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RESUMO

Proximo ao limite dos estados do Para e Mato Grosso, contexto do Craton Amazonico, distante
aproximadamente 90 km a oeste do distrito de Vila Mandi, municipio de Santana do Araguaia
(PA), ocorre o inédito vulcano—plutonismo denominado Complexo mafico-carbonatitico
Santana. E formado por um membro inferior mafico-ultramafico com litofacies plutono—
vulcanica e outra vulcanoclastica; bem como por um membro superior carbonatitico com
litofacies plutdnica, efusiva e outra vulcanoclastico originadas em ambiente de caldeira
vulcanica com amplas zonas de alteragdes hidrotermais e estruturas circulares geneticamente
relacionadas. Esse conjunto foi parcialmente afetado pelo severo intemperismo Amazonico,
produzindo supergenicamente o depdsito de fosfato Serra da Capivara. Apesar de especulativo,
o Complexo mafico-carbonatitico Santana ¢ do Paleoproterozoico, ja que invade as sequéncias
vulcano—plutonicas paleoproterozoicas formacgdes Cinco Estrelas e Vila Mandi (19801880
Ma) e ¢ capeado por rochas sedimentares também da mesma Era. O membro inferior mafico-
ultraméfico contém litofacies com piroxenito e subordinados ijolito e apatitito que afloram em
amplos lajedos. No geral o piroxenito possui granulacdo média com augita (~ 90% vol.),
ceilonita (MgAl,O4), magnesio-riebeckita e olivina substituida por argilominerais (saponita).
O ijolito ¢ formado por fenocristais de clinopiroxénio e nefelina imersos em matriz fina com
nefelina, calcita e magnetita intersticiais. Blocos de apatitito sdo compostos de apatita de
granulacdo média (~ 98% vol.) e calcita. As rochas vulcanicas dessa litofacies sdo blocos
isolados métricos de basalto alcalino e apatitito fino. Esse basalto apresenta granulagdo fina
com mineralogia essencial composta por plagioclasio e augita. Além disso, ocorre uma intensa
cimentagdo de calcita na forma de esférulos com calcita e quartzo, além de intersticiais pirita,
oxidos de ferro, apatita, barita, rutilo, celestina e monazita. Essa textura mostra uma relagao de
imiscibilidade entre o magma silicatico e o carbonatitico. Vulcanismo autoclastico a explosivo
¢ materializado por litofacies com depositos mal selecionados de brecha polimitica macica,
lapilli-tufo, tufo de cristais e tufo de cinzas. As rochas autocldsticas revelam textura
vulcanocléstica formada por clastos angulosos originados da autofragmentacdo da litofacies
plutono—vulcanica mafica-ultraméfica. Depositos epiclasticos vulcanogénicos cobrem todas as
litofacies anteriores. O membro superior carbonatitico contém litofacies com calcita-
carbonatito grosso (sovito) amarelo-avermelhado com calcita (85-90%) subédrica a euédrica e
variagdes para calcita magnesiana ferrifera e dolomita, além de acessoérios como magnetita,
hematita, feldspato potassico e pirita. Esse litotipo ¢ seccionado por veios de carbonatito fino

intensamente hidrotermalizado. Ocorre raro apatitito grosso que representa o protominério do
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deposito. Litofacies vulcanica efusiva revela calcita-carbonatito fino (alviquito) rico em calcita
(80—85% vol.) com texturas variando de porfiritica equigranular fina, além de hematita,
magnetita, feldspato potassico e pirita. Litofacies mal selecionada de vulcanismo explosivo
carbonatitico contém tufo de cristais, lapilli-tufo e brecha polimitica maci¢a formados por
clastos angulosos provenientes das encaixantes e do proprio complexo. Stocks e diques
sieniticos invadem o conjunto. A principal altera¢gdo magmatica hidrotermal do complexo ¢
representada por rochas carbonatiticas hidrotermalizadas de coloragdes avermelhadas,
vermelho amarronzado e amarelado. A paragénese mineral encontrada foi barita + fluorapatita
+ dolomita + quartzo + rutilo + calcopirita + pirita + monazita + magnetita + hematita. Essa
alteracdo ocorre de trés maneiras distintas; 1) nas zonas mais profundas, onde os minerais
encontrados foram barita, fluorapatita e dolomita em alteragdes pervasivas a fissurais
associadas a carbonatitos finos profundos. 2) No sdvito, de estilo intersticial fraco com
mineralogia semelhante as alteragdes profundas. 3) no alviquito com alteracdes intersticiais
intensas e formag¢ao de quartzo hidrotermal associado a barita, fluorapatita, dolomita, monazita,
celestina e rutilo. A assembleia mineral das alteragdes mais profundas aponta para fluidos
inicialmente ricos em sulfato, magnésio, fésforo e CO, com origem na transi¢ao entre as fases
tardi-magmatica a hidrotermal. Ao passar para fases mais superficiais do vulcanismo, houve
assimila¢do de SiO: das rochas encaixantes evidenciados pela formacao de quartzo intersticial
no alviquito. O ambiente interpretado de caldeira vulcanica ocorre na interceptacdo de falhas
regionais NE-SW e NW-SE com até 40 km de extensao e que serviram como conduto profundo
do magma percursor do complexo. A raiz do sistema ¢ representada por rochas mafico-
ultramaficas e carbonatitos plutdnicos. A fase pré-caldeira envolveu intensa degaseificacdo e
atividades hidrotermais em fun¢do da evolucdo magmatica, bem como ascensdo por falhas
listricas e colocagdo em superficie de grande volume de lavas carbonatiticas (alviquitos) que
construiram o extinto edificio vulcanico. O colapso dessa estrutura e o abatimento topografico
coincidiu com vulcanismo explosivo e formacdo dos litotipos vulcanoclésticos, representando
a cobertura intra-caldeira. Os sienitos tardios podem representar a fase pds-caldeira e selagem
das estruturas. A paragénese hidrotermal identificada no Complexo maéafico-carbonatitico
Santana mostra importante potencial metalogenético para elementos terras raras e fosfato e
representa um guia prospectivo em terrenos proterozoicos do Craton Amazonico, a exemplo de

outras areas do planeta.

Palavras-chave: Metalogenia - Para. Elementos Terras Raras. Fosfato.
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ABSTRACT

Near the border of the states of Para and Mato Grosso, in the Amazonian Craton, about 90 km
west of the Vila Mandi district, Santana do Araguaia (PA) city, there is an unprecedented
volcano—plutonism named Santana mafic-carbonatitic Complex. It is formed by a lower mafic-
ultramafic member with plutono—volcanic and other volcaniclastic lithofacies; besides an upper
carbonatitic member with plutonic, effusive, and volcaniclastic lithofacies originated in a
volcanic caldera environment with large areas of hydrothermal alterations and genetically
related circular structures. The severe Amazon weathering partially affected this cluster,
producing the Serra da Capivara Phosphate deposit supergenically. Although speculative, the
Santana mafic-carbonatitic Complex is Paleoproterozoic in age, because it invades the
Paleoproterozoic volcano-plutonic sequences Cinco Estrelas and Vila Mandi formations
(1980-1880 Ma) and it is capped by sedimentary rocks from the same Era. The lower mafic-
ultramafic member has lithofacies with slabs of pyroxenite, and minor isolated metric blocks
of ijjolite and apatitite. They are medium-grained ceylonite-bearing (MgAl>O4) pyroxenites with
augite (~ 90% vol.), magnesio-riebeckite, and olivine crystals replaced by clay minerals
(saponite). The ijolite is composed of clinopyroxene and nepheline phenocrysts immersed in a
fine-grained groundmass with nepheline, calcite, and interstitial magnetite. Apatitite blocks are
composed of medium-grained apatite grains (~ 98% vol.) and calcite. The volcanic rocks of this
lithofacies comprise isolated metric blocks of alkali basalt and rare associated outcrops of fine-
grained apatitite. This basalt rock presents plagioclase-rich groundmass and acicular augite
phenocrysts as essential mineralogy. Aphyric samples have primary spherules filled with calcite
and quartz, besides interstitial pyrite, iron oxides, apatite, barite, rutile, celestine, and monazite.
This textural feature suggests silicate and carbonatitic melts immiscibility process. An
explosive to autoclastic mafic volcaniclastic lithofacies encompasses poor sorting deposits of
massive polymictic breccia, lapilli-tuff, crystal-rich tuff, and ash tuff. The autoclastic rocks
reveal volcaniclastic texture comprising centimetric angular clasts sourced from
autofragmentation of the mafic-plutonic plutono—volcanic lithofacies. Epiclastic sedimentary
volcanogenic deposits usually cover all previous lithofacies. The upper carbonatitic member
reveals coarse-grained carbonatite (sovite) lithofacies comprising reddish-yellow sovite (calcite
carbonatite) composed of subhedral to euhedral calcite (85-90% vol.), with variations to
magnesium-ferriferous calcite and dolomite. Primary accessories are magnetite, hematite,
potassic feldspar, and pyrite. These lithotypes show hydrothermalized medium- to fine-grained

carbonatite veins. Rare coarse-grained apatitite bodies occur associated with this lithofacies,
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which represents part of the proto-ore. An effusive carbonatite (alvikite) lithofacies reveals fine-
grained calcite-rich (80—85% vol.) to porphyritic alvikite, besides hematite, magnetite, potassic
feldspar, and pyrite. Fragment-rich explosive carbonatitic volcaniclastic lithofacies
encompassing poor sorting and texturally variable massive crystal-rich tuff, lapilli-tuff, and
massive polymictic breccia formed by angular clasts sourced from host rocks and the complex.
Syenitic stocks and dikes invade these rocks. The main hydrothermal magmatic alteration of
the complex is represented by hydrothermalized carbonatitic rocks of reddish, brownish, and
yellowish colors. The mineral paragenesis found was barite + fluorapatite + dolomite + quartz
+ rutile &+ chalcopyrite + pyrite + monazite + magnetite + hematite. This alteration occurs in
three distinctive ways; 1) in the deeper zones, where the minerals found were barite, fluorine
apatite, and dolomite in pervasive to fracture-controlled alteration associated with deep fine
carbonatites. 2) In the sovite, of weak interstitial form with mineralogy similar to the deep
alterations. 3) in the alvikite with intense interstitial changes and formation of hydrothermal
quartz associated with barite, fluorapatite, dolomite, monazite, celestine, and rutile. The mineral
assemblage of the deeper alterations suggests initially sulphate-rich, magnesium, phosphorus,
and CO> fluids with possible transitional source between the late magmatic and the
hydrothermal stages. In transition to more superficial phases of the volcanism, there was an
assimilation of SiO: from the country rocks evidenced by the formation of fine interstitial quartz
crystals in alvikite. The interpreted environment of volcanic caldera occurs in the interception
of regional NE-SW and NW-SE faults with up to 40 km of extension and that served as deep
conduit of the precursor magma of the complex. The root of the system is represented by mafic-
ultramafic rocks and plutonic carbonatites. The pre-caldera phase involved intense
degasification and hydrothermal activities as a function of magmatic evolution, and ascending
by lithic faults and placing on the surface of large volume of carbonate lava (alvikites) that built
the extinct volcanic building. The collapse of this structure and the topographic landslide
coincided with explosive volcanism and formation of the volcanoclastic lithotypes,
representing the intra-caldera filling. The late syenites may represent the post-caldera phase and
sealing of these structures. The hydrothermal paragenesis identified in the Santana mafic-
carbonatitic Complex shows important metallogenetic potential for rare earth elements and
phosphate and represents a prospective guide on Proterozoic terrains of the Amazonian Craton,

like other areas of the planet.

Keywords: Metallogenesis - Pard. Rare Earth Elements. Phosphate.
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APRESENTACAO

Esta dissertacdo foi elaborada no Programa de Pés-Graduacdo em Geologia e
Geoquimica da Universidade Federal do Pard (PPGG), e foi organizada em capitulos, abaixo
destacados. Os principais resultados alcangados compdem um artigo cientifico, que serad
submetido para possivel publicacdo em periddico especializado internacional. O conteudo foi

assim organizado:

1) Dos Topicos 1 ao 8 constam a introducdo, localizacio da érea estudada,
justificativa, objetivos e métodos aplicados. E também apresentado o contexto
geotectonico das rochas da regido de Vila Mandi (PA), revisdo sobre o vulcanismo
proterozoico na Amazonia e uma sintese sobre complexos carbonatiticos no mundo

e métodos aplicados;

2) O Topico 9 apresenta o artigo intitulado “Fluid-rock interactions in the Santana
mafic-carbonatite Complex, Amazonian craton, northern Brazil: Mineralogy and
metallogenetic potential” a ser submetido ao periddico Ore Geology Reviews

(Elsevier);

3) O Topico 10 apresenta as conclusdes obtidas com este trabalho que buscou
contribuir com o avango do conhecimento geoldgico do vulcanismo proterozoico do

Craton Amazodnico.



1 INTRODUCAO

Ao longo de grande parte do Craton Amazonico (Almeida et al. 1981) ocorrem diversas
associacdes vulcano—plutonicas paleoproterozoicas que sdo denominadas lafto sensu
Vulcanismo Uatuma (Pessoa et al. 1977), representando um evento de carater heterogéneo
efusivo e explosivo que abrange uma area de aproximadamente 1.500.000 km? (Juliani e
Fernandes 2010). Esse vulcanismo materializou rochas plutdnicas e vulcanicas em diferentes
provincias com grandes potenciais metalogenéticos (Fig. 1). Apesar do grande avango do
conhecimento nas duas ultimas décadas com a definicdo de sistemas mineralizantes epitermais
e do tipo porfiro de Cu—Au paleoproterozoicos nas regides da Provincia Mineral do Tapajos
(Juliani et al. 2005; Misas 2010; Tokashiki 2015) e de Sdo Félix do Xingu (Lagler et al. 2011;
Cruz et al. 2015; Cruz et al. 2016), impensaveis de existirem em funcdo de sua associacio a
rochas tdo antigas, essas provincias ainda necessitam de estudos detalhados com diferentes
focos em fung¢do de diferencas quimicas e de idades entre os varios produtos desse magmatismo.

Préximo ao limite entre os estados do Para ¢ Mato Grosso, oeste do distrito de Vila
Mandi, extremo sul do Craton Amazonico, esse magmatismo materializou rochas vulcanicas e
plutonicas recentemente individualizadas nas formagdes Cinco Estrelas e Vila Mandi
(Fernandes et al. 2016; Vieira 2016). Intrusivo nesses centros vulcanicos, ocorre o Complexo
mafico-carbonatitico Santana (Lagler et al. 2014; Fernandes et al. 2016) que compreende
rochas ultramaficas e maficas na base e que gradam para rochas carbonatiticas plutdnicas e
lavas alviquiticas efusivas, capeadas por sequéncias vulcanoclasticas explosivas com brechas e
lapilli-tufos carbonatiticos. A erosdo de parte desse complexo produziu supergenicamente
mineralizacdo de fosfato, descoberta no ano de 2010 pela empresa MbAC Fertilizer
Corporation, e denominado deposito Serra da Capivara (Chiquini 2011; Lagler et al. 2014).

Em todo mundo, complexos vulcanicos carbonatiticos sdo amplamente estudados
devido ao seu alto potencial metalogenético para Terras Raras, Nidbio, Uranio, Tantalo,
Fosforo, entre outros (Richardson e Birkett 1996; Mitchell 2005; Jones et al. 2013). Assim,
estudos petrograficos preliminares revelaram halos de alteragdes hidrotermais no Complexo
mafico-carbonatitico Santana que estdo relacionados a evolugdo dessa unidade e que podem
hospedar outras commodities (Gongalves 2016). Buscando-se entender a relagdo entre as
altera¢des hidrotermais e a evolucdo do Complexo, pretende-se com este trabalho contribuir
com a caracteriza¢do da geologia do vulcanismo e dos tipos e estilos dessas alteracdes com base
em petrografia e mineralogia detalhadas por microscopia optica convencional e microscopia

eletronica de varredura.
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Araguaia. Dados compilados de Bizzi et al. (2003), Juliani e Fernandes (2010) e Assis et al. (2017).



2 LOCALIZACAO E ACESSO A AREA

A area de estudo esta localizada no estado do Para, extremo sul do nacleo urbano do

municipio de Sdo Félix do Xingu, distante aproximadamente 90 km a oeste do distrito de Vila

Mandi, administrado pelo municipio de Santana do Araguaia (Fig. 2). O acesso a area de estudo,

a partir de Belém, ¢ realizado pelas rodovias PA-150, BR-155 e BR-158. Além das vias

principais, hd ainda vias secundarias entre fazendas e povoados.
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Figura 2 - Mapa de localizag@o da area de estudo. Modificado de Vieira (2016).




3 JUSTIFICATIVA

O magmatismo ocorrido no Craton Amazonico no final do Paleoproterozoico tem sido
objeto de estudo de diversos trabalhos ao longo das ultimas décadas (Lamarao et al. 2002;
Juliani et al. 2005; Juliani e Fernandes 2010; Cruz et al. 2016; Fernandes e Juliani 2019), porém
muitas das areas onde os produtos desse evento se manifestam ndo sdo bem conhecidas
geologicamente. Esse vulcanismo engloba rochas formadas em ambiente distensivo
anorogénico, porém em muitos casos rochas calcio-alcalinas de ambientes colisionais sdo
agrupadas nesse contexto diante da falta de detalhamento geologico (Pessoa ef al. 1977).

A regido do municipio de Sao Félix do Xingu, sul do estado do Pard, por exemplo,
apresenta duas unidades distintas geoquimicamente, que até recentemente eram colocadas no
mesmo evento vulcanico. Os ultimos trabalhos realizados apresentam uma nova alternativa para
a geracdo de vulcanismo célcio-alcalino em arcos continentais pelo mecanismo de flat-
subduction (Fernandes et al. 2011; Lagler ef al. 2011). A é4rea de estudo proposta neste projeto,
situada a sul de Sdo Félix do Xingu, apresenta caracteristicas geolodgicas semelhantes as
descritas acima e a integracdo desses resultados com os estudos anteriores pode fornecer
informagdes valiosas a respeito do contexto geotectonico e metalogénese do Craton Amazdnico
durante o Proterozoico (Vieira 2016).

Outro aspecto a ser abordado ¢ a relacdo entre 0 magmatismo paleoproterozoico no
Craton Amazonico com depositos minerais. Na Provincia Mineral do Tapajos, mais de 200 t de
ouro foram oficialmente explotadas até¢ 1997 (Faraco et al. 1997). A descoberta de
mineralizagdes magmatico-hidrotermais — como as epitermais do tipo high- e low-sulfidation
identificadas em vulcanicas célcio-alcalinas do Grupo Iriri (Juliani et al. 2005), e as do tipo
porfiro associadas a intrusdes graniticas (Juliani et al. 2002) — consolidando novas areas como
alvos para a exploragdo mineral no Craton Amazonico.

Aliado a esse fato, a ocorréncia de carbonatitos (Chiquini 2011; Lagler ef al. 2014) na
area a ser estudada fornece maior potencial para a ocorréncia de varios outros depdsitos
minerais. Assim, a descoberta recente de halos de alteragdes hidrotermais tardias com barita,
quartzo intersticial, dolomita e apatita em varias rochas do Complexo méafico-carbonatitico
Santana abre discussdo para a sua origem, fonte e potencial metalogenético, bem como sua
relacdo com o magmatismo carbonatitico (Gongalves 2016). Tais alteracdes com barita
comumente sdo oriundas de fluidos hidrotermais tardios produzidos por pulsos finais de
magmas carbonatiticos dentro dos complexos e que podem carrear metais de interesse

econdmico (Heinrich e Vian 1967). De fato, a formacdo de mineralizagdes de Terras Raras e



outros metais a partir de sistemas hidrotermais vinculados a evolu¢ao magmatica de complexos
carbonatitos tem sido cada vez mais discutida na literatura (Hogarth et al. 1985; Zaitsev 1996;
Andersen 1986; Andrade et al. 1999). Esses autores enfatizaram o importante papel das
alteracdes hidrotermais pos-magmaticas e reequilibrio dos minerais magmaticos na origem de
fases hidrotermais.

A integragdo dos dados disponiveis até o0 momento para as formagdes Cinco Estrelas e
Vila Mandi aponta para afinidade com granitoides formados em arco-magmaticos continentais
(Chiquini 2011; Lagler et al. 2014; Fernandes et al. 2016; Santos 2017). Assim, evolucdo
magmatica polifasica revelada pelo Complexo mafico-carbonatitico Santana em ambiente de
caldeira vulcanica em fases pré-, sin- e pods-caldeira, com idade provavelmente
paleoproterozoica, sugere relacionamento temporal e genético com essas formacdes
supracitadas, haja vista que complexos carbonatiticos também sdo descritos hoje em ambiente
orogénico (D’Orazio et al. 2007). Porém, ainda s3o necessarios estudos petrograficos e de
alteracao hidrotermal mais detalhados dessas rochas para entender melhor a sua génese e seu

potencial econdmico.



4 OBJETIVOS

Com base no que foi exposto anteriormente, pretende-se com este trabalho aprofundar
o conhecimento geologico da regido de Vila Mandi, especialmente em relagdo ao Complexo
mafico-carbonatitico Santana. Em razao disso, os objetivos especificos desta pesquisa foram:
v' Estabelecimento da estratigrafia, cartografia geoldgica ¢ interpretagio do modelo
evolutivo desse sistema vulcano—plutdnico;
v' Caracterizagdo dos diversos tipos e estilos de alteragdes hidrotermais associadas as
rochas maficas, carbonatiticas e vulcanoclasticas que ocorrem associadas;
v Contribuir com o estudo do potencial metalogenético dos produtos dessas alteragdes
hidrotermais;
v' Avaliar o relacionamento genético dessas alteragdes hidrotermais com a evolugdo

magmatico-hidrotermal do complexo em ambiente de caldeira vulcanica.



5 METODOS APLICADOS

5.1 PESQUISA BIBLIOGRAFICA

Foram realizados levantamentos bibliograficos sobre a geologia da regido proposta para
os estudos, bem como em relagdo aos diversos temas que foram abordados durante o
desenvolvimento do trabalho, por meio de consultas ao Portal de periddicos da CAPES e

bibliotecas da UFPA.

5.2 TRABALHOS DE CAMPO

Foram realizadas duas etapas de campo na area de estudo pelo aluno e orientador deste
trabalho entre os dias 14 e 26 de outubro de 2014, e 5 a 13 de junho de 2016. Estes trabalhos
foram acompanhados pelo Gedlogo MsC. Bruno Lagler, da empresa MbAC Fertilizer
Corporation e co-orientador desta Dissertacdo de Mestrado, o qual forneceu mapas geoldgicos,
pontos de afloramentos visitados em etapas anteriores pela empresa, amostras, descrigdes de
furos de sondagem (furos 3, 202 e 211) e participou ativamente na discussdo em

aproximadamente 130 pontos de afloramentos visitados.

5.3 PETROGRAFIA

O estudo de laminas delgadas envolveu descrigdes mineraldgicas detalhadas e anélises
texturais de amostras preservadas e hidrotermalizadas objetivando-se: (a) o reconhecimento das
fases minerais, suas relacdes de contato, formas e dimensdes, presenca de inclusdes,
intercrescimentos (exsolugao e substitui¢do), estruturas (se deformadas ou nao), bem como suas
relacdes de equilibrio com outras fases presentes; (b) caracterizagdo de paragé€neses
(magmaticas e hidrotermais); (c) ordem de cristaliza¢do, quando possivel; (d) identificacao de
cristais, fragmentos de cristais e fragmentos liticos de origem vulcanoclastica; e (e)
caracterizacao dos diferentes tipos de alteragdes hidrotermais.

Diante dos critérios acima apresentados, foram realizadas andlises de 31 laminas
delgadas das rochas encaixantes para identificacdo de possivel influéncia do complexo
carbonatitico. No complexo foram realizadas descri¢des petrograficas detalhadas mesoscopicas

e microscopicas de 23 laminas delgadas e 10 polidas de amostras de mao. Para estudos de zonas



mais profundas foram confeccionadas uma lamina delgada e uma ldmina polida para cada um

dos trés furos de sondagens bem representativos dos produtos de altera¢des hidrotermais.

5.4 MICROSCOPIA ELETRONICA DE VARREDURA

A caracterizagdo de texturas diminutas, de fases minerais acessorias e dos produtos de
alteracdes hidrotermais de dificil reconhecimento em microscopia Optica convencional foi
complementada com o estudo de onze laminas polidas em microscopio eletronico de varredura
(MEV) com EDS (Energy Dispersive Spectroscopy) acoplado. Essa etapa foi realizada no
Laboratério de Microscopia Eletronica de Varredura, do Servigo Geologico do Brasil (CPRM)
de Belém, sob coordena¢do do Dr. Marcelo Lacerda Vasquez e cooperagdo cientifica do
geologo Luciano Castro. Além disso, etapa complementar foi desenvolvida no Laboratorio de

microanalises da UFPA, com o apoio do responsavel Prof. Cldudio Nery Lamarao.
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6 CONTEXTO GEOTECTONICO

O estudo da evolugdo do Proterozoico do Craton Amazoénico ainda € controverso,
polémico e desafiador. Historicamente, com base em dados estruturais e geofisicos, tem sido
considerado uma grande plataforma arqueana retrabalhada durante o evento Transamazdnico
(Hurley et al. 1967; Almeida et al. 1981). Dados isotopicos de Sm-Nd, U-Pb e Pb-Pb (TIMS)
permitiram outros pesquisadores a interpretd-lo como um produto de sucessivos eventos de
acrescao continental relacionados a ambientes de arcos de ilha. O craton foi entdo dividido em
seis (Tassinari e Macambira 1999, 2004) ou sete (Santos et al. 2000, 2004) provincias
geocronologicas.

Modelo alternativo tem surgido para a parte sul desta unidade tectonica com base em
dados geoldgicos, geocronologicos e metalogenéticos (Fernandes et al. 2011; Carneiro ef al.
2014, 2018), que sugere a existéncia de possivel zonamento entre 2000 e 1880 Ma das
mineralizagdes de Au—Cu—Mo do tipo poérfiro, epitermais de Au—Ag, e metais de base
relacionados a granitoides do tipo-A. Este zonamento se estende desde a Provincia Mineral do
Tapajos até¢ Sdo Félix do Xingu (PA) e pode estar relacionado a zona de subducgdo do tipo
andina aproximadamente E-W com a geracdo inicial de magmatismo célcio-alcalino de alto
potassio. Nesse contexto a ocorréncia das associagdes calcio-alcalinas mais jovens (1880 Ma)
na regido de Sdo Félix do Xingu pode ser explicada pela diminui¢do no angulo da placa
subductada, evento esse conhecido como flat subduction (Sacks 1983), como descrito no
Cinturdo Vulcanico Trans-Mexicano (Ferrari ef al. 1999) e no Cinturdo Andino (Kay et al.
2005).

Estudos geofisicos corroboram esta interpretacdo para a Provincia Mineral do Tapajos
(Carneiro et al. 2013, 2018). O trend regional NW-SE nesta provincia estd relacionado a
grandes falhas e zonas de cisalhamento transcorrente que controlaram a colocagdo de
associacdes vulcano—plutonica félsicas pos-tectonicas, enquanto estruturas E-W sdo
significativas na por¢ao norte. Essas estruturas apresentam caracteristicas acromagnetométricos
que sugerem maior penetrabilidade crustal. O carater mais profundo dessas estruturas E-W,
inferido a partir do campo magnético residual, revela o sentido mais provavel do cinturdo movel
e arcos magmaticos mais antigos gerados na porcao sul do Craton Amazonico. Dados
geocronoldgicos recentemente obtidos para esta regido permitiram a defini¢do de novos arcos
magmaticos, conhecidos como Arcos Tapajonicos (Juliani et al. 2015; Tokashiki 2015;

Tokashiki et al. 2015).
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7 GEOLOGIA REGIONAL

A érea de estudo estd localizada nos limites do dominio Iriri-Xingu, incluido na
Provincia Geocronologica Amazonia Central (Tassinari e Macambira 1999, 2004; Santos et al.
2000, 2004), préximo ao dominio Santana do Araguaia (Vasquez e Rosa-Costa 2008). Este
trabalho utilizara os dados existentes no mapa geologico na escala 1:1.000.000 da Folha SC.22—
Tocantins, parte integrante da “Carta Geoldgica do Brasil ao Milionésimo”, elaborada por
Faraco et al. (2004), bem como informagdes geologicas de Vasquez e Rosa-Costa (2008), ainda
que com pouco detalhe e extremamente confusas diante da escassez de trabalhos na regido que
permitam a melhor delimitagdo das unidades e suas relacdes estratigraficas (Fig. 3). A densa
cobertura vegetal; a descontinuidade lateral dos afloramentos e distancia de grandes distritos
mineiros sdo fatores que certamente contribuem para a elaboragdo de uma cartografia geoldgica
confiavel.

Faraco et al. (2004) individualizaram na regido as unidades Complexo Xingu, Suite
Intrusiva Teles Pires, Suite Intrusiva Rio Dourado, Grupo Iriri, Formagao Gorotire ¢ Formagao
Cubencranquém; ao passo que Vasquez e Rosa-Costa (2008) consideram apenas Formagao
Triunfo, Grupo Iriri, Granitos Tipo-A Indiferenciados, Complexo Santana do Araguaia e a

Sequéncia Fazenda Santa Fé.
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7.1 ARQUEANO

O Complexo Xingu representa o embasamento da regido com ortognaisses
predominantemente tonaliticos e migmatitos (Aratijo e Maia 1991). Santos (2003) ressaltou que
essa unidade necessita de estudos de maior detalhe, pois suas idades variam de 3000 até 2000
Ma e, portanto, agrupam rochas de contextos distintos na mesma unidade. Dessa forma, nos
mapeamentos de Vasquez e Rosa-Costa (2008) e Alves et al. (2010) na regido estudada essa
unidade arqueana foi posicionada no Neoarqueano, com base nas idades U-Pb em ortognaisse
de 2828 + 21 Ma a 2696 + 79 Ma feito pelo método Rb-Sr, e denominada Complexo Santana
do Araguaia. Além disso, Vasquez e Rosa-Costa (2008) propdem a nomenclatura de Fazenda
Santa Fé para uma sequéncia de rochas supracrustais arqueanas que ocorrem no extremo
sudeste do Para. Essa sequéncia ¢ composta por rochas metaméaficas e metassedimentares, em
que as primeiras sdo metabasaltos granofels ou porfiriticos, plagioclasio-quartzo-actinolita

granofels, quartzo-plagioclasio-tremolita xistos e quartzo-plagioclasio-actinolita xistos.

7.2 PROTEROZOICO

Ao Paleoproterozoico sdo atribuidas as rochas do Grupo Iriri e da Formagao Sobreiro
genericamente relacionados ao magmatismo Uatuma (Pessoa et al. 1977), além das suites
intrusivas graniticas Teles Pires e Rio Dourado e coberturas sedimentares das Formagdes
Triunfo, Cubencranquém e Gorotire.

A Formacao Sobreiro ¢ descrita por Vasquez e Rosa Costa (2008) como derrames de
andesitos, traquitos e dacitos, por vezes com amigdalas, além de depositos tufaceos. Em geral,
sdo rochas isotropicas, de cor cinza escuro, cinza esverdeado e preto, afaniticas, com tipos
porfiriticos com fenocristais de plagioclasio e anfibolio associados a um magmatismo
intracontinental. Fernandes et al. (2011) atribuem a essa unidade afinidade geoquimica célcio-
alcalina de alto potassio compativel com granitoides de arco vulcanico, bem como composi¢ao
metaluminosa. Idades por evaporacdo de Pb em zircao de 1865 +5 e 1880 6 Ma (Teixeira et
al. 2002; Pinho et al. 2006) foram obtidas para rochas (andesito e dacito, respectivamente) da
Formagao Sobreiro.

Vasquez e Rosa-Costa (2008) optaram pela designagdo informal de Granitos Tipo-A
Indiferenciados para boa parte da unidade definida como Formacao Iriri por Faraco et al.
(2004). Esses corpos graniticos foram individualizados, na por¢do centro—sul do Paré, por

sensores remotos € imagens aerogeofisicas, corpos graniticos circulares com caracteristicas
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semelhantes as dos granitoides tipo-A da regido. Alguns corpos dessa unidade que afloram nos
rios Iriri e Curua sdo leucosienogranitos, isdtropos, equi- a inequigranulares, textura fina a
grossa, variando de microgranitos a granitos porfiriticos. Também foi observado sieno- e
monzogranitos com biotita e hastingsita, inequigranulares e porfiriticos com textura rapakivi,
além de subordinados quartzo sienitos com anfibolio e biotita.

Os granitoides paleoproterozoicos da regido, como as suites Teles Pires e Rio
Dourado, possuem idades 1740 Ma +12 Ma U-Pb e 1737 Ma +50 Ma Rb-Sr, respectivamente
e sdo compostas por granodiorito a sienogranito (Faraco et al. 2004). Mais ao sul da area
estudada, na Folha Sdo José do Xingu, Alves ef al. (2010) descreveram a suite Rio Dourado
como representadas por biotita sienogranito, biotita-hornblenda sienogranitos e monzogranitos,
com subordinados granitos granofiricos, alcali-feldspato granitos, bolsdes pegmatiticos e tipos
subvulcanicos. E a suite Teles Pires como os granitos do estagio final da evolugdo do Arco
Juruena (1757 Ma) com sec¢do tipo no batdlito de Terra Nova do Norte—-MT (Folha Vila
Guarita).

Além disso, uma outra suite granitica ¢ descrita por Vasquez e Rosa-Costa (2008) dentro
do dominio Iriri-Xingu, a suite intrusiva Velho Guilherme. Ela ¢ composta por uma sucessao
de intrusdes graniticas mineralizadas em cassiterita na por¢ao centro-sudeste do Para, na regido
de Sao Félix do Xingu. Essa suite inclui os granitos Velho Guilherme, Antonio Vicente,
Benedita, Bom Jardim, Serra da Queimada, Ubim, Rio Xingu, Mocambo e Sao José. Teixeira
et al. (2002) e Pinho et al. (2006) obtiveram idades de cristalizagao entre 1887 =5 ¢ 1862 £16
Ma para os granitos da Suite Intrusiva Velho Guilherme, com base no método Pb-Pb em zircao.

Vasquez e Rosa-Costa (2008) descrevem rochas vulcanicas e vulcanoclasticas do Grupo
Iriri, dominantemente félsicas, que ocorrem extensivamente no dominio Iriri-Xingu como
indivisas. Porém no dominio Tapajos esse grupo foi dividido na Formagao Salustiano que ¢
composta por riolitos, riodacitos, dacitos e porfiros graniticos, ¢ na Formagdo Aruri que ¢
constituida de ignimbritos, brechas vulcanicas, tufos félsicos e depositos vulcanogénicos. Com
base em critérios petrogenéticos e metalogenéticos, Juliani e Fernandes (2010) renomearam o
Grupo Iriri para Formagao Santa Rosa na regido de Sao Félix do Xingu. Ela consiste em fluxos
de lavas e vulcanoclasticas intermedidrias a félsicas com varidveis conteidos modais de
feldspato potéssico, plagiocldsio e megacristais de quartzo envoltos por matriz constituida de
quartzo e feldspato potéssico intercrescidos, comumente esferulitica; bem como litofacies
vulcanoclésticas de composi¢do semelhante aos fluxos de lava. Sdo rochas de carater
anorogénico, com afinidade geoquimica intraplaca, e predominantemente peraluminosas e

transicionais entre subalcalino e alcalino. Fernandes (2005) e Teixeira et al. (2002)
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determinaram as idades de 1880 e 1875 +3 Ma, respectivamente, no método de datagdo Pb-Pb
em zircdo para riolito da Formagao Santa Rosa.

Intrusivo nas sequéncias vulcanicas citadas, ocorre, segundo Vasquez ¢ Rosa-Costa
(2008), o Sienito Guabiraba possivelmente relacionado ao magmatismo tipo-A do dominio
Iriri-Xingu. Trata-se de um pequeno corpo composto por sienitos, quartzo monzonitos, quartzo-
feldspato alcalino sienitos, quartzo sienitos e feldspato alcalino sienitos.

A Formagdo Triunfo (Silva ef al. 1974), assentada em discordancia angular sobre as
rochas do embasamento. Segundo Vasquez e Rosa-Costa (2008) ¢ composta de quartzo
arenitos, arenitos liticos e arenitos arcoseanos subordinados, com conglomerados polimiticos e
siltitos associados. Embora as relagdes estratigraficas dessa formagao ainda ndo estejam bem
definidas, admite-se que a sedimentagdo continental sucedeu o vulcano—plutonismo
paleoproterozoico anteriormente descrito. Faraco et al. (2004) descreveram no local a
Formag¢dao Cubencranquém que foi descrita por Alves et al. (2010) como arenitos
liticos/conglomeraticos e arcoseanos, em geral avermelhados e arroxeados, seguidos por
arenitos finos e siltitos claros, intercalagdes decimétricas a métricas de tufos de cor cinza e
avermelhados. A sedimentagdo ocorreu em ambiente continental fluvial, com clima
possivelmente semi-arido, em condi¢des de pouco transporte com influéncia de material
vulcanico.

Contudo, somente estudos mais recentes mostraram a presenga de um complexo mafico-
carbonatitico hospedeiro do deposito de fosfato Serra da Capivara que ¢ claramente discordante
e posterior aos litotipos anteriormente descritos, porém com idade ainda desconhecida
(Chiquini 2011; Lagler et al. 2014; Fernandes et al. 2016). Tal complexo representa a mais
recente descoberta de um deposito fosfatico associado a carbonatitos no Brasil, sendo o
primeiro do tipo no Escudo Brasil Central, no sul do Craton Amazdnico. Sao rochas méficas e
ultraméficas intrusivas e extrusivas como basanitos, basaltos alcalinos, ijolitos e piroxenitos na
base associados a fases mais alcalinas nas formas de diques e soleiras compostos por sienitos,
carbonatitos, além de rochas vulcanoclasticas, como brechas e lapilli-tufos carbonatiticos, que
cobrem essas sequéncias. Os recursos totais estimados para o depdsito até o momento sdo
constituidos por 60,36 Mt de reservas indicadas a 12,04% de P>Os e 26,59 Mt de reservas
inferidas a 5,56% de P»Os (Lagler ef al. 2014).

Chiquini (2011) descreveu nessas rochas vulcanoclasticas do complexo maéfico-
carbonatitico lapilli-tufos acresciondrios e glauconita nas rochas vulcanoclasticas, indicativos

de explosdes vulcanicas em ambiente aquatico, como caldeiras de vulcdes carbonatiticos.
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Contudo, essas rochas vulcanoclasticas gradam, nas por¢des mais distais, para arenitos

vulcanicos carbonatiticos epiclasticos.

7.3 FANEROZOICO

O Fanerozoico estd representado na regido por unidades lito-estratigraficas do

Mesozoico e do Cenozoico (Vasquez e Rosa-Costa 2008).
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8 GEOLOGIA DA AREA DE ESTUDO

O mapeamento de detalhe desenvolvido nessa dissertacdo e em trabalhos anteriores
revelou que a area de estudo abriga ao menos dois centros vulcano-plutonicos efusivos e
explosivos bem preservados, recentemente individualizados nas formacdes Cinco Estrelas e
Vila Mandi (Fernandes ef al. 2016). Essas formagdes possuem litotipos com fluxos de lavas e
rochas vulcanoclésticos, bem como subvulcanicas e plutonicas associadas. Contudo, o nivel
topografico das rochas mapeadas aponta para grau de erosdo muito mais acentuado quando
comparado com outras dreas como a Provincia Mineral do Tapajés ou regido de Sao Félix do
Xingu (Fernandes et al. 2016).

Os litotipos da regido, apesar de serem paleoproterozoicos, nao estdo deformados ou
metamorfisados e permitem a identificacdo de texturas e estruturas primarias e relagdes
estratigraficas originais. A analise estrutural foi baseada na fotointerpretacdo de feigdes em
imagem do radar R99B e elementos ripteis como falhas, fraturas e estruturas circulares, bem
como por meio de medidas de foliacdo de fluxo de lava obtidas em campo. Os padrdes de
direcdes de falhas, fraturas e lineamentos fotointerpretados mostraram que ha, principalmente,
duas diregoes preferenciais: NE-SW e NW-SE (Fig. 4). Esses sao seguidos preferencialmente
pelas serras relacionadas a Formacdo Vila Mandi, que foram interpretados como pertencentes
a um sistema de vulcanismo fissural.

Isso mostra que possivelmente hd uma relacdo entre as fei¢des estruturais e o
vulcanismo, assim como Juliani e Fernandes (2010) descreveram para a regido de Sao Félix do
Xingu na Formacdo Santa Rosa. Porém, naquela area os condutos do vulcanismo estdo
relacionados a duas grandes fissuras paralelas de aproximadamente 30 km com dire¢des NE—
SW. Em Vila Mandi ¢ dificil a estimativa exata do tamanho das fissuras, por estarem
parcialmente encobertas pelo Complexo mafico-carbonatitico Santana tardio (Chiquini 2011;
Lagler et al. 2014; Fernandes et al. 2016). As foliagdes de fluxo de lava dos riolitos sdo
relacionadas a ascendéncia vertical através de fissuras na crosta. Complementarmente, ocorrem
estruturas circulares que sugerem a presenca de antigos cones vulcanicos que fizeram parte do
sistema paleoproterozoico ou representem resto de caldeiras vulcanicas fortemente erodidas, a
exemplo daquelas descritas na regido de Sao Félix do Xingu (Lagler 2011) ou Provincia

Mineral do Tapajoés (Lamarao et al. 2002; Juliani ef al. 2005).
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Figura 4 - Imagem de radar R99B da éarea de estudo com as estruturas fotointerpretadas.

8.1 FORMACAO CINCO ESTRELAS

A unidade inferior Formag¢do Cinco Estrelas (Fernandes ef al. 2016; Lagler et al. 2014;
Lagler et al. inédito) ¢ mais restrita e ocorre geralmente na forma de pequenos lajedos e blocos
isolados com rara continuacdo lateral (Fig. 5). Foram identificadas duas litofacies na unidade,
sdo elas: 1) fluxo de lava macica subaérea, representada por andesitos com foliagdo de fluxo

horizontal e subordinados dacitos porfiriticos ou ndo associados; e 2) vulcanoclastica que
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compreende tufo de cinzas laminado e lapilli-tufos subordinados, topograficamente
relacionados a litofacies anterior que sugere evento explosivo. A evolu¢do geoldgica da
Formagdo Cinco Estrelas ¢ vinculada a fases de vulcanismo efusivo de composi¢do basica a
intermediaria e outro autoclastico a explosivo (Fernandes et al. 2016; Vieira 2016).
Geoquimicamente ¢ caracterizada por contetdo de SiO; entre 55,49 e 73,31% e razdes
K>O/Na;O entre 0,56 e 1,64. Exibe carater dominantemente calcio-alcalino, levemente
transicional entre célcio-alcalino a shoshonitico, composicdo exclusivamente metaluminosa,
razdes A/NK entre 1 e 2, bem como afinidade geoquimica com granitoides de arcos vulcanicos.
As rochas das duas formagdes exibem um enriquecimento dos Elementos Terras Raras leves

(ETRL) em relacao aos Elementos Terras Raras pesados (ETRP) (Santos 2017).

8.2 FORMACAO VILA MANDI

A unidade superior Formacao Vila Mandi (Fernandes et al. 2016; Lagler et al. 2014;
Lagler et al. inédito) ¢ fissural, aflora como grandes lajedos, serras e morrotes € ocorre em
grande propor¢do na area em ao menos cinco diferentes litofacies (Fig. 5): 1) fluxo de lava
aproximadamente vertical com riolitos e dacitos, exibindo foliagdo de fluxo e grandes diques
de riolito bandado. Comumente ocorrem altera¢des hidrotermais do tipo seletiva e fissural e por
vezes pervasiva, assim como silicificagdo e carbonatacdo com zonas ricas em pirita; 2) de stocks
de biotita sienogranitos equigranulares intrusiva nos riolitos e dacitos. A mineralogia desta
litofacies ¢ semelhante as vulcanicas da unidade, podendo representar um correspondente
plutonico do sistema; 3) ignimbrito félsico soldado ou ndo, revelando clastos de diferente
composi¢des rotacionados pelo fluxo magmatico; 4) vulcanoclastica de brechas polimiticas
macica com clastos angulosos a subangulosos de composi¢des variadas, com subordinados
lapilli-tufo e tufo de cristais; e 5) de diques em pequena propor¢do com porfiros graniticos de
mineralogia similar a dos riolitos, porém a presenca de cristais mais desenvolvidos sugere
diferentes niveis crustais para a unidade, mas com origem magmatica similar. Tem evolucdo
polifasica gerada por fissuras crustais que formam pares conjugados orientados nas dire¢des
NE-SW e NW-SE. A fase final envolveu vulcanismo efusivo que permitiu a acumulacao de
riolitos com foliacdo de fluxo vertical e subordinados diques de porfiros graniticos e stocks de
sienogranitos equigranulares que selaram as fissuras (Vieira 2016).

A Formagao Vila Mandi compreende uma suite mais evoluida, com contetidos de SiO>
entre 69,10 e 78,31% e muito altas razdes K»O/Na,O (0,24—-111,66). Apresenta caracteristicas

transicionais entre metaluminosa e peraluminosa com razdo A/NK entre 1 e 1,5 e afinidade
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tectonica semelhante & Formagdo Cinco Estrelas. Idades U-Pb zircao em riolitos da Formagao
Vila Mandi de 1889 + 4 Ma e 1983 + 18 Ma sugerem que o magmatismo na area ¢ polifésico,
formado por pelo menos dois eventos vulcano—plutonicos distintos separados por

aproximadamente 100 Ma (Santos 2017).

8.3 COMPLEXO MAFICO-CARBONATITICO SANTANA — DEPOSITO DE FOSFATO
SERRA DA CAPIVARA

O depdsito de fosfato Serra da Capivara, localizado no sul do municipio de Sao Félix
do Xingu, a aproximadamente 200 km a oeste da cidade de Santana do Araguaia (PA), foi
descoberto pela equipe de exploracdo da MbAC Fertilizer Corporation no ano de 2010. Esse
deposito representa a mais recente ocorréncia de um deposito fosfatico associado a carbonatitos
no Brasil, sendo o primeiro do tipo no Escudo do Brasil Central, no sul do Craton Amazonico.
O deposito foi formado a partir do intemperismo do Complexo mafico-carbonatitico Santana
(Fig. 5). Os trabalhos de exploragdo mineral se iniciaram em junho de 2010 quando a MbAC,
através de sua subsididria brasileira — Itafés Mineracao — adquiriu licenca de exploracdo para
areas no sudeste do estado do Pard. Anomalias quimicas de P>Os em anélises de solo foram
observadas durante as primeiras etapas de prospeccao e os resultados positivos subsequentes
obtidos por meio de mapeamento geologico, amostragem de solo e rocha, geofisica terrestre e
GPR possibilitaram a implantagdo da campanha de sondagem em dezembro de 2010, que
continuou até o inicio de 2012 (Lagler et al. 2014).

O Complexo mafico-carbonatitico Santana invade as formagdes paleoproterozoicas
Cinco Estrelas e Vila Mandi (Chiquini 2011; Lagler et al. 2014; Fernandes et al. 2016; Santos
2017). E composto por piroxenitos, ijolitos, basaltos amigdaloidais, sienitos, carbonatitos e
vulcanoclésticas carbonatiticas variadas (Fig. 6). As rochas vulcanoclasticas revelam clastos
diversos, inclusive de riolitos da Formagdo Vila Mandi e os andesitos da Formagdo Cinco
Estrelas, sugerindo sua relacdo intrusiva nas sequéncias vulcano—plutdnicas estudadas
(Fernandes et al. 2016). Chiquini (2011) descreveu inimeras bombas vulcanicas, lapilli-tufos,
brechas vulcanicas produtos de um vulcanismo explosivo em possivel ambiente plataformal
marinho.

No geral, o seu relevo ¢ predominantemente plano e bastante afetado pela erosdo em
fun¢do do forte intemperismo. Porém, em alguns raros afloramentos que ocorrem em cotas de
270 a 370 m acima do nivel do mar ¢ evidente a relagdo entre as rochas maficas/ultramaficas

que sempre ocorrem bordejando na quebra de relevo os carbonatitos (alviquitos), que sdo
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capeados pela sequéncia de rochas vulcanoclésticas, sugerindo relagdo genética entre eles (Fig.

6).
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Figura 6 - Fei¢des de campo relativas ao Complexo mafico-carbonatitico Santana. a) Contato entre alviquito (carbonatito

finamente granulado) e o lapilli-tufo; b) Sequéncia de rochas piroclasticas bem preservadas, intercalando brechas (parte
superior do afloramento) e lapilli-tufos (porgdo inferior do afloramento); e ¢) Bloco isolado de apatitito (protominério) de

granulagdo média. Notar solo avermelhado rico em fosfato.
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Abstract

At the border of Para and Mato Grosso states, northern Brazil, Amazonian craton, occur
volcanic, subvolcanic, and plutonic rocks recently discovered and grouped in the Santana
mafic-carbonatitic Complex, likely of the Paleoproterozoic. Detailed fieldworks, remote
sensing image interpretations, and conventional petrography allowed the definition of several
volcanic lithofacies formed in a collapsed caldera framework comprising a basal plutonic
system that fed the volcanic system and the geological evolution under a brittle structural
regime. This complex has several hydrothermalized rocks evidenced by reddish, brownish, and
yellowish colors. These hydrothermal alterations are pervasive and interstitial mainly
developed in the carbonatitic member, besides minor fracture-controlled style. Scanning
electronic microscopy of these alteration products revealed paragenesis with barite +
fluorapatite + dolomite + quartz + rutile + chalcopyrite + pyrite + monazite + magnetite +
hematite. This assemblage shows that the initial magmatic-hydrothermal fluid was enriched in
sulfur, magnesium, phosphorus, CO», and minor fluorine produced in the transition from the
late-stage of magmatic fractionation to the hydrothermal phase. Evolution involved fluid-rock
interactions with the crustal rocks and assimilation of silica and deposition of barite, apatite,
quartz, and minor monazite in distinct styles along the altered portions. We interpret that these
hydrothermally altered rocks can act as prospective guides and show potential for REE and
phosphate mineralizations in other Paleoproterozoic volcano—plutonic centers of the

Amazonian craton.

Keywords: Alvikite; Caldera evolution, REE mineralization; Hydrothermal alterations;

Alkaline complex; Paleoproterozoic
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9.1 INTRODUCTION

Carbonatites are defined by the IUGS as igneous rocks composed over 50% of modal
primary carbonate and less than 20% of whole-rock SiO; content (Le Maitre, 2002). These
exotic and rare lithotypes are named according to dominant phase such as calcite carbonatite,
dolomite carbonatite; or based on major oxide geochemistry as calcio-, magnesio-, natro-, or
ferro-carbonatite (Bell and Blenkinsop, 1989; Woolley and Kempe, 1989; Simonetti et al.,
1997). Petrogenetic modeling considers them as a residual magma from carbonated nefelinites
or melilitites fractionation; immiscible fractionated melt from CO»-saturated silicate magma,;
or primary magmas related to partial melting of CO»-rich mantellic peridotite (Freestone et al.,
1980; Wallace and Green, 1988; Gittins and Jago, 1998; Jones et al., 2013). Carbonatitic
complexes and associated rocks are widely studied because of their high metallogenetic
potentiality for world-class mineralizations of rare earth elements (REE), strontium, barium,
thorium, uranium, and phosphorus (Richardson and Birkett, 1996; Mitchell, 2005; Jones et al.,
2013; Duraiswami and Shaikh, 2014; Cheng et al., 2018; and references therein).

Despite the uncertainty about the origin of the carbonatites, some examples of rare
earth-bearing mineralizations (RE minerals) such as the Brazilian Barra do Itapirapua (Andrade
et al., 1999; Ruberti et al., 2008) and the Indian Amba Dongar (Doroshkevich et al., 2009), are
interpreted as late-stage magmatic or hydrothermal event products. Evidence for hydrothermal
origin is based on field aspects, mineralogy, and whole-rock chemistry, and isotope
geochemistry in several other deposits (Ngwenya, 1994; Jones et al., 1996; Smith et al., 2000;
Yang and Le Bas, 2004; Duraiswami and Shaikh, 2014).

Throughout Amazonian craton (Almeida et al., 1981), northern Brazil, occur several
Paleoproterozoic geochemically, petrologically, and isotopically distinct effusive and explosive
well-preserved volcano—plutonic sequences that cover an area of at least 1,500,000 km?. They
occur in different regions along the craton and show great potential for several types of
economic mineralizations, inconceivable to exist due to their association with shallow ancient
rocks (Juliani and Fernandes, 2010; Fernandes et al., 2011; Juliani et al., 2016; Freitas and
Juliani, 2018). Joint effort between mineral industry and academic researchers in the last twenty
years permitted the definition of the first Paleoproterozoic (1.86 Ga) high-sulfidation Au
epithermal (Juliani et al., 2005); the genetically associated Au-(Cu) porphyry-type (Juliani et
al., 2011); and the recently characterized intermediate-sulfidation Au—Ag epithermal
(Tokashiki et al., 2015) mineralizing systems within the Tapajos Mineral Province (Bettencourt

et al., 2016). Another promising region is Sdo Félix do Xingu with occurrences of Au and base
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metals associated with hydrothermally altered rocks typical of low-sulfidation epithermal
systems (Cruz et al., 2015; Cruz et al., 2016).

This large-scale Paleoproterozoic volcano—plutonism produced in the southernmost
region of the Para state (Fig. 7), Vila Rica and Santana regions (northern Brazil), the andesitic
rocks of the Cinco Estrelas Formation and mainly rhyolitic rocks of the Vila Mandi Formation
(Fernandes et al., 2016; Vieira, 2016). These latter volcanic sequences occur associated with
the Santana mafic-carbonatitic Complex, that hosts the Serra da Capivara supergene phosphate

deposit (Chiquini, 2011; Lagler et al. 2014).
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Figure 7 - Simplified geological map (Fernandes and Juliani, 2019) of the Amazonian craton showing estimate areas of
Proterozoic volcano—plutonism in Pitinga Tin Province, Sdo Félix do Xingu, Tapajos Mineral Province, Alta Floresta Gold
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Although lack laterally and vertically continuous outcrops related to this alkaline
complex, isolated blocks and borehole samples of its mafic-ultramafic, carbonatite, and alvikite
lithofacies reveal the existence of hydrothermal alterations halos. In this paper we present field
and stratigraphic aspects, petrographic data, and Scanning Electron Microscopy (SEM) surface
textural evidence for late-stage hydrothermal activity in the Santana mafic-carbonatitic
Complex. Besides presenting new data on the primary and hydrothermal minerals of the
complex, we speculate on the behavior of selected elements during hydrothermal activity. This
study aims to contribute to the knowledge of the Proterozoic volcano—plutonism of the
Amazonian craton relative to its composition, geological evolution, and prospective guide for

rare, base, and phosphate mineralizations.

9.2 TECTONIC SETTING OF THE VILA MANDI REGION RELATIVE TO AMAZONIAN
CRATON

The Amazonian craton represents one of the largest Precambrian terrain in the world.
The understanding of its Paleoproterozoic evolution is controversial and is a matter of debate
(Kroonenberg and de Roever, 2011). Structural and geophysical data point to a large Archean
block reworked during the Trans-Amazonian Cycle (Hurley et al., 1967; Almeida et al., 1981).
Other models based on geochronological and isotopic allow dividing this tectonic unit into
geochronological provinces (Santos et al., 2004; Tassinari and Macambira, 2004) following the
principles developed for the Canadian Shield (Stockwell, 1968). More recently, the 2.0-1.88
Ga zoning of porphyry-type, epithermal, and A-type intraplate granite-related mineralizations
raised the interpretation of approximately E—W-trending Andean-type subduction zone
influences, with episodes of uncommon mechanisms such as flat subduction and forearc
subduction erosion (Fernandes et al., 2011; Juliani et al., 2012; Carneiro et al., 2018; Fernandes
and Juliani, 2019).

In fact, few regions have explanatory studies of the geological processes and their
relationships with the mineralizing systems as the Carajas Mineral Province (Villas and Santos,
2001; Monteiro et al., 2008; Moreto et al., 2013; Bettencourt et al., 2016), the Tapajos Mineral
Province (Juliani et al., 2005; Bettencourt et al., 2016), or the Rondonian Tin Province
(Bettencourt and Dall’ Agnol, 1987; Bettencourt et al., 2016) because of dense rainforest cover;
continental dimensions, and lacks of lateral continuity of the geological units.

In turn, the Vila Mandi region (Fig. 8) is a remote location and poorly known in terms

of stratigraphy and geological units, located in the Central Amazonia Geochronological
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Province (Santos et al., 2004; Tassinari and Macambira, 2004), in the southernmost portion of
the craton. Fewer regional mappings were developed at Vila Mandi and revealed that its
basement is possibly an Archean terrain comprising granodiorite, monzogranite, and tonalite
regionally metamorphosed at greenschist to upper amphibolite facies conditions (Faraco et al.,
2004; Vasquez and Rosa-Costa, 2008). The stratigraphy is completed with an association of
volcanic and plutonic rocks related to the 1.88—1.70 Ga magmatism (Pessoa et al., 1977,
Chiquini, 2011; Lagler et al., 2014; Fernandes et al., 2016) and sedimentary cover (Vasquez
and Rosa-Costa, 2008).

9.3 METHODS

Rock samples from the Santana mafic-carbonatitic Complex were collected in outcrops
and from representative boreholes. Fifty-four thin sections were prepared from selected samples
for petrographic work, which were refined with SEM in nine representative samples with a Leo-
Zeiss LS15 model microscope housed at the Mineral Analyses Laboratory (LAMIN-BE) of the
Brazilian Geological Survey (CPRM). Backscattered Electrons (BSE) images of minerals and
textures were obtained with an acceleration voltage of 20 kV; current from 70 up to 90 pA;
working distances of 8.5 mm; and magnification from 60 up to 1500 times. Chemical analyses
of minerals were obtained by EDS (Energy-dispersive X-ray Spectroscopy) on a 10-mm X-Act
SSD detector from Oxford Instruments. The analytical results were acquired at a working
distance of 8.5 mm; a voltage of 20 kV; and current from 330 up to 400 pA to maintain an
output counting rate about 2000 cps. The results were standardized according to energy pattern
spectra of the AZTec software from Oxford Instruments. Results with a standard deviation
above 10% of the element concentration were discarded from composition calculation. This
concentration may be present in minerals as impurities trapped in the crystalline lattice or as

incipient secondary alteration.
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Figure 8 - Detailed geological map of the Vila Mandi region Lagler et al. (unpublished). The geology for Cinco Estrelas and

Vila Mandi formations is from Lagler et al. (2014) and Fernandes et al. (2016).
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9.4 GEOLOGY OF THE SANTANA MAFIC-CARBONATITIC COMPLEX AND HOST
ROCKS

The Paleoproterozoic (1.98-1.88 Ga) Cinco Estrelas and Vila Mandi formations
(Fernandes et al., 2016) encompass lava flows lithofacies, volcaniclastic associated with
pyroclastic lithofacies, and later subvolcanic and plutonic lithofacies (Fig. 2). These units are
correlated to other well-studied volcanic centers of the Amazonian craton (Juliani and
Fernandes, 2010). Also, Proterozoic continental sedimentary covers such as low angle stratified
arenite and siltite (Faraco et al., 2004; Vasquez and Rosa-Costa, 2008) are stratigraphically
positioned above these volcanic units and the Santana mafic-carbonatitic Complex.

The Santana mafic-carbonatitic Complex includes pyroxenite, ijolite, amygdaloid
basalt, syenite, coarse-grained calcite-carbonatite (sovite), fine-grained calcite-carbonatite
(alvikite), rare apatitite blocks, and several pyroclastic flows and fall carbonatitic volcaniclastic
deposits (Lagler et al., 2014; Fernandes et al., 2016; Gongalves, 2016). Episodes of explosive
volcanism in a marine-related plataformal environment are registered (Chiquini, 2011). Its
relief is predominantly flat and leveled out by erosion. However, locally rare outcrops of large
blocks at 270 to 370 m topographic levels reveal a clear relationship between the
mafic/ultramafic rocks that surround alvikite, which is covered by the genetically related
carbonatitic volcaniclastic sequences.

A detailed study grouped these mafic and carbonatitic rocks in volcanic lithofacies that
permitted a better understanding about the geological evolution, hydrothermal alterations,
besides the interpretation of a collapsed volcanic caldera model (Lagler et al., unpublished).
The lower mafic-ultramafic member reveals lithofacies with plutonic rocks such as slabs and
blocks of pyroxenite, ijolite, and minor isolated metric blocks of coarse-grained apatitite;
besides volcanic lithotypes comprising preserved and isolated metric blocks of mainly effusive
alkali basalt and rarely medium- and fine-grained massive apatitite. Mafic volcaniclastic
lithofacies covers a widespread area encompassing isolated blocks of massive polymictic
breccia, lapilli-tuff and crystal-rich tuff, and base surge. These are poorly sorted deposits with
centimeter- to meter-size angular clasts sourced from host units and the Santana mafic-
carbonatitic Complex itself rocks, in addition to carbonate-rich groundmass. Minor epiclastic
sedimentary volcanogenic deposits usually cover these lithofacies.

The upper carbonatitic member has a lower coarse-grained carbonatite lithofacies with
reddish-yellow sovite, besides coarse-grained apatitite blocks. These lithotypes are sectioned

by pervasively hydrothermalized medium- and fine-grained carbonatite veins. An upper



31

effusive lithofacies that occurs mainly as sills and rare continuous outcrops in center of the
complex, revealing whitish to whitish-yellow equigranular fine-grained to porphyritic alvikite.
Cristal- and clast-rich volcaniclastic carbonatitic lithofacies reveals poorly sorted massive
polymictic breccia, lapilli-tuff, and minor crystal-rich tuff that usually covers the alvikite. These
rocks show centimeter- to meter-size clasts, crystal, and crystal fragments sourced from
effusive and plutonic rocks of the Santana mafic-carbonatitic Complex; rhyolite, granite
porphyry, and equigranular granitoid of the Vila Mandi Formation; andesite and dacite of the
Cinco Estrelas Formation; and minor gneiss fragments of the older basement related to multiple
eruptions during the formation of the Santana mafic-carbonatitic Complex. Later stocks and
dikes of equigranular and porphyry syenite occur associated. The correlation and comparison
of surface and borehole sampling permitted the identification of several types and styles of
hydrothermal alterations, interpreted as the direct product of magmatic evolution of the
complex in plutonic and volcanic crustal levels. The transition to the plutonic carbonatite
(sovite) occurs at depths about 78 m with incipient interstitial hydrothermal alterations, but is
sectioned by fine-grained carbonatitic veins and fractured-controlled pervasive hydrothermal
alteration. This pervasive alteration has a deeper origin and occurs at shallow levels as fracture-
controlled style in carbonatite veins, and interstitial on alvikite. Our detailed petrographic

observations and the relationship of these alterations are presented in Figure 9.
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Figure 9 - Representative boreholes sketch (out of scale), according to the depth of occurrence, describing lithology, texture,

and types and styles of hydrothermal alteration relative to the carbonatitic member of the Santana mafic-carbonatitic Complex.



32

9.5 PETROGRAPHY OF THE ROCKS AND PRODUCTS OF HYDROTHERMAL
ALTERATION

9.5.1 Cinco Estrelas and Vila Mandi formations

The Cinco Estrelas Formation has effusive lava flow lithofacies comprising gray
andesite and minor purple rhyodacite with characteristic magmatic flow foliation. Textural
feature ranges from aphyric to porphyritic with predominantly subhedral to euhedral medium-
sized plagioclase, amphibole, and minor clinopyroxene phenocrysts. The groundmass is
microlithic formed mainly by fine-grained tabular plagioclase crystals, although fine-sized
pyroxene and minor amphibole grains are registered. Subordinate volcaniclastic and pyroclastic
lithofacies of grayish ash tuff and subordinate poorly sorted clast-rich lapilli-tuff occur
genetically associated (Fernandes et al., 2016; Vieira, 2016).

The Vila Mandi Formation is a fissure-controlled unit with several felsic rock types. It
shows a lower massive lava flow lithofacies with dacite and rhyolite. In general, the rhyolitic
rocks are pink to red; glomeroporphyritic to porphyritic textural variations; and variable
contents of plagioclase, potassic feldspar, and quartz phenocrysts dispersed in a
microcrystalline and sometimes felsic pilotaxitic groundmass. Associated lithofacies reveals
medium-grained pinkish equigranular syenogranite to monzogranite stocks. Explosive
volcanism is related to welded and unwelded reddish ignimbrite lithofacies related to
pyroclastic flow regime; a badly sorted volcaniclastic lithofacies of massive polymictic breccia
and minor lapilli-tuff and crystal-rich tuff with angular to subangular clasts of andesite, dacite,
gneiss, equigranular granitoid, and granite porphyry compositions. Subordinate lithofacies
shows coarse-grained granite porphyry dikes and stocks (Fernandes et al., 2016; Vieira, 2016).

Some hydrothermal alterations such as chloritic, sericitic, and argillic on fracture-
controlled and pervasive styles were identified in several rocks of these volcanic sequences
(Vieira 2016) and deserve more detailed investigations. These alterations are superimposed by
carbonatic alteration on fracture-controlled, pervasive, and locally selective styles comprising
fine- to medium-grained calcite grains that replace feldspar phenocrysts and groundmass

(Fernandes et al., 2016; Vieira, 2016).



33

9.5.2 Santana mafic-carbonatitic Complex

9.5.2.1 Lower mafic-ultramafic member

The plutono—volcanic lithofacies of the mafic-ultramafic member have mainly medium-
grained pyroxenite and pyroxene-rich volcanic rocks; besides ijolite, and amygdaloidal and
massive alkaline basalt. The fine-grained volcanic lithotypes show dark gray to black color and
granular to porphyritic textures (Figs. 10a—d). They reveal augite phenocrysts, uncolored on

natural light, and ceylonite with olive color in natural light.

Figure 10 - Representative textural aspects of the lower mafic-ultramafic member, Santana mafic-carbonatitic Complex. a)

Black augite-rich volcanic rock sample with centimetric whitish slats; b) Photomicrography showing fine-grained augite-rich
(~ 90%) porphyritic texture (Polarized light). Augite, magnesio-riebeckite, and ceylonite occur locally as phenocrysts; c)
Photomicrography (natural light) showing the alteration to saponite (dashed red line) related to the whitish slats seen in a); and
d) Backscattered SEM image of the ultramafic volcanic rock. Reveals mainly augite crystals (Aug), whereas the whitish slats
are mainly saponite grains (Sap) and its interstitial portions are more Ca-rich, probably related to pumpellyite (Pum) formation.

Iron oxides (Mag/Hem) replace saponite.
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The volcanic rocks reveal centimetric (2—3 cm) whitish slats with microscopic texture
and interstitial alteration style. Their SEM analyses reveal numerous fine-grained euhedral
augite crystals, besides fine-grained anhedral grains with composition very similar to saponite,
a common magnesium aluminosilicate from olivine replacing (Tomeoka and Ohnishi, 2010).
In addition, dispersed calcium-rich grains of pumpellyite, magnetite, and minor hematite at
groundmass are registered. This association points to influence of hydrothermal alterations
related to very-low grade hydrothermal metamorphism, a common feature of submarine mafic
sequences (Liou et al., 1987; Frey and Robinson, 1999; Pirajno, 2009).

Another representative lithotype of the plutono-volcanic lithofacies is the very fine-
grained aphyric basalt. SEM analyses of this rock reveal augite and plagioclase phenocrysts
immersed in a groundmass cemented with calcite, in addition to accessories such as pyrite, iron
oxides, chlorite, and barite (Figs. 11a—d). Occur in this rock millimetric spherules comprising
calcite, quartz, and minor celestine filling (cf. Stoppa and Schiazza, 2013). This circular texture
is interpreted as a product of the immiscibility process between silicate and carbonatitic
magmas that trigger many alkaline complexes evolution (Pyle and Haggerty, 1994; Kogarko et
al., 1995; Bailey et al., 2005; Stoppa and Schiazza, 2013). The spherule texture, combined with
calcitic cement of the silicate-rich groundmass, show a clear genetic relationship between
mafic-ultramafic and carbonatitic magmas. Indeed, some outcrops of the alkaline basalt
lithofacies always border the alvikite lithofacies of the Santana mafic-carbonatitic complex

(Lagler et al., unpublished).
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Figure 11 - Representatives textures of aphyric basalt of the mafic-ultramafic member, Santana mafic-carbonatitic Complex.
a) Calcite- and quartz-filled nucleated spherules dispersed in fine-grained groundmass; b) Backscattered SEM image of a
spherule with quartz core and calcite rim, beside celestine grain (Cel); c¢) Fine-grained groundmass formed by calcite and
opaque minerals; and d) Backscattered SEM image of the groundmass with augite (Aug), plagioclase (Plag), calcite (Cal),
magnetite/hematite (Mag/Hem), pyrite (Pyr), barite (Bar), and minor chlorite (Clor).

9.5.2.2 Upper carbonatitic member

Fine-grained alvikite lithofacies is usually aphanitic and reveals white to whitish-yellow
colors. It is composed almost exclusively of calcite grains (88—94% vol.), with some variations
to magnesian and/or ferrous calcite, and minor dolomite. Textural variations have been
identified and include a porphyritic rock, with a clear distinction of the subhedral phenocrysts
and the microcrystalline groundmass; besides equigranular samples with subhedral crystals and
irregular contacts (Figs. 12a,b). In these rocks the alteration products are evidenced by light
brown, dark brown, and reddish colored portions in abrupt contact with preserved levels of the
alvikite (Fig. 12c). Microscopically these alterations are interstitials and present replacing of
calcite crystals mainly by quartz. Locally, occurs magnesium-enrichment in some calcite grains

rims (Fig. 12d).
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Figure 12 - Representative textures of the alvikite lithofacies from the carbonatitic member, Santana mafic-carbonatitic

Complex. a) Field aspect of alvikite outcrop with reddish portions affected by hydrothermal alteration of barite and fluorapatite;
b) Photomicrography of equigranular fine-grained texture with subhedral calcite crystals (Polarized light); c)
Photomicrography of porphyritic alvikite with subhedral calcite phenocrysts immersed in a microcrystalline groundmass
composed of same mineralogy (Polarized light); and d) Photomicrography of the interstitial alterations to barite and fluorapatite

at the border (red arrows) of magmatic calcite (Cal) in alvikite (Natural light).

These interstitial alterations are composed mainly of fine-grained barite and fluorapatite
phases identified with SEM analyses, in addition to minor rutile, monazite, chalcopyrite, and
pyrite (Figs. 13a—c). Barite grains occur in two distinct generations. One presents euhedral to
subhedral crystals precipitated between magmatic calcite and, locally, is truncated by fine
interstitial quartz grains (Fig. 13d). The other shows anhedral shape and occurs at border of the
fine-grained calcite grains of the alvikite groundmass (Figs. 13a,b). Fluorapatite crystals, in
addition to minor quartz, rutile, monazite, pyrite, and chalcopyrite, are fine (<15 pm), anhedral

and rounded crystals within these alteration zones.
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Figure 13 - Representative backscattered SEM images of hydrothermal portions of the alvikite lithofacies from the carbonatitic

member. a) Alvikite with an intense substitution of calcite (Cal) by interstitial quartz (Qtz), anhedral barite (Bar), and rutile
(Rut) grains; b) Detail of the interstitial portion of the previous image. There is formation of sub-rounded and anhedral
fluorapatite (Fap); c) Subhedral to euhedral barite (Bar) grains partially replaced by interstitial quartz (Qtz) at the border,
occurring associated with magmatic calcite grains; and d) Detail of interstitial quartz (Qtz), monazite (Mon), rutile (Rut), and

chalcopyrite (Cpy).

Coarse-grained texture sovite is described in studied boreholes at depths from 77 to 78
m. This plutonic carbonatite has light brown color (Fig. 14a). It is composed essentially of
subhedral (1.5-3 mm) calcite crystals (up to 95% vol.) with irregular contacts (Fig. 14b).
Accessory phases comprise magnetite, hematite, potassic feldspar, and pyrite. Hydrothermal
alterations in this lithofacies are mineralogically very similar to those described in alvikite but
occur in different styles. In general, these alterations are incipient and interstitial between
calcite crystals (Fig. 14b) and impose brownish color to the rock. Centimeter-sized veins of
alvikite and a second generation of coarse-grained carbonatite invade this lithofacies (Fig. 14c¢).
These veins present fine-grained calcite crystals with a pervasive to locally fracture-controlled

hydrothermal alteration styles (Fig. 14d).
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Carbonatite vein

Figure 14 - Representative borehole sample of coarse-grained sovite lithofacies and minor fracture-controlled alteration style.

a) Mesoscopic feature of the coarse-grained sovite; b) Photomicrography of the sovite texture revealing incipient interstitial
alteration (dark colored minerals) between well-developed calcite crystals; ¢) Detail of the abrupt contact between the sovite
and fine-grained alvikite vein; and d) Photomicrography of the contact (red line) between the sdvite and fine-grained alvikite

vein with fracture-controlled alteration style.

A significant zone with fracture-controlled hydrothermal alterations occurs at greater
depths (88 to 89 m) very similar to those of previous fracture-controlled style. These alterations
developed in a fine- to medium-grained carbonatite that shows a non-penetrative magmatic
flow foliation, and is characterized by intercalated least altered portions (Figs. 15a,b) and

pervasively altered portions (Figs. 15¢,d).
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Figure 15 - Borehole sample of the deeper carbonatite lithofacies (88 to 89 m), with non-penetrative flow texture, showing a

fracture-controlled hydrothermalized zone. a) Representative mesoscopic detail of the layered altered portion related to flow
texture; b) Photomicrography of these hydrothermalized bands (red lines). The whitish layer reveals medium-grained calcite
grains; ¢) Detailed view of massive pervasive hydrothermal alteration; and d) Photomicrography of this pervasive hydrothermal

alteration (dark colored).

SEM analyses of these hydrothermally altered rocks show essential mineralogy
composed of barite, fluorapatite, apatite, and dolomite; besides rutile, magnetite, and hematite
as accessory phases. In the least altered portions, there are preserved magmatic euhedral to
subhedral calcite crystals, with rare portions altered to dolomite; and formation of fine-grained
flow-oriented fluorapatite (40 to 60 pm) crystals and anhedral barite (Figs. 16a,b). At most
altered portions there is a significant formation of dolomite and apatite grains, both in interstitial

and pervasive styles; besides anhedral barite (30 um) crystals (Figs. 16¢,d).
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Figure 16 - Representative backscattered SEM images of the deeper hydrothermalized portions of the coarse- to medium-
grained lithofacies. a) Moderately altered zone with subhedral calcite (Cal); deposition of fine-grained apatite (Ap) crystals
sometimes flow-oriented. Locally occur formation of dolomite (Dol) and anhedral barite (Bar) crystals; b) Detail of previous
image with fine-grained apatite crystals deposited along calcite; c) Interstitial portion with abundant fine-grained apatite (Ap)
and dolomite (Dol) crystals; and d) Pervasively altered dolomite-rich (Dol) region, in addition to anhedral crystals of apatite
(Ap), barite (Bar), and calcite (Cal).

The explosive carbonatitic volcanism materialized primary volcaniclastic lithofacies
with several texture-rich rocks such as proximal intercalated poorly sorted lapilli-tuff massive
polymictic breccia with very angular clasts that suggest little reworking (Fig. 17a). In more
distal environments there are reworked lapilli-tuff and carbonatitic crystal-rich tuff. This
breccia has felsic, mafic, and carbonatitic lithic fragments, in addition to quartz, feldspars, and
carbonate crystals. The clasts range from sub-angular to sub-rounded shape and reveal grain
size variation from lapilli to block according to the classification scheme of volcaniclastic rocks
(Fisher and Schmincke, 1984; McPhie et al., 1993). Major lapilli-tuff has clasts sizing from 3
to 17 mm; sub-rounded to sub-angular shape and sourced from mafic and ultramafic fine-
grained and porphyritic rocks (Fig. 17b), besides more silica-rich evolved rocks. In addition,

carbonatic cementation occurs (Figs. 17b,c) probably resulting from the interaction with an
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explosive carbonatitic event. It formed microcrystalline calcite up to subhedral 2-mm-length
crystals in groundmass and at the clast borders. Associated with this cementation occurs the
formation of interstitial fine-grained quartz filling. Fracture-controlled and pervasive
hydrothermal alterations with mineralogy very similar to carbonatitic lithofacies affect locally
some clasts. Representative semi-quantitative SEM results of the hydrothermal and magmatic

phases are given in Table 1.
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Figure 17 - Representative field aspects of the volcaniclastic lithofacies. a) Intercalated carbonatitic lapilli-tuff and polymictic
massive breccia; b) Photomicrography of lapilli-tuff with sub-rounded clasts and punctual portions filled by microcrystalline
calcite; and groundmass filled by microcrystalline and subhedral calcite; and c¢) Representative borehole sample highlighting
fracture-controlled to pervasive styles of reddish alteration that affected the clasts (red lines). The black lines show microscopic

features of the lapilli-tuff with hydrothermalized rounded clasts and subhedral calcite-filling of the groundmass.
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Table 1 - Representatives compositions of magmatic dolomite, barite, and fluorapatite (weakly altered sdvite) in comparison with hydrothermal minerals related strongly altered sovite and strongly

interstitial alteration in alvikite, carbonatitic member of the Santana mafic-carbonatitic Complex.

Weakly altered sovite

Strongly altered sovite

Strongly interstitial alteration in alvikite

Bar Fap Cal Dol Bar Ap Dol Mon Cel Fap Bar orz Rut Dol Cpy
Si (wt. %) - - - - - - - - - - - 492 293 - -
Ti - - - - - - - - - - 1.325 - 51.77 - -
Al - - - - 0.358 - - - - - - - - - -
Fe - - - 1.092 - - 0.314 - - - - - 0.95 - 29.865
Mn - - - 0.927 - - 3.791 - - - - - - - -
Mg - - - 15.611 0.246 0.119 14.292 - - - - - - 12.958 -
Ca 026 42439 51971 27.086 1.617 41.661 26.955 0.61 - 38.860 0.416 0.51 0.53 23917 -
Na - - - - 0.499 - - - - - - - - - -
P 0456 21.271 - - - 20.722 - 15.3 - 16.380 - - - - -

2.841 4723 6.35 8.698 - 5274  8.268 - - - - - - 13.745 -
S 17.743 - - - 17.063 - - - 18.726 - 14.356 - - - 36.284
Sr - - - - 2.021 - - - 50.048 - - - - - -
La - - - - - - - 17.8 - - - - - - -
Ce - - - - - - - 34.47 - - - - - - -
Nd - - - - - - - 6.77 - - - - - - -
Cu - - - - - - - - - - - - - - 33.850
Co 0.127 - - - 0.22 - - - - - 0.032 - - - -
Nb - - - - - - - - - - - - 243 - -
Ba 56.866 - - - 49.558 - - - - - 59.222 - 1.39 - -
F - 2.446 - - - - - - - 3.729 - - - - -
o 21.707 29.121 41.679 46.585  28.419 32.225 46.381 25.05 31.224 41.029 24.629 50.29 40.01 49.378 -

Key to abbreviations: Bar=Barite; Fap=Fluorapatite; Ap=Apatite; Cal=Calcite; Dol=Dolomite; Mon=Monazite; Cel=Celestine; Qtz=Quartz; Rut=Rutile; Cpy=Chalcopyrite.



43

Based on textural features, temporal relationships were defined for the hydrothermal

minerals (Fig. 18). After the magmatic stage, hydrothermal alteration caused phenocryst

modifications, besides the groundmass minerals.
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Figure 18 - Representative sketch of the temporal evolution of the hydrothermal alterations related to the mafic-ultramafic and

carbonatitic members of the Santana mafic-carbonatitic complex. The interepretations relative to hydrothermal alterations types

and diagnostic mineral assemblage are based in Pirajno (2009).
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9.6 DISCUSSION

9.6.1 Fluid evolution

The formation of rare element mineralizations from hydrothermal systems related to
carbonatite complexes has been discussed by Heinrich and Vian (1967), Hogarth et al. (1985),
Andersen (1986), Zaitsev (1996), and Andrade et al. (1999). These authors emphasized the
important role of post-magmatic alterations and re-equilibration processes of the primary
magmatic carbonatite-related phases in the origin of hydrothermal minerals through
stratigraphy of these carbonatitic complexes.

At Santana mafic-carbonatic complex, the textures and mineralogy of the hydrothermal
alterations on fracture-controlled style relative to carbonatitic veins; on interstitial portions of
the sovite and alvikite; and on deeper lithofacies of pervasive style suggest a similar origin
related to evolution and fractionation of the carbonatitic magma and following production of
hydrothermal fluids that reacted with the carbonatitic complex and associated lithotypes. Also,
occurred the re-equilibration and recrystallization in variable degrees of hydrothermal
alterations of some magmatic carbonatite-related minerals. The hydrothermal mineral
assemblage comprising barite, fluorapatite, dolomite, iron oxides, and other minor phases
related to pervasive alteration in sdvite and interstitial regions results from fluids initially
enriched in Ba, Mg, P, SO4>, and CO., sourced from magmatic fractionation of the carbonatite
melts. Thereafter, the assimilation of crustally-derived host rocks during the ascending process
of the carbonatitic melts and hydrothermal fluids to the surface generate silica and other
elements enrichment to the system. This results in formation of pervasive interstitial quartz-
rich hydrothermal alteration, some REE minerals, besides minor monazite and other grains in
fine-grained alvikite lithofacies (Fig. 13).

The fluid interacted with the complex rocks differently in at least two stages. In the first,
interaction with fine- to medium-grained deeper carbonatite lithofacies formed a rock with
pervasive alteration and magmatic flow foliation (Fig. 15). This feature is observed in sdvite in
a fracture-controlled style and developed the incipient interstitial hydrothermal alterations of
similar composition (Fig. 14c). The second stage is genetically associated with fluid ascending
and producing pervasive and interstitial alterations in alvikite. It is observed through these
stages that minerals have distinct shapes and organization styles. At deeper levels, the apatitite
bodies are preserved and have euhedral to subhedral coarse-grained crystals (Lagler et al.,

unpublished), whereas the hydrothermalized coarse- to medium-grained carbonatite lithofacies
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reveals anhedral fluorapatite crystals (Figs. 16c¢,d). In the fine-grained alvikite lithofacies the
apatite grains are sub-rounded and fine-grained (<10 um) and occur as interstitial filling (Fig.
13b). This suggests that these minerals were initially the product of magmatic fractionation in
apatitite formation, and then remobilized and deposited in a late- to the post-magmatic
hydrothermal stage of the complex. Likewise, the shapes of barite crystals show magmatic or
hydrothermal origin in alvikite lithofacies, whereas in hydrothermalized coarse- to medium-
grained carbonatite lithofacies this mineral reveals hydrothermal textures. In the former
generation, the mainly subhedral to euhedral barite, hosted in unaltered portions of the fine-
grained alvikite (Fig. 13c) points to a primary magmatic phase. The later generation of anhedral
barite crystals deposited along the interstitial regions (Figs. 13a,b) is possibly a product of
silica-rich late-stage hydrothermal fluids that truncated the magmatic minerals. It is clearly of
secondary origin, since this mineral occurs in the interstices that possibly represent corrosion
cavities of the primary mineralogy of the carbonatitic rocks. These relationships occur at Bachu
carbonatite, NW of China (Cheng et al., 2018); Barra do Itapirapud carbonatite, Brazil (Andrade
et al., 1999), and Kangankunde Carbonatite Complex, Malawi (Duraiswami and Shaikh, 2014).

Many publications about well-studied worldwide carbonatitic complexes reinforce
these interpretations. A detailed study of several carbonatites by Heinrich and Vian (1967)
presented descriptions like ours and suggested that carbonatitic barite, in association with
ankerite, REE carbonates, fluorite, sulfides, and quartz are hydrothermal rather than magmatic.
They concluded that carbonatite-related barites normally contain some Sr and a wider total
range of Sr content, attesting to their formation by hydrothermal fluids in a declining-
temperature environment and a locally variable Ba/Sr ratio in the solutions. The fractionation
concentrated the components of these phases in the residual magmatic volatile components,
whereas silica was crustally-derived. Likewise, Andrade et al. (1999) concluded that apatite,
fluorite, REE fluorocarbonates, barite, and sulfides in variable proportions are products of
hydrothermal alterations of the Barra do Itapirapud carbonatite (southern Brazil), in addition to
crustal contamination. This contamination is indicated by the presence of a banded carbonate
rock xenolith inside the carbonatite related to interaction between the carbonatite and
carbonate-bearing metasediments. The secondary nature of the mineralization points to
crystallization of REE fluorocarbonates and gangue minerals in corrosion cavities.

The silica enrichment is a common signature of REE minerals deposits related to
carbonatitic complexes (Mariano, 1989; Doroshkevich et al., 2009). At Amba Dongar
carbonatite Complex (Gujarat, India), silica was released during the fenitization of sandstone

to form pure potassic feldspar fenites, and transported in hydrothermal solutions (Doroshkevich
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et al., 2009). Nd—Sr—Pb isotope data integration for this deposit points to silica saturation in a
response to interactions between a fluid sourced from the carbonatitic melt and the continental
crust (Simonetti and Bell, 1995). Likewise, Williams-Jones & Palmer (2002) consider
reasonable to assume that SiO» has elevated concentration in the residual fluids. These authors
stated that silica, like REE, can accumulate in residual fluid because there is a low mineral/melt
partition coefficient in the silica-poor primary minerals (calcite and apatite). The silica can also
be transported as a complex in carbonatitic system, leading to concentration increasing in
residual fluids. According to Andrade et al. (1999), quartz from the hydrothermal association
in the Barra do Itapirapud Carbonatite was formed because of the assimilation of the host
granite. The silica content is low in carbonatitic magmas, but increases during magmatic
evolutions and assimilation-related processes (Barker, 2001).

Thus, it is plausible to admit that the hydrothermal fluids that interacted with the Santana
mafic-carbonatitic Complex lithofacies may have formed in late-magmatic stage and evolved
to a shallower silica-rich composition. The influx of externally-derived waters in a caldera-
related framework is not ruled out and has been evoked for rare and base metals epithermal
systems in the Amazonian craton (Aguja-Bocanegra, 2013; Tokashiki et al., 2015; Cruz et al.,
2016), and deserves in future more detailed investigations with stable isotope systematics.
Mixing between carbonatite-derived volatiles and groundwater occurred at Amba Dongar

carbonatite Complex (Simonetti and Bell, 1994, 1995).

9.6.2 Implication for Proterozoic metallogenesis of the Amazonian craton

Proterozoic metallogenesis of the Amazonian craton is associated with the Tapajos
Mineral Province (Bahia and Quadros, 2000; Santos et al., 2000; Bettencourt et al., 2016). Local
prospectors exploited during 50 years at least 200 ton of gold from alluvial and colluvial
deposits until 1997 (Faraco et al., 1997), despite unofficial gold production is estimated in ca.
900 ton. Some authors argue that primary gold deposits are orogenic lode-gold (Groves et al.,
1998). Advances occurred with the identification of mineralizations such as well-preserved
high-sulfidation epithermal gold (Juliani et al., 2005); porphyry-like copper—gold (Misas,
2015); and intermediate- to low-sulfidation epithermal gold (Aguja-Bocanegra, 2013;
Tokashiki, 2015), showing a high potential for Paleoproterozoic magmatic—hydrothermal base
and precious deposits (Bettencourt et al., 2016). These epithermal mineralizations are
genetically related to large nested calc-alkaline volcanic calderas (Lipman, 1984; Lipman,

2000). Fernandes & Juliani (2019) presented the first integrated study comprising geochemical
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and isotopical Sr—Nd—Pb data for the volcano—plutonic sequences of the Sdo Félix do Xingu
region. They present interpretations concerning tectonism, magma origin and evolution, and
formation of arc-related world-class precious and base metals deposits, analogous to the events
that occurred in the Andean belt and Western North America.

The Serra da Capivara deposit is a phosphate-rich saprolitic cover originated from a
well-preserved proto-ore comprising coarse-grained massive apatitite intercepted at 180 m in
depth, despite medium- and fine-grained massive apatitite occurring at the surface within
Santana mafic-carbonatitic Complex. Indeed, the geomorphology and field relationships at the
Vila Mandi region reveal flat topography in response to a higher erosional grade when
compared to other volcano—plutonic areas, and is favorable for the generation of supergene
deposits in tropical weather conditions (Costa, 1991; Freyssinet et al., 2005).

Although speculative, the types, styles, and intensity of the hydrothermal alterations and
mineral paragenesis revealed by the Santana mafic-carbonatitic Complex rocks suggest
potentiality for REE mineralizations and might be used as a prospective guide. The primary and
hydrothermal barite (Heinrich and Vian, 1967; Ramasamy et al., 2013; Cheng et al., 2018) and
apatite (Verplanck et al., 2014) are considered important phases for REE hosting. Apatite
crystallization reduces the PO4* activity and limits the solubility of REE species in the
hydrothermal solution, producing conditions for precipitation. Cheng et al. (2018) showed
reddish hydrothermalism-related products at Bachu carbonatite with paragenesis Ce-monazite
+ barite + celestine + fluorapatite + quartz associated with REE minerals. Most of these phases
is best explained by crystallization from high temperature fluids that were already enriched in
REE after exsolution from a carbonatitic magma in response to fractional crystallization of
dolomite and calcite. As such, despite the fact that celestine and monazite occur as subordinate
phases associated with hydrothermalism-related barite, fluorapatite, and quartz, they reveal

similar relationships in studied lithofacies of the complex.

9.7 CONCLUSIONS

The elements identified in the primary and secondary mineral paragenesis of the Santana
mafic-carbonatitic Complex suggest that deeper mineralizing fluids had initial composition
enriched in Mg, P, (SO4)*, and CO> sourced from transitional late-magmatic to hydrothermal
stage in a previously interpreted collapsed volcanic caldera evolution. A following stage
comprises formation of the fine-grained quartz crystals in interstitial portions of the shallower

alvikite, suggesting that change on fluid composition was motivated by assimilation of SiO>
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from crustally-derived lithotypes of the Vila Mandi region. Thus, a two-stage model involving
fractional crystallization and hydrothermal fluids is proposed for the mineralogy identified at
Santana mafic-carbonatitic Complex.

Given that carbonatitic complexes and associated alkaline rocks are rare; have high
metallogenetic potential for strategic commodities; and usually are associated to caldera-related
settings, this Amazonian finding opens new perspective for the well-preserved, but only locally
mapped and detailed colossal Paleoproterozoic polymetallic volcano—plutonism. This
represents a prospective guide and a conceptual model for searching of REE and phosphate
mineralizations in the craton, that can be a reference to other Proterozoic terrains all over the

world.
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10 CONSIDERACOES FINAIS

Préximo ao limite dos estados do Para e Mato Grosso, contexto do Craton Amazonico
(Almeida et al. 1981), distante aproximadamente 90 km a oeste do distrito de Vila Mandi,
municipio de Santana do Araguaia (PA), ocorre um inédito e significativo vulcano—plutonismo
efusivo e explosivo mafico-carbonatitico denominado Complexo mafico-carbonatitico Santana
(Lagler et al. 2014). O intemperismo de parte das rochas desse complexo formou sob condi¢des
supergénicas o deposito de fosfato Serra da Capivara (Chiquini 2011; Lagler et al. 2014). Esses
centros vulcanicos hospedam halos de alteragdes hidrotermais que estdo relacionados a
evolucdo geoldgica e magmadtica do membro carbonatitico do complexo em ambiente
compativel com caldeira vulcanica. Essas alteracdes podem hospedar outras commodities como
terras raras, nidbio, uranio, tantalo, fosforo, entre outros. Diante desse quadro, este trabalho
objetivou a caracterizagdo dos tipos e estilos dessas alteragcdes com base em mapeamento
geoldgico, petrografia e mineralogia detalhadas por microscopia Optica convencional e
microscopia eletronica de varredura.

O ambiente interpretado de caldeira vulcanica ocorre na interceptacdo de falhas
regionais NE-SW e NW-SE com até 40 km de extensao e que serviram como conduto profundo
do magma percursor do complexo que foi recentemente separado cm litofacies vulcanicas. A
raiz do sistema ¢ representada por rochas maficas-ultramaficas e carbonatitos plutdnicos que
foram fisicamente separados por exsolu¢do magmatica, um processo comum em complexos
alcalinos. A fase pré-caldeira envolveu ascensdo por falhas listricas e colocacdo em superficie
de grande volume de magma mafico-ultramafico alcalino, seguidos fluxos de lava carbonatitica,
que marcaram o inicio da constru¢ao do edificio vulcanico. O sistema evoluiu para o colapso
dessa estrutura vulcanica que materializou uma estrutura subcircular (caldeira vulcanica). O
colapso dessa estrutura e o abatimento topografico coincidiu com vulcanismo explosivo e
formacao dos litotipos vulcanoclésticos, representando a cobertura intracaldeira. Nessa fase, a
intensa degaseificacdo e geragdo de fluidos hidrotermais em fun¢do da evolu¢do magmatica
produziu grande parte dos tipos e estilos de alteracdes identificadas neste trabalho. Os sienitos
tardios podem representar a fase pos-caldeira e selagem das estruturas.

A principal alteracdo magmatica hidrotermal do complexo ¢ representada por rochas
carbonatiticas de coloragdes avermelhada, vermelho amarronzado e amarelado. A paragénese
mineral identificada foi barita + fluorapatita + dolomita + quartzo =+ rutilo & calcopirita + pirita
+ monazita + magnetita + hematita. A assembleia mineral das altera¢des mais profundas mostra

que elas foram produzidas por fluidos inicialmente ricos em sulfato, bario, magnésio, fosforo e
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CO; com possivel origem na transi¢do entre as fases tardi magmatico a hidrotermal. A transi¢do
para fases mais superficiais do vulcanismo envolveu assimilagdo de silica das rochas
encaixantes, evidenciada pela formacgao de finos cristais de quartzo intersticiais nas alteracdes
do alviquito. As alteracdes com barita, fluorapatita, quartzo e monazita relacionados a um
vulcanismo carbonatitico revelam potencial metalogenético para elementos terras raras para
esse complexo.

Diante da dimensdo continental do vulcano—plutonismo paleoproterozoico e de seus
varios sistemas mineralizantes do tipo porfiro e epitermal que ocorrem no Craton Amazonico,
a descoberta de complexos alcalinos associados a esse evento magmatico abre grande
perspectivas para novas pesquisas na regido, haja vista que existem areas na Amazonia que
ainda ndo mereceram estudos de mapeamentos regionais basicos, muito menos de prospec¢ao

mineral por parte das empresas.
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