 22 788 87 83
27 1 2 0.0119 8.01 0.104 1.06 0.954 4.63 0.066 4.50 0.230 640 6 680 23 817 94 78
32 12 2 0.0204 12.65 0.101 139 0.951 5.69 0.069 5.52 0.243 618 8 678 29 886 114 70
80 7 1 0.0112 8.18 0.104 1.55 0.948 4.76 0.066 4.50 0.327 638 9 677 24 807 94 79
12 7 1 0.0131 12.63 0.100 148 0.940 6.11 0.068 5.93 0.243 615 9 673 31 871 123 71
41 8 1 0.0257 8.90 0.101 2.26 0.922 5.55 0.066 5.07 0.406 619 13 663 27 819 106 76
76 5 1 0.0264 10.37 0.103 136 0.918 5.20 0.065 5.02 0.262 631 8 661 26 765 106 83
54 8 1 0.0150 6.65 0.101 125 0.912 3.98 0.066 3.78 0.314 619 7 658 19 795 79 78
77 7 1 0.0143 7.06 0.101 115 0.905 4.35 0.065 4.19 0.264 618 7 655 21 782 88 79
30 7 1 0.0101 6.30 0.101 0.98 0.902 4.06 0.065 3.94 0.242 619 6 653 20 770 83 80
64 10 1 0.0189 5.85 0.102 1.04 0.901 4.07 0.064 3.94 0.256 623 6 652 20 754 83 83
28 18 2 0.0074 4.27 0.103 0.91 0.901 3.60 0.063 3.48 0.254 634 6 652 17 717 74 88
40 5 1 0.0228 9.43 0.098 129 0.898 4.87 0.067 4.69 0.265 602 7 651 24 823 98 73
37 8 1 0.0156 7.74 0.099 0.98 0.897 4.58 0.065 4.47 0.214 611 6 650 22 790 94 77
65 10 1 0.0179 823 0.099 110 0.897 4.73 0.066 4.60 0.233 610 6 650 23 793 97 77
48 7 1 0.0118 7.89 0.099 126 0.893 4.65 0.065 4.47 0.272 609 7 648 23 788 94 77
44 7 1 0.0158 7.20 0.100 0.94 0.893 4.44 0.065 4.34 0.211 612 5 648 21 775 91 79
45 12 2 0.0180 7.21 0.100 1.04 0.891 519 0.065 5.08 0.201 614 6 647 25 764 107 80
36 9 1 0.0288 7.29 0.099 0.87 0.890 4.46 0.065 4.38 0.194 611 5 647 22 773 92 79
57 8 1 0.0142 7.02 0.099 0.96 0.888 4.24 0.065 4.13 0.226 608 6 645 20 776 87 78
35 9 1 0.0130 5.57 0.100 0.75 0.886 379 0.064 371 0.198 615 4 644 18 749 78 82
15 11 1 0.0030 5.80 0.100 0.94 0.883 4.14 0.064 4.04 0.227 616 6 643 20 737 85 84
63 11 1 0.0211 5.85 0.100 0.80 0.883 4.06 0.064 3.98 0.196 614 5 643 20 744 84 83
46 7 1 0.0124 7.83 0.098 1.07 0.881 4.70 0.065 4.58 0.227 603 6 641 23 777 96 78
18 9 1 0.0032 6.37 0.099 0.81 0.877 4.23 0.064 4.15 0.191 609 5 640 20 748 88 81
60 12 1 0.0055 4.78 0.100 0.70 0.875 3.66 0.063 3.59 0.192 615 4 638 18 720 76 85
61 18 2 0.0014 4.61 0.100 0.66 0.874 3.55 0.063 3.49 0.187 616 4 638 17 717 74 86
43 8 1 0.0139 6.79 0.098 0.96 0.874 4.20 0.065 4.08 0.230 602 6 638 20 766 86 79
7 1 1 0.0053 4.04 0.101 0.70 0.873 3.45 0.063 3.38 0.202 619 4 637 16 705 72 88
59 18 2 0.0082 4.02 0.101 0.66 0.873 3.27 0.063 3.20 0.203 618 4 637 16 708 68 87
81 12 1 0.0055 4.64 0.100 0.75 0.870 3.59 0.063 3.51 0.210 613 4 635 17 715 75 86
62 16 2 0.0015 4.96 0.099 0.69 0.869 3.67 0.063 3.60 0.187 611 4 635 17 721 76 85
33 1 1 0.0072 8.83 0.096 1.06 0.868 4.78 0.066 4.66 0.221 591 6 634 23 791 98 75
19 10 1 0.0052 5.55 0.099 0.78 0.867 4.13 0.063 4.05 0.190 611 5 634 20 718 86 85
31 12 2 0.0198 5.54 0.099 0.95 0.867 3.98 0.064 3.86 0.238 608 5 634 19 728 82 84
17 7 1 0.0159 6.78 0.097 0.96 0.862 4.25 0.064 4.14 0.226 597 5 631 20 755 87 79
47 10 1 0.0030 6.41 0.097 0.89 0.860 4.10 0.064 4.00 0.217 596 5 630 19 757 84 79
10 7 1 0.0137 7.01 0.097 0.90 0.858 4.36 0.064 4.27 0.206 595 5 629 21 753 20 79
9 7 1 0.0127 7.71 0.096 101 0.857 4.57 0.065 4.46 0.221 591 6 628 22 764 94 77
42 8 1 0.0127 7.09 0.095 0.88 0.855 4.30 0.065 4.21 0.206 586 5 628 20 782 88 75
8 18 2 0.0071 4.71 0.098 0.79 0.847 3.99 0.063 3.91 0.198 601 5 623 19 703 83 85
16 7 1 0.0122 8.69 0.093 115 0.832 4.82 0.065 4.68 0.239 573 6 615 22 774 98 74
29 10 1 0.0056 5.36 0.095 0.78 0.828 3.84 0.063 3.76 0.203 587 4 613 18 707 80 83

Table 4.2. U-Pb LA-ICPMS zircon data.

Samples U (ppm) Pb (ppm) ThW®  27pb%y 20 (%) 2%PbA*U 20 (%) Rho®  2PbA%Pb® 20 (%) *°Pb*U 26 PTppRy 20 2pp%ph 20 conc’  fooe®

FC20701 1324 13.0 0.68 0.74766 243 0.09382 0.96 039 0.05780 224 578.1 5.5 566.9 138 522.0 117 90.3 0.00003
FC207 02 1101 12.2 0.64 0.76685 2.26 0.09471 0.93 0.41 0.05873 2.06 5833 55 578.0 131 556.9 115 95.5 0.00033
FC207 03 68.1 7.1 045 0.74884 3.06 0.09278 1.81 0.59 0.05854 2.47 5719 104 567.6 174 550.0 136 96.2 0.00011
FC20704 760 80 0.59 0.76025 2.84 0.09367 132 0.46 0.05887 251 577.2 7.6 5742 163 562.1 14.1 97.4  0.00021
FC20705  46.7 45 038 0.73752 461 0.09149 291 0.63 0.05847 3.58 564.3 16.4 561.0 258 547.2 19.6 970  0.00007
FC20707 426 5.0 0.40 0.77210 6.25 0.09386 2.77 0.44 0.05966 5.60 5783 16.0 581.0 363 591.3 331 1022 0.00000
FC207 08 94.2 9.9 0.64 0.75475 3.17 0.09290 122 0.38 0.05892 293 572.7 7.0 571.0 18.1 564.3 16.5 98.5 0.00012
FC207 10 55.0 49 032 0.74747 522 0.09071 2.29 0.44 0.05976 4.69 559.8 128 566.8 29.6 594.9 279 106.3 0.00010
FC20712 885 76 0.42 0.72539 421 0.09349 231 055 0.05628 3.51 576.1 133 553.8 233 4633 163 80.4  0.00009
FC20714 1324 14.2 061 0.75451 2.40 0.09226 121 0.50 0.05931 2,07 568.9 6.9 570.8 13.7 578.6 12.0 101.7  0.00026
FC20715  697.1 583 036 0.77279 2,07 0.09524 1.06 052 0.05885 177 586.4 6.2 5814 120 561.6 9.9 958  0.00021
FC207 16 255.0 26.6 047 0.76799 2.02 0.09348 0.94 0.47 0.05958 179 576.1 54 5786 117 588.5 105 102.2 0.00027
FC207 17 104.6 106 0.56 0.76210 2.49 0.09152 121 0.49 0.06039 217 564.5 6.8 575.2 143 617.7 134 109.4 0.00027
FC20718 3127 25.8 054 0.74882 1.82 0.09256 0.82 045 0.05868 1.62 570.7 a7 567.5 103 555.1 9.0 97.3 0.00028
FC20720  97.9 9.9 038 0.76742 3.86 0.09167 1.78 0.46 0.06072 3.43 565.4 100 5783 223 629.3 216 1113 0.00011
FC20722 2093 18.2 039 0.75519 1.87 0.09184 0.89 0.48 0.05964 164 566.4 5.1 5712 10.7 590.4 9.7 1042 0.00003
FC207 23 130.2 149 0.54 0.72644 3.28 0.09386 1.58 0.48 0.05613 2.87 5783 9.1 5545 182 457.6 132 79.1 0.00026
FC207 27 1119 14.7 0.84 0.75960 248 0.09383 136 0.55 0.05872 2.08 578.1 79 5738 142 556.6 116 96.3 0.00000
FC20728 934 9.1 051 0.72204 298 0.09140 151 051 0.05729 257 563.8 85 551.9 16.4 502.9 129 89.2  0.00013
FC20729 1396 118 030 0.74609 237 0.09152 1.40 059 0.05912 1.91 564.5 79 566.0 13.4 5716 10.9 1013 0.00028
FC20730 528 6.7 0.48 0.74737 482 0.09284 1.89 039 0.05839 443 5723 10.8 566.7 273 544.3 241 951  0.00009

2 Fraction of the non-radiogenic 2°Pb in the analyzed zircon spot, where fo05 = [2°Pb/”®Pb]c / [2°°Pb/2*Pb]s (c=common; s=sample)

b Th/U ratios and amount of Pb, Th and U (in pmm) are calculated relative to GJ-1 reference zircon

© Corrected for background and within-run Pb/U fractionation and normalised to reference zircon GJ-1 (ID-TIMS values/measured value); 2°’Pb/***U calculated using (**’"Pb/?°®Pb) / (***U/***Pb * 1/137.88)
9 Rho is the error correlation defined as the quotient of the propagated errors of the 26Pb/?%8U and the 2°7/%%°U ratio

© Corrected for mass-bias by normalising to GJ-1 reference zircon and common Pb using the model Pb composition of Stacey and Kramers (1975)

" Degree of concordance = (*°°Pb/?*U age * 100/2°"Pb/?®U age)

Individual 2°°Pb/*®U ages range from 613 Ma to 1828 Ma and define a Pb-loss
discordia with an upper intercept at 2029 + 28 Ma and a lower intercept at 574 + 7 Ma
(MSWD = 3.4) (Fig. 4.17A). The age of 2029 + 28 Ma is interpreted as the crystallization age
of the titanite grains and associated gold mineralization, while the age of 574 + 7 Ma is
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interpreted as the timing of thermal metamorphism (Fig. 4.17A). Most of the grains are close

to the lower intercept of the discordia line, suggesting expressive loss of radiogenic lead

during the Neoproterozoic thermal metamorphism (Fig. 4.17A).
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Fig. 4.17. (A) Concordia diagram (**Pb/**U vs. *°Pb/**®U) for titanites from gold—related cal—
silicate alteration (sample Fi—12). All ellipses are plotted with 2¢. (B) Selected *®Pb/***U ages shown
on BSE images of "zoned" titanite. (C) Selected “*Pb/***U ages shown on BSE image of titanite
without zoning. (D) Concordia diagram (**’Pb/?°U vs. ?°Ph/?®U) for zircon analyzes of the Guaribas
dike (sample FC-207). All ellipses are plotted with 2. (E) Selected “°Pb/**’Pb ages shown on CL
image of zircon grains of the Guaribas dike.
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Some of the titanite grains present zoning pattern in the Back—Scattered Electron
image, and the ages obtained in both domains are always Neoproterozoic, suggesting that the
zoning was produced by recrystallization (Fig. 4.17B). In one unzoned grain, two discordant
Paleoproterozoic ages were obtained (Fig. 4.17C), which plot near the upper intercept of the
discordia line (Fig. 4.15A). This less—discordant Paleoproterozoic grain, bracketing the upper
intercept in the position of 2029 + 28 Ma, probably represents a domain (core?) of a titanite
grain that was less affected by the Neoproterozoic thermal metamorphism (Fig. 4.17A and C).

For a representative sample (FC-207, UTM 377143; 9391204) of the Guaribas dike
swarm (Fig. 4.17D), in situ U-Pb ages were performed on twenty one zircon grains by the
LA-ICPMS technique (Table 4.2). The thirteen most concordant (95 to 102%) zircon grains
gave a precise Concordia age of 575 £ 3 Ma (MWSD = 2.2) (Fig. 4.17C). The analyzed
zircon grains are generally euhedral, 150 um long and mostly show oscillatory zoning on
cathodoluminescence images (Fig. 4.15D). This textural pattern is typical of magmatic
zircons, and the age of 575 = 3 Ma is interpreted as the crystallization age for the Guaribas

dike swarm.

4.7. Discussion

4.7.1. Main structural controls on gold mineralization

Structural studies on orogenic gold deposits in granite—greenstone terranes
demonstrate that the distribution of the deposits is generally linked with kilometer-long
ductile shear zones, which represent large transcrustal discontinuities, such as terrane
boundaries (O’Driscoll, 1986; Groves et al., 1987, 2000; 2016, 2018; Eisenlohr et al., 1989;
Robert et al., 1990; Cox, 1999; Kolb et al., 2004; Weinberg et al., 2004; de Boorder et al.,
2006; Bierlein et al., 2006; Blewett et al., 2010).

Interpreting the regional structures from the geological map and cross sections of the
study area (Fig. 4.3), it is suggestive that the Serra das Pipocas shear zone is part of a large
fault system of a transcrustal character, representing the tectonic boundary between the
Archean (Cruzeta complex) and the Paleoproterozoic granite—greenstone terrane (Fig. 4.18).
This shear zone probably played an important role in gold mineralization of the study area,
representing a deep (transcrustal) first—order structure, in which large amounts of fluids and
magmas may have circulated (Fig. 4.18). Syn— to late-tectonic plutons intruded along this
shear zone and are mainly represented by the granitoids of the Bananeira suite (Fig. 4.2C, 4.3
and 4.5H). According to Costa et al. (2018), the 2068 Ma old less—deformed monzogranites
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occur as late—tectonic intrusions and locally as fine—grained aplitic granitic dikes crosscutting
early 2079 Ma deformed granitoids of the Bananeira suite, evidencing that Paleoproterozoic
deformation fabrics are still preserved in the Troia Massif (Fig. 4.5H).

So far, it is possible that the Serra das Pipocas shear zone configures a
Paleoproterozoic cryptic suture in the Troia Massif, delimiting contrasting crustal domains
(Fig. 4.18). It does probable established during the Transamazonian/Eburnean orogeny (2.2—
2.0 Ga), when then, gold mineralizing fluids first percolated through. This is also supported
by the crystallization age of 2029 + 28 Ma for the hydrothermal titanite grains of the gold—
related calc—silicate hydrothermal alteration of the Pedra Branca gold deposit (Fig. 4.17A).
However, such deep structures, considered as first—order shear zones, are generally not
economically mineralized, whereas economic mineralizations are commonly found on
second- or third—order faults that splay off these first—order structures (Groves et al. 1987,
2018; Eisenlohr et al. 1989; Robert et al. 1990; Cox, 1999; Bierlein and Crowe, 2000; Morey
et al., 2007; Zhou et al., 2016). The second— to third—order faults within the granite—
greenstone terranes transect a diversity of lithologies which are chemically reactive to the
auriferous fluid, such as mafic volcanic rocks, graphitic schist, carbonaceous phyllite, and
banded iron formations (Cox et al., 1995; Witt et al., 1993; Bierlein et al., 2001; Henne and
Craw, 2012; Sahoo and Venkatesh, 2014; Zhou et al., 2016; Hu et al., 2017). Similarly, in the
Serra das Pipocas greenstone belt, the main mineralized areas of the Pedra Branca gold
deposit occur exactly on the tectonic contact (shear/fault) of the Lower unit (predominantly
mafic metavolcanic rocks) with the Upper unit (metassedimentary rocks) of the sequence
(Fig. 4.3, 4.4 and 4.18). Many of orogenic gold deposits worldwide are located near—parallel
to the stratigraphy, generally between metavolcanic and metasedimentary unit boundaries,
acting as shear planes, and as a relatively impermeable and/or reactive cap on the
hydrothermal systems (Cox et al., 2001; Morey et al., 2007; Gazley, 2011; Oliver et al., 2012;
Duclaux et al., 2012; Zhou et al., 2016; Lawley et al., 2016). For example, in the Neoarchean
Plutonic Well greenstone belt, Australia, orogenic gold mineralization tends to be found near—
parallel to the stratigraphy and preferentially focussed between metasedimentary and mafic
unit boundaries. This near—parallelism of the lode—gold mineralization in the Plutonic Well
greentone belt, suggests that the original stratigraphy may have been a primary control on the
localization of gold—bearing fluids (Gazley, 2011; Duclaux et al., 2012). Historically, this
apparent lithostratigraphic control, similar to the stratabound nature of BIF-hosted deposits,

led to proliferation of syn-sedimentary models for greenstone—hosted gold deposits
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(Hutchinson, 1987). However, later in the 1990s, researchers clearly demonstrated an
epigenetic origin for this type of orogenic deposits (Groves et al., 1998).

So far, interpreting all these elements together, gold mineralization in the Serra das
Pipocas greenstone belt displays the typical stratigraphic and structural characteristics of other
greenstone—hosted orogenic gold deposits (Morey et al., 2007; Oliver et al., 2012; Zhou et al.,
2016; Lawley et al., 2016; Groves et al., 2018), such as the connection with a first—order
structure and the apparent lithological control of gold deposition, and therefore, supporting its

classification as an orogenic gold deposit.

Pedra Branca gold deposit
\ B (SE)

Aréﬁéa"ncru_sf

___ Paleoproterozoic crust

Suture

Fig. 4.18. Interpretation of the Archean—Paleoproterozoic terrane boundary of the Troia
Massif and the interplay of first—order (crustal-scale) structures, higher—order structures and
hydrothermal fluids. Location of the cross section in Fig. 4.3.

4.7.2. Timing of metamorphism, deformation and gold mineralization

The ages of the different deformation events in the Troia Massif are still not well
established. For example, in the case of the tangential tectonics Dn+1, some authors interpret
it as the record of the Brasiliano/Pan—African orogeny (620-580 Ma), characterized by the
development of Hymalayan-type nappe tectonics, associated to agglutination of the
Supercontinent Gondwana (Arthaud and Hartmann, 1986; Caby and Arthaud, 1986).
According to these authors, the concordance of the basement structures (folds) with those of
the Neoproterozoic metasedimentary rocks suggests that the Neoproterozoic deformation was
pervasive in both basement inliers and surrounding Neoproterozoic rocks (thick—skinned
deformation). However, other authors advocate that the tangential tectonics in the region of
the Troia Massif is a record of a Paleoproterozoic deformation, associated with the
Eburnean/Transamazonian cycle (Pessoa et al., 1986; Oliveira and Cavalcante, 1993). These
authors interpreted the S-type leucogranites of the Cedro suite (Fig. 4.3) as synchronic

intrusions with respect to the tangential tectonics. According to Pessoa et al. (1986), the
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available Rb—Sr (whole rock) isochronic ages between 1700 and 2100 Ma for these syn—
tectonic leucogranites, suggest that the thrust tectonics recorded on the Troia Massif is of
Paleoproterozoic age. These Rb—Sr ages suggest that the Cedro leucogranites formed during
the Eburnean/Transamazonian orogenic cycle, and also indicate that there was no complete
resetting of the Rb—Sr system in the Troia Massif due to the Neoproterozoic Brasiliano/Pan—
African orogeny. However, the loss of radiogenic Sr during the Neoproterozoic
metamorphism may be reflected by some "rejuvenated” (apparent) ages (1700 Ma) of the
leucogranites (Pessoa et al., 1986). In addition, a Rb—Sr age of 2888 + 96 Ma was obtained for
a TTG orthogneiss of the Pedra Branca unit (Cruzeta complex), also supporting that the Rb—
Sr system was not completely re—equilibrated by the Neoproterozoic metamorphism in the
Troia Massif (Pessoa et al., 1986).

Gold mineralization at the Pedra Branca deposit has been found in the deformed
quartz veins and associated calc-silicate and albite alteration (Fig. 4.10). In addition, quartz
veins with associated calc—silicate alteration are deformed by the Dn+1, Dn+2 and Dn+3
tectonic events, suggesting that main quartz vein formation and gold mineralization probably
took place during the early Dn event (Fig. 4.10). Most of the sulfides occur as deformed
crystals along Sn//Sn+1 foliation planes, which also supports that the main stage of gold—
sulfide deposition was during the Dn tectonic event (Fig. 4.10D and 4.11A). However, the
presence of undeformed pyrite crystals at pressure shadows of boudinage formation, indicates
that precipitation of sulfides also occurred during Dn+1 (and/or Dn+2) event (Fig. 4.10H). In
addition, gold (£ Te—Ag) mineralization also occurs associated to undeformed sulfides filling
fractures and late quartz/carbonate veins of the ductile—brittle tectonic event (Dn+3) (Fig.
4.11). The occurrence of gold-silver tellurides also in sulfides filling fractures, suggests that
gold mineralization occurred continually (remobilization?) from early (Dn, Dn+1 and Dn+2)
ductile high—temperature events to late stage (Dn+3 event) brittle structures (Fig. 4.10 and
4.11). However, the main stage of gold mineralization is thought to be related to the
(deformed) quartz veins and associated high—temperature calc-silicate alteration and
albitization (early Dn), when gold was firstly introduced by hydrothermal fluids in the
greenstone sequence.

According to our structural and geochronological data for the Pedra Branca gold
deposit, in Troia Massif, early gold mineralization (Dn) is Paleoproterozoic in age (2029 + 28
Ma), while the late remobilization of this gold (or new gold influx) along late stage brittle
structures (Dn+3) occurred during the Neoproterozoic (574 £ 7 Ma) (Fig. 4.17A). The U-Pb
ages of titanite grains extracted from gold-related calc—silicate alteration of the Pedra Branca
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gold deposit recorded powerful information for both gold mineralization and later tectono—
thermal reworking (Fig. 4.17A).

The 2029 + 28 Ma U-Pb titanite crystallization age places this gold mineralization at
the end of the Paleoproterozoic crustal evolution of the Troia Massif (Table 4.3). This age of
gold mineralization is slightly younger (within the error) than the ages of 2088 + 41 Ma
obtained in metamorphic zircon overgrowths from high—grade paragneisses (Calado et al.,
2018), younger than the 2068 and 2079 Ma potassic magmatism of the Bananeira suite (Costa
et al., 2018), the 2100 Ma Boa Viagem mafic—ultramafic intrusion (Almeida, 2014), the 2070
Ma S-type granitoids of the Canindé complex (Garcia et al., 2014), the 2046 Ma leucosome
age from the Macaoca migmatitic—orthogneiss (Gomes, 2013) and the 2036 Ma PGE—bearing
chromitites of the Troia Massif (Costa et al., 2014b) (Table 4.3).

Table 4.3. Geochronological data for Archean/Paleoproterozic rocks of the Troia Massif.

Complex / unit Rock type Analytical technique Age (Ma) Refer.
ARCHEAN RECORD
Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 3270 £5 Silva et al. (2002)

% Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2857 + 42 Fetter (1999)

O Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2794 £ 77 Fetter (1999)

‘€  Cruzeta complex Metatonalite (U-Pb SHRIMP in zircon) 2793+6.3 Ganade etal. (2017)

g Cruzeta complex Metarhyolite (U-Pb isotopic dilution in zircon) 2776 £ 65 Fetter (1999)

& Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2773 £ 60 Fetter (1999)

& Cruzta complex Metatonalite (U-Pb SHRIMP in zircon) 2698 + 8 Ganade et al. (2017)
Cruzeta complex Metatonalite (U-Pb isotopic dilution in zircon) 2675+ 64 Fetter (1999)
PALEOPROTEROZOIC RECORD
Algoddes unit Amphibolite (metabasalt)  (Sm-Nd whole rock isochron) 2236 +55  Martins et al. (2009)
Serra das Pipocas Matadacito (U-Pb LA-ICPMS in zircon) 2234 £ 13 Sousa (2016)
Cip6 tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2190+ 6 Costa et al. (2015)
Mirador tonalites Metatonalite/granodiorite  (U-Pb SHRIMP in zircon) 2185+ 4 Costa et al. (2018)

= Mirador tonalites Metatonalite/granodiorite  (U-Pb LA-ICPMS in zircon) 2181+ 4 Sousa, (2016)

5 Cip6 tonalites Metatonalite (U-Pb LA-ICPMS in zircon) 2180+ 15 Costa et al. (2015)

@ Cip6 tonalites Metatonalite (Pb-Pb evaporation in zircon) 21727 Martins et al. (2009)

O Cip6 tonalites Metatonalite (Pb-Pb evaporation in zircon) 2160+ 9 Martins et al. (2009)

I Madalena orthogneiss Metaquartz diorite (U-Pb isotopic dilution in zircon) 2156+ 8 Castro (2004)

é Serra das Pipocas Felsic metavolcanic (U-Pb isotopic dilution in zircon) 2151+9 Fetter (1999)

. Sera das Pipocas Felsic metavolcanic (U-Pb LA-ICPMS in zircon) 2156 + 45 Sousa (2016)

S Serrada Palha ortho. Granitic orthogneiss (U-Pb LA-ICPMS in zircon) 2150+ 16  Costaetal. (2015)

@  Boa Viagem complex Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2150 +£ 29 Silva et al. (2014)

g Madalena orthogneiss Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2142 +20 Castro (2004)

5 Algoddes unit Metaquartz diorite (U-Pb isotopic dilution in zircon) 2140+ 6 Fetter (1999)

% Madalena orthogneiss Metatonalite (Pb-Pb evaporation in zircon) 2140+ 6 Martins et al. (2009)

g Macaoca orthogneiss Bt-Hb-Orthogneiss (U-Pb isotopic dilution in zircon) 2139+ 12 Castro (2004)

<T  Boa Viagem complex Bt-Hb-Orthogneiss (U-Pb SHRIMP in zircon) 2124 + 35 Silva et al. (2014)
Algoddes unit Metarhyolite (U-Pb SHRIMP in zircon) 2130+ 17 Castro (2004)
Macaoca orthogneiss Metatonalite (U-Pb isotopic dilution in zircon) 2130+ 3 Fetter (1999)
Madalena orthogneiss Metaquartz diorite (U-Pb isotopic dilution in zircon) 2130+ 3 Martins et al. (2009)
Boa Viagem mafic Metagabbro (U-Pb LA-ICPMS in zircon) 2103+3 Almeida (2014)

+~ Jaguaretama complex Grt-Sill paragneiss (U-Pb LA-ICPMS zircon overgrowth) 2088 +41  Calado et al. (2018)

$  Bananeira suite Qtz-monzonite (U-Pb SHRIMP in zircon) 2079+4 Costa et al. (2018)

E Canindé unit (?) Leucogranite (U-Pb LA-ICPMS in zircon) 2070 +£19  Garciaetal. (2014)

& Bananeira suite Granite (U-Pb LA-ICPMS in zircon) 2068 £ 5 Costa et al. (2018)

8 Macaoca orthogneiss Leucosome (U-Pb LA-ICPMS in zircon) 2046 + 12 Gomes (2013)

% Troia mafic/ultramafics Chromitite (U-Pb SHRIMP in zircon) 2036 +£28  Costa et al. (2014b)

©  Gold mineralization Calc-silicate alteration (U-Pb LA-ICPMS in titanite) 2029 + 27 This work

Bt = biotite, Hb = hornblende, Qtz = quartz, SHRIMP = Sensitive High Resolution lon Microprobe, LA-ICMS = Laser Ablation Inductively Coupled Plasma Mass Spectrometry

Error for the ages are 10 for the SHRIMP technique and 2 o for the other