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RESUMO

A Provincia Mineral de Carajas abriga um dos maiores cintatfgefferosdo mundo,
em gue as mineraliza¢des hipogénicas sulfetadas foram parcialmente transformados em gossans
e estes lateizados e/ou truncados durante a evolucdo da paisagem. Estas coberturas
representam fonte de informacfes para a explor¢cdo mineral e, em alguns casos, podem ser
lavradas juntamente com as mineralizac6es hipogénicas parentais. Os platés da Superficie Sul
ameicana hospedam gossans completos e lateritizados, enquanto as areas denudadas nc
entorno, tipicas da Superficie Velhas, exibem gossans incompleiosaturos tendo como
um exempladeste ultimo alepdsito Alvo 118. Nesteorpg a mineralizacdo hipogémidoi
convertida em um gossan imaturo localizado em profundidade, enquanto as rochas hospedeiras
foram intemperizadopréximo a superficieformando um saprolito mineralizado. O gossan é
formado por uma zona de oxidacado, que inclui goethita, malaquitajgmsalaquita, cuprita,
tenorita, cobre nativo, ramsbeckita, crisocola e libethenita; com relictos de uma zona de sulfeto
secundério, representada por calcocita. Estes minerais estao distribuidos em zonas de dominio
da goethita, malaquita, cuprita e libatla, com evolugcéo independente, em que suas sucessoes
minerais refletem a transicéo das solucdes mineralizantes de condi¢cdes acidas para levemente
alcalinas e aumento no potencial de oxirreducédo. Este ambiente foi estabelecido a partir da
interacdo das sucdes acidas, derivadas da dissolucéo da calcopirita, com 0s minerais de ganga
(calcita e apatita) e das rochas hospedeiras, granodioritos e, secundariamente, clorititos, que
atuaram no tamponamento do sistema, favorecendo a formacédo de novos pameealsres
do cobre. As fortes correlacbes do CuO cohg, Te, Pb, Se, Bi, Au, In, Y, U e Sma
mineralizacéo hipogénica refletemiaclusdes de petzita, altait@lena cassiterita e estannita
na calcopiritaNo gossan, Ag, Te, Pb, Se e Bi permaneceraoncasos e foram incorporados
aos minerais de cobre neoformados. Por outro lado, Au, In, Y, U e Sn exibem maior afinidade
com os oxihidroxidos de ferro, assim como, Zn, As, Be, Ga, Mo eQsi.valores dé&f°Cu
reforcam que o gossan investigado € imatunde@foi intensamente afetado por processos de
lixiviagdo. As principais fases minerais identificadas no saprolito sdo caulinita (dominante),
associada com clorita, esmectita e vermiculita, além de quartzo e oxihidroxidos dBlderro.
saprolito, os oxhidroxidos de ferrapresentam forte correlagdo c@a, Sc, Sn, V, Mn, Co e
Cr, em parte derivados do intemperismo das rochas parefithsonalmente, dados de
espectroscopia Mossbauer apontam importante papelfed@rita e goethita como
incorporadores decobre no saprolito. N&do ha evidéncias da incorporacdo de sua pelos

argilominerais. @ valores dé°®Fe indicam pouca contribuicdo da mineralizacdo primaria para
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os conteudos de Fe do saprqlitue € mais influenciado pelo intemperismo da clarita
assocacdo AbOs, Hf, Zr, Th, TiQ, Ce, La, Ba, Sr representa a assinatura geoquimica das
rochas hospedeirague influenciam a composicao quimica dos trés tipos de mineraliza¢ao. Por
outro lado, ogprincipaiselementos rastreadorda mineralizacdo hipogénicasa associacao

In, Y, Te, Pb, Bi, SeO conhecimento detalhado do fracionamento mineral e geoquimico
supergénicdorna o depésitédlvo 118 um referencial para a investigacao de gossans imaturos
e saprolitos mineralizados em &reas denudadas da ProvimeieaMie Carajas ou em terrenos

equivalentes.

Palavras-chave: mineralogiageoquimicaintemperismecobre



ABSTRACT

The Carajas Mineral Province is home to one of the most extensive cupriferous belts
in the world, where hypogene minerations were partially transformed into gossans, later
lateritized and/or truncated during landscape evolution. These covers represent an information
source for mineral exploration and, in some cases, can be mined together with parental
hypogene mineralaions. The plateaus of the South American Surface host complete and
lateritized gossans, while the surrounding denuded areas, typical of the Velhas Surface, exhibit
incomplete or immature gossans, with the Alvo 118 deposit as an example. In this afedody,
hypogene mineralization was converted into an immature gossan located at depth, while the
host rocks were weathered near the surface, forming a mineralized saprolite. The gossan
comprises an oxidation zone, which includes goethite, malachite, pseadbiteal cuprite,
tenorite, native copper, ramsbeckite, chrysocolla, and libethenite, with relics of a secondary
sulfide zone, represented by chalcocite. These minerals are distributed in the goethite,
malachite, cuprite, and libethenite zones, with thémemal successions reflecting the transition
of mineralizing solutions from acidic to slightly alkaline conditions and an increase in oxidation
potential. This environment was established from the interaction of acid solutions, derived from
chalcopyrite disolution, with the gangue minerals (calcite and apatite) and the host rocks,
granodiorites and, secondarily, chloritites, which acted in buffering the system, favoring the
formation of new coppebearing minerals. The strong correlations of CuO widhTe, Pb, Se,

Bi, Au, In, Y, U, and Sin the hypogene mineralization reflect the inclusions of petzite, altaite,
galena, uraninite, cassiterite, and stannite in chalcopyrite. In the gossan, Ag, Te, Pb, Se, and Bi
remained associated and were incorporatediabformed copper minerals. On the other hand,
Au, In, Y, U, and Sn exhibit greater affinity with iron oxyhydroxides, as well as Zn, As, Be,
Ga, Mo a n %CuMadluegeiffdroe thdt the investigated gossan is immature and was
not intensely affectéby leaching processes. The main mineral phases identified in the saprolite
are kaolinite (predominant), associated with chlorite, smectite, vermiculite, quartz, and iron
oxyhydroxides. Iron oxyhydroxides are strongly correlated with Ga, Sc, Sn, V, Man@€r,

partly derived from the weathering of parent rocks. Additionally, Mdssbauer spectroscopy data
point to the important role of ferrihydrite and goethite as copparing phases. There is no
evidence of copper i ncor p%Fe aduesindicateh y little | a y
contribution of primary mineralization to the Fe content of the saprolite, which is more
influenced by chlorite weathering. The associatiofO4| Hf, Zr, Th, TiQ, Ce, La, Ba, and Sr

represents the geochemical signature g thost rocks, which influence the chemical



composition of the three types of mineralization. On the other hand, the association In, Y, Te,

Pb, Bi, and Se comprise the main pathfinder elements of the hypogene mineralization. Detailed
knowledge of the supgene mineral and geochemical fractionation makes the Alvo 118 deposit

a reference guide for investigating immature gossans and mineralized saprolites in denuded

areas of the Carajas Mineral Province or equivalent terrains.

Keywords: mineralogy, geochemistrweathering, copper.
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1. INTRODUCAO
1.1. APRESENTACAO

A Provincia Mineral de Carajas (PMC) abriga um dos maiores agrupanttos
depositos cupriferos do mundo, formados a partir de dois principais eventos hipogénicos
desenvolvidos no Neoarqueano e PaleoproterozGicair(geret al. 2008 Torresiet al 2012)
As mineralizacdes em geral consistem em corpos sulfetados, hospedadesquencias
metavulcanosedimentares intensamente hidrotermalizadas. Dada a elevada reatividade dos
sulfetos, muitos desses corpos foram ao menos parcialmente convertidos em gossagis (Costa
al. 1996).

Os perfis gossanicos da PMC naturalmente forata@de pelo intemperismo tropical
tipicamente desenvolvido na regido durante o Cenozoico. Desse modo, muitos desses corpos e
suas rochas hospedeiras se encontram lateritizados e, adicionalmente, associados com depésito
coluvionares e perfis de solo (Costaal 1999 Porto 2016). Nos platds que constituem a Serra
dos Carajas, os regolitos tenderapsesentaesta sucessao completa. Por outro lado, as areas
denudadaso entorno da serexibemperfis lateriticos trucados, representados por horizontes
saprolticos (ToledoGroke et al. 1985, lldefonse et al. 1986 Mano et al. 2020).
Consequentemente, 0os gossans identificados nestas areas também estdo incompletos, sem

capeamento ferruginoso caracteristico.

O depésito de cobre Alvo 118 corresponde a um casalipe em que um gossan
imaturo se formou em profundidade a partir da mineralizacdo hipogénica e nao foi afetado pela
lateritizacdo e erosdo. Ele é envolvido e recoberto por rochas ainda bem preservadas, que
passaram por um grau incipiente de intemperjstaosado pela interacdo com as solucdes
acidas liberadas a partir da dissolucao dos sulfetos priméarios. Muito acima do gossan, as rochas
hospedeiras sdo entdo convertidas em um horizonte saprolitico, que se estende até a superficie
Regolitos com esta ctiguracdo eram até entdo pouco documentados na PMC, onde as
investigacbes mais avancadas estag@entagestritas ao depdsito SalobboledoGrokeet
al. 1985, lldefonset al 1986 Veigaet al.1991).

Do ponto de vistanetalogenaticoo gossan ddepgito Alvo 118 registra um estagio
adicional para a evolu¢d&upergénica d®MC, em que se formaranogsans imaturos em
profundidadeEm contraste, o horizonte saprolitico que esta acima marca a transi¢cdo para uma
zona afetada pelo clima tropical, com fartduéncia do lencol freético e dominio das reagbes

de hidrodlise. Este segundo cenario corresponde a um halo de dispersdao que ainda preserva



elevados teores de cobreijosmecanismos de retencépresentam informacgoeslevantes
para a industria miner@Veigaet al. 1991, Albuquerqueet al.2001).

Nesta tese, foram Iinvestigados o0s principais aspectos mineraldgicos,
micromorfolégicos e quimicos da porcdo supergénica do depdsito Alvo 118. Serdo aqui
apresentadas: (1) as condicbes de formagdo do gossamroma&om implicacoes
metalogenéticas; (2) o fracionamento geoquimico entre mineralizacdo hipogénica, gossan e
saprolito, com reflexos exploratorios; (3) os mecanismos de incorporacdo do cobre pelos
minerais derivados do intemperismo das rochas hospedeimasaspecto de interesse
metallrgico. Estas linhas de investigacdo serdo respectivamente apresentadas na forma dos

seguintes manuscritos:

(1) AMineralogical and textural evolution of the Alvo 118 coppearing gossan:
Implications for supergene metalkmesis in Caajas Mineral Province, Braail, publicad
Journal of South American Earth Sciences (https://doi.org/10.1016/j.jsames.2022.104108)

(2) "Geochemical and isotopic fractionation in the hypogene ore, gossan, and saprolite
of the Alvo 118 deposilmplications forcopperexploration in regoliths of the Carajas Mineral
Provinc® , s u baoeoipa editorial d&eochemical Journal (ANEXO A);

BnThe geochemical i mportance of iron 0>
copper enrichmentinsppo |l i te from a denuded area in t|
devera sesubmetidoao International Journal of Earth Sciences.

1.2. JUSTIFICATIVA

Durante séculos, gossans aflorantes ou subaflornates foram minerados em diversas
regibes do mundo, principalmenpara a obtencdo de cobre, chumbo, zinco, niquel, ouro e
platindides (Taylor 2011). J& no inicio do século XXI, o avanco do conhecimento exploratério
demonstrou sua aplicabilidade para a descoberta dos corpos sulfetados subjacentes ou
préximos, em geral oito mais volumosog$Taylor 2011 Andreuet al. 2015 Yesareset al
2017, Pireset al.2020) Aléem do potencial exploratorio, os gossans foram investigados como
registro da evolucéo supergénica de grandes provincias minerais sulfetadas. Pestasten
contexto o Lacan Fold Belt e Golden Grove Distriet,Austalia; Bathust Mining Cammo
Canada; e Iberian Pirite Belt, na Espanha. Nestas regides, de clima arido, 0s gossans sdo em
geral aflorante¢Boyle 1993 Scottet al.2001, Smithe Singh 2007Velaso et al.2013).

Na PMC, a obliteracdo dos gossans por processos lateriticos e a densa cobertura

vegetal limitaram seu uso como guias exploratérios. Destwacaeste contexto o depdsito de



ouro de Igarap8ahia, reconhecido como um gossan lateritizado djgé estava em lavra
(Costaet al. 1999 Porto 2016 Monteiro et al. 2018. Atualmente, na busca por viabilidade
econbmica, muitas mineradoras tém optado por lavrar pelo menos uma parte dos gossans
juntamente com os depdsitos sulfetados, que em geralesamior interessé/glascoet al.

2013)

Assim, a campanhas exploratorias realizadas no depdsito Alvo 118 investigaram néao
apenas a mineralizacdo hipogénica, mas também o gossan e saprolito sobrejacentes. Foram
entdo reconhecidas reservas hipogéniaalfe(adas) da ordem de 170 Mt a 1,21% de Gu e
ppmde Au;e mineralizacdo supergénica de 55 Mt a 0,92% de @8@pmde Au, dos quais
30%saoreferents ao gossan e 70 % ao saprolaéem da maior tonelagem de minério, a lavra

conjunta resultaria n@ducédo das pilhas de estéril.

Os elevados teores de cobegistrados na zona de alteracao supergénica do depdsito
Alvo 118 suscitam questionamentos quanto aos processos de dispersdao e mecanismos de
fixacdo destes e outros metais no gossan e saprolite. iBEtamacdes sao cruciais para 0s
processos de mineracao, incluindo, exploracao, lavra, beneficiamento e disposicado de estéril e
residuogNordstrom 201 1Petersoret al 2014 Stavingaet al.2017) Por outro lado, o depdsito
Alvo 118 é um representantda histéria evolutiva dos regolitadistribuidos ao longo da
Superficie Velhas/Itacailinasa PMG que ainda séo restritamente documentddotedo
Grokeet al.1985;lldefonseet al. 1986 Silva e Kotschoubey 2000)

1.3. OBJETIVOS
1.3.10bjetivos gerais

Os objetivogyerais desta tese séao (1) estabelecer as condi¢des de formacao do gossan
desenvolvido no depdsito Alvo 118, a fim consolidl&como representante de um cenario
evolutivo da PMC em que se formaram gossans imaturos em profundidade, ndo afetados pela
lateriizacéo; (2) estabelecer o fracionamento geoquimico e isotopico entre a mineralizagao
hipogénica, gossan e saprolito, buscando estabelecer o caminho de dispersao ou incorporagac
supergénica do cobre e outros metais; (3) compreender os mecadesmosrporacdo do
cobre no saprdlito, uma vez que ele ndo apresenta nenhum mineral que seja portador deste

elemento como componente principal.



1.3.20bjetivos especificos

Os objetivos especificos sdo (1) estabelecer as sucessdes mineraldgicas no gossan e
saprolito, a pdir das relacGes texturais; (2) reconstituir as propriedades-igiooicas do
ambiente que favoreceu a desestabilizacdo da mineralizacdo hipogénica para formacao do
gossan; (3) estabelecerassociacdegeoquimicas tipicas da mineralizacdo primérisgos
saprolito, de modo a determinar os minerais carreadores do cobre e outros metais; (4)
acompanhar processos e mecanismos envolvidos na formacgéo do gossan e saprolito, a partir do
comportamento@lisétopos Cu e Fe; (5) identificar e quantificar oslugiroxidos de ferro no

saprolito.



2. REFERENCIAL TEORICO
2.1.DEPOSITOS SULFETADOS E SUA RESPOSTA AO INTEMPERISMO

Quando depdsitos minerais hipogénicos e suas rochas hospedeiras, formados sob
temperaturas e pressdes elevadas, sdo submetidos as congiedgsass Tatm ~15 °C;Pam
~1 bar; andpO2 ~0,2 bar), seu equilibrio é redistribuido, resultando em modificacdes
supergénicafReich e Vasconcelos 2015). Este processo ocorre de modo diferenciado entre os
corpos sulfetados e as rochas hospedeiras. [f@sosusdo mais reativos e sua decomposicao é
dominada por processos de oxirreducao que resultam na formacéo dos gossans. Por sua vez, o
silicatos formadores das rochas hospedeiras sdo submetidos a reacfes de hidrélise, em geral
mais dependentes das cayiis hidrologicas superficia{@hornbere Taylor 1992, Taylor

2011).

Nos dois contextos descritos acima, podem se desenvolver zonas de enriquecimento
ou halos de disperséo supergénica emaijemmentoscomo Cu, Al, Fe, Ni, Mn, U, Au e Zn
podem ser parcialemte retidos, contribuindo para a viabilidades grojetos de mineracao
(Reich e Vasconcelos 2015)Adicionalmente, depdsitos supergénicos sdo de grande
importancia paleoambientakegistrada ao longo dseu fracionamentomineraldgico,
geoquimico e isotépo (Mathure Fantle 2015). Os principais aspectos relacionados a formacéo
e evolucdo dos gossans e perfis de intemperismo, considerados no desenvolvimento desta tese
serao tratados nos itens a seguir. Ressaltpue a formagao dos gossans é normalmefietéda
na literatura como um tipo especial de intemperismo, para a o qual se aplica oxielatioe
weathering Por isso, optoge por tratdo separadamente do imeerismo das rochas

hospedeiras.
2.1.1Formacéo de gossans

Os gossans séo produtos de reaci@esxirreducédo desenvolvidas a partir de corpos
sulfetadogprincipalmentanacicos. O modelo mais aceito para sua formasé@escreve como
uma pilha galvanica, em que elétrons fluem através do corpo sétiigrandodezonas mais
reativas do corpo sulfetlo, que atuam como anodo, em direcao a interfaces extremas, que
atuam como catodo. Este processo depende da disponibilidade de oxigénio dissolvido nas aguas
percolantes, que é entdo reduzido no catodo, enquanto o sulfeto primario é oxidado no anodo
(Thorrber e Taylor 1992Chavez 2021Taylor 201).

Um importante fator controlador da natureza e assembléia mineral do gossan é a

separacao espacial entre as reacdes que ocorrem no anodo e catodo. Um exemplo classico é ¢



depdsito de Kambalda (Australia), oreleeacdo de oxidacdo do sulfeto ocorre 100 m ou mais
abaixo da zondereducé&o do oxigénio, que, neste caso, coincide com o limite inferior do lencol
freatico(Thornber e Taylor 1992Poroutro ladonas porcdéesm queos graos de sulfeto estao
disseminads ou seja,solados um do outro por silicatos, anodo e catodo estardo a alguns

micros de distancia (Fig. 1).
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Fig. 1 Secao representativa do posicionamento das rea¢cdes anddicas profundas e catddicas que ocorrem préximo
ao nivel fredtico no depdsito delfeto macigo niqueliferde Kambalda Australia(Thornbere Taylor 199).

Portanto, a formacao dos gossans nao depende necessariamente do contato direto com
o lencol freaticoAssim, eles podem de desenvolver sob condi¢des climaticas variaveis, desde
que haja minima disponibilidade de agua, com certo aporte de oxigénio dissolvido (Alpers e
Brimhall 198, Reichet al 2009). Nestes diferentes cenarios, as reacdes de oxirreducéo
envolvidas na desestabilizacdo dos sulfetos hipogénicos tendem a acidifidaeoteno que
por sua fez acelera a decomposicdo dos minerais de ganga e constituintes das rochas
hospedeiragAndrew 1984, Thornber e Taylor 1992, Taylor 20Xdhavez 2021). Em
contrapartida, a decomposicéo destes minerais consoneerdribuindo para aeutralizacéo

do ambiente.

Além disso, sao liberados ions ou compostos idnicos capazes de se ligar aos metais
provenienteslossulfetos primarios. Isto resulta na formag¢éo de um amplo espectro de minerais
no perfil gossanico, em que elementos como CuZR\li, Co, Cr, Mn, Au, Ag, e EGP podem
ser parcialmente incorporadoghprnber e Taylor 1992, Scott 200Assim, abase dos perfis

gossanicos € normalmente constituida por sulfetos secundarios, formados ainda em ambiente



redutor (Belogubet al. 2008, DIl 2015). A zona intermediaria pode apresentar um amplo
espectro mineral, que inclui sulfatos, carbonatos, fosfatos, silicatdsdo&kidos e elementos

nativos. Esses minerais sdo formados pela interacdo das rochas encaixantes com as solucoe:
acidas prduzidas pela decomposicao dos sulfetos primarios e secundarios (Chavez 2000, Reich
et al 2009 Vasconcelogt al 2015). Ja o topo do gossan classicamente consiste em uma zona
de lixiviag&o, constituida principalmente por-tiilroxidos de ferro e manganéRobb 2005,

Haldar 2018).

Os perfis gossanicos podem ser classificados em maturos, quando apresentam o
zoneamento mineraldgico completo; e imaturos, quando as zonas superiores nao se
desenvolveram (Sco#t al 2001 Atapoure Aftabi 2007). No primeiracaso, a zona de oxi
hidroxido de ferro, ao se formar préxima a superfiteguentemente exibe morfologia do
tipo chapéu de ferro (Oliveiet al 1991, Taylor 2011). Por ser a expressao superficial do perfil
gossanico, muitos autores optam por se iredezona de oxhidroxido de ferro como gossan,

embora seja crescente o uso do termo leached cappilggiching zonpara se referir a esta

porcao do corpo gossanico (Taylor 2011).
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Fig. 2 Zoneamento tipico do perfil gossénico, incluindo a mineralizagédria e as zonas de enriquecimento
supergénico, oxidacao e lixiviagdo, modificattpAsmus (2013).

Seu estudo se tornou importante ferramenta para prospeccéo deste tipo de depdésito,
especialmente aqueles mineralizados em Cu, Pb, Zn, Au, Ag e Mo (Z8¢tby. Por isso, em

paralelo as campanhas exploratérias, varios trabalhos se dedicaram ao entendimento de sua



origem e mecanismos de formagédo (Moeskops 1977, Tayppleyard 1983, Taylor 1984,
Nickel 1984) ou a0 mapeamento da distribuicdo espaciat@oblats expressdes superficiais

da zona oxhidroxido de ferro que usualmente capeia o perfil gossanico. Além disso, o préprio
corpo gossanico normalmenteepresenta umaona de enriquecimentsupergénico com

potencial econdmicQAtapoure Aftabi 2007).

As ocorréncias mais famosas de gossans estdo na Austrélia, Lacan Fold Bedt (Scott
al. 2001) e Golden Grove District (SmighSing 2007); no Canada, Bathurst Mining Camp
(Boyle 199); e ainda na Espanha, Iberian Pyrite Belt (Velated 2013). No Bralil, os corpos
mais conhecidos séo Igarapé Bahia, no Para (@bsth 1996); Sao Bartolomeu, em Goias
(Oliveira 1991); Canoas, nho Paran8; 06 Tool
Bahia (Oliveiraet al. 1995). Em algumas dessas regides, esugpossans foram durante séculos
minerados para a obtencao de cobre e outros metais €HainP016) e, nas ultimas décadas,

passaram a ser utilizados como guias prospectivos dos depdsitos sulfetados subjacentes.
2.1.2Intemperismo das rochas hospedeiras

A formacéao dos perfis de intemperismo é em geral dominada por reacdes de hidrolise,
gue ocorrem guando as aguas superficiais, levemente &acidas, reagem com 0S minerais
primarios. Neste processo, elementos mais soluveis (Ca, Na, K, Mg) e parte da silica sédo
liberados e lixiviados, causando enriquecimento relativo dos elementos menos sollveis
(principalmente Fe e Al), que formam minerais mais estaveis nas condicbes supergénicas
(Dixon et al 2009; Millotet al 2002,Macheyekiet al. 2020). Assim, os perfis sdo ayaral
compostos por uma mistura de caulinita, hematita, goethita e, asgibbsga, nos horizontes
superiores, com minerais menos estaveis em profundidade, proximo as rochas do embasamento.
Este termo vem do ingléedrocks usado para fazer referéads rochas ndo intemperizadas
subjacentes, que ndo necessariamente sdo precursoras do perfil de intempehbsdevéet
al. 2007, Butt 2019.

O intemperismo dos silicatos € influenciado pela composicéo e textura daméaeha
pH e o Eh do ambiente, alée fatores regionais, como o clima, relevo e condi¢cfes tectbnicas.
A atuacdo conjunta destes fatores controla o grau de lixiviagdo dos minerais primarios e a
consequente formagdo dos minerais secundéfioledoGroke et al. 1985 White e Blum
1995, WhiteBrantley 2003, Priceet al. 2005) Espessos regolitosepresentam numerosos
desafios pois podem ser encontrados diversas condi¢cfes climaticas, de umidas a aridas,
tropicais a temperadagsie obliteram as fei¢gdes inicigBixon et al.2009) Por outodado, eles

também constituem oportunidades exploratoripejs as caracteristicas petrograficas,



mineralogicas e quimicas comupsedem ser utilizadas como referencial para o estudo de

terrenos equivalentéButt 2016).

Em geral os perfis de intemperismotées melhor preservados em regides que
permaneceram tectonicamente estaveis por perjoadsngados ou quando recobertos por
crostas ferruginosas (Butt 2Q1Goadfellow et al 2016; Callahawet al 2019). Ainda assim, a
geomorfologia dos regolitos € um asfp dominante na determinagéo dos padrfes de dispersao
geoquimica dos depdsitos minerais. Assim, a erosao, juntamente como as mudancgas ambientais
resultam em um mosaico de formas de relevo, que incluem regolitos preservados ou truncados

em diversos nivei@-ig. 3).
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Fig. 3 Arcabouco tipico dos regolitos formados em regifes tropicais, posteriormente transformados e truncados
em diversos niveis pela evolucdo da paisagem, modificado de €altmrnbel(1992).

2.2.PROVINCIA MINERAL DE CARAJAS

A PMC hospeda vaos depésitos de sulfeto de cobre macico de classe mundial, como
Salobo (Siqueira e Costa 1991), Sossego (Mongtiab 2008), Cristalino (Soarex al 2001)
e Alemao (Galarzat al. 2008); além de depdsitos menores, cagkhm 118 (Torresiet al
2012), Gameleira (Lindenmayest al 2001), Estrela (Volget al 2006, Breves (Tallarico
2003), Igarapé Cinzento (Siler al 2006), Aguas Claras (SihaVillas 1998) e Serra Verde
(Reise Villas 2002). Estas mineraliza¢des constituem o ambiente propicia pamaacao de

perfis gossanicos.
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Os gossans da Provincia Mineral de Carajas sdo em parte aflorantes, como verificado
em Serra Verde (Cost@aCosta 1985); recobertos por horizontes saproliticos, a exemplo do
Salobo (ToledeGrokeet al 1985; Veigaet al 1991); e em parte lateritizados, como em Aguas
Claras e Igarapé Bahia (Costhal 1996, Porto 2016). O processo de denudacdo que avanca
sobre os regolitos de Carajas ha pelo menos 10 Ma resultou em um aprofundamento regional
do lencol freético, de modo gudepdsitos mais profundos, inicialmente preservados, foram
progressivamente submetidos a modificagdes supergénicas, a depender do nivel de truncamento
dos regolitos (Silva Kotschoubey 2000, Monteiret al. 2018).
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3. MATERIAIS E METODOS
3.1 AMOSTRAGEM

Foram realizadas duas atividades de campo a area do depadsito, totalizando dez dias.
Nestas ocasifes foram selecionados e descritos os furos de sondagef8A&181.18505, e
deles extraidas 90 amostras. Os dados de subsuperficie forammentptios com a coleta de
10 amostras adicionais na frente de lavra da cava piloto do projeto, ja desativada.

3.1.MEDIDAS DE Eh E pH

Doze amostras foram selecionadas para medidas e pH e Eh. Aliquotas de 1 g
pulverizadas foram adicionadas a 10 ml de agua aéstiem tubos falcon, conforme os
procedimentos propostos por Teixedtaal. (2017). Foram realizadas cinco medidas em cada

amostra, empregand® o medidor Orion Star A211 (Thermo Scientific).

3.2.DIFRACAO DE RAIOSX

A caracterizacdo mineralogica foi reatiza por difracdo de raios (DRX).
Analisaramse amostras totais e aliquotas pontuais, visando detectar fases mineralégicas
isoladas. As amostras foram pulverizadas em gral de agata e analisadas no difratdmetro Bruker
D2 PHASER, com anodo de Cu, operand®@ W (30 kV x100 mA), na faixa angular de 5 a
75 A2d, com tempo de passo de passo de 0, (
realizados no Laboratério de Mineralogia, Geoquimica e Aplicacdes da Universidade Federal

do Para.

3.3.ESPECTROSCOPIA NO INFRAVERMELHO

Espetros de infravermelho com transformada de Fourier foram adquiridos no
equipamento Bruker Vertex 70, com detectealanina deuterada, dopada com sulfato de
triglicina e operando a temperatura ambiente-[RBTGS). As andlises foram controladas no
softwareOpus 7, na regido de 4000 a 400 'cram modo de transmissdo, com resolucdo
espectral de 4 cthe velocidade de movimentagdo do espelho de 10 kHz. As leituras foram
realizadas no LAMIGAUFPA. Todos os procedimentos analiticos foram realizados no

Laboratéio de Mineralogia, Geoquimica e AplicagBes da Universidade Federal do Para.

3.4.ESPECTROSCOPIA MOSSBAUER

Para identificagdo e quantificagdo dos minerais de ferro, empseganalises por
espetroscopia Mossbau¥Fe das amostras in natura na temperatura aneb{@98 K). As
medidas foram realizadas em espectrébmetro convencional, com geometria de transmissédo e

aceleracéo constante da fort&Cp). Os espectros foram coletados na faixa de velocidade de
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aproximadamente + 10 mm/s. A velocidade foi calibrada em-rek o -Fa & temperatura
ambiente; e os espectros obtidos foram ajustados usando o software Winikorigos
Todos os procedimentos analiticos foram realizados no Centro Brasileiro de Pesquisas Fisicas.
3.5.ESTEREOMICROSCOPIA E MICROSCOPIA OPTICA

As invegigacdes microtexturais e aprofundamento mineralogico foram realizados a
partir de vinte laminas delgadas polidas, analisadas ao Microscépio Optico LEICA DM 2700
P, com camera LEICA MC 170 HD acoplada.

3.6.MICROSCOPIA ELETRONICA DE VARREDURA

Estes dados foraoomplementados por imagens via elétrons retroespalhados, obtidas
ao Microscépio Eletrénico de Varredura (MEV) HITACHI TM 3000; e analises quimicas
semiquantitativas por Sistema de Energia Dispersiva (SED) Oxford SwiftED 3000. As
condicGes analiticas utithdas foram 15 kV, para a voltagem de aceleracdo; 50 pum como
didametro do feixe; e filamento de tungsténio como fonte de elétrons. As analises
micromorfolégicas foram realizadas no Laboratoério de Mineralogia, Geoquimica e Aplicacfes
(Universidade Federal deara).

3.7.MICROSSONDA ELETRONICA

A composicdo quimica mineral foi obtida por Microssonda Eletrénica (ME), apos
metalizacdo das secbes polidas com uma pelicula de 5 nm de carbono. Efseregou
equipamento JEOL JX&230, com potencial de aceleragcéo de 20ddviente do feixe em 20
nA e spot com 5 um de didametro. Os dados foram processados no software JEOL, com
utiliza-«o do meXPB pam carecioados&feiioscde mairiz. A selecdo dos
elementos a serem analisados ocorreu a partir de testesmaeds em que foram identificados
0S constituintes maiores e tragos detectaveis em cada mineral. Estas investigacfes foram

realizadas no Chevron Geomaterials Characterization Laboratory (Louisiana State University).

3.8.ANALISES QUIMICAS TOTAIS

Um grupo de400 amostras com 10 Kg cada foi analisado para determinacdo da
composicao quimica total da rocha. Para analise de Ag, Al, As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs,
Fe, Ga, Ge, Hf, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr,
Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn e Zr, amostras de 0,25 g foram digeridas com acidos
perclorico, nitrico, fluoridrico e cloridrico. O residuo & completado com acido cloridrico diluido
e analisado por espectrometria de emissao atbmica com plasma acopltdanahie. Apos
esta analise, os resultados foram revisgdoa altas concentra¢des de Bi, Hg, Mo, Age W e
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diluidos apropriadamente. As amostras que atenderam a este critério foram entéo analisadas por
espectrometria de massa de plasma acoplado iaceivte. Au foi determinado por ensaio de
fogo seguido por analise em IGES e Cu foi analisado por Niton X Ray Fluorescence. Os

resultados dessas analises foram gentilmente cedidos pela Vale.

Adicionalmente, 12 amostras coletadas em contextos mineraogispecificos
também foram analisadas, para esclarecer a associa¢ao entre mineralogia € Composi¢ao quimice
total. Para determinacéo de $i®@l.0s, FeOs, CaO, NaO, K20, CrOs, TiO2, MnO, ROs,
SrO e BaO, 0,1 g de amostras foram adicionados ao fluxordlate litio bem misturados e
fundidos em um forno a 1025°C. A massa fundida resultante foi entdo arrefecida e dissolvida
numa mistura acida contendo &cidos nitrico, cloridrico e fluoridrico. Esta solugcéo foi entédo
analisada pelo IGRES. Bario, Ce, Cr, § Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Ku, Nb, Pr,
Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W, Y, Yb e Zr foram digeridos pelo mesmo método, mas
com uma fusdo adicional de borato de litio e analisadodCRMS. A perda ao fogo foi
determinada pelo métodpavimétrico, usando um forno de decomposicao térmica e enxofre

total e carbono foram analisadusr espectroscopia de infravermelho LECO.

Para Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc e Zn, uma amostra de 0,25g foi digerida com
0s acidos perclorico, nitricBliuoridrico e cloridrico. O volume do residuo foi completado com
acido cloridrico diluido e a solucéo resultante é analisada peAES? Para Cu, amostras de
0,4 g foram digeridas em agua régia e analisadas peMi&HRPara As, Bi, Hg, In, Re, Sb, Se,

Tee Tl, uma amostra de 0,50 g foi digerida com agua régia por 45 minutos. Apés resfriamento,
a solucéo resultante foi diluida para 12,5 mL com agua desionizada, misturada e analisada por
ICP-MS. Ouro, Pt e Pd foram determinados por ensaio de fogo e acabd@RAES. Todos

os dados quimicos foram adquiridos nas instalac6es dos laboratérios da ALS.

3.9.1ISOTOPOS ESTAVEIS

Oito amostras pulverizadas foram aquecidas a 1000°C por 1,5 h, para remover
compostos organicos. Em seguida, o material foi dissolvido em béqieiteflon com HF,
HNO3z e HCI concentrados, a 130 °C. As solucdes foram divididas em duas aliquotas,
posteriormente secas e redissolvidas. Foi utilizado 1 ml de HCI 6N para analises de isétopos de
Fe e 1 ml de HCI 10N para isétopos de Cu. Apenas acigiandente destilados foram usados
no procedimento e o material de laboratério forlprgoo com HCIl a 10% para minimizar

contaminagoes.
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3.9.1. Is6topos de ferro

Oito aliquotas de amostra correspondentes al800 pg Fe foram carregadas em
colunas comerca de 1 ml de resina troca aniénica A8L(100-200 mesh) em uma capela de
fluxo laminar classe A100. Os elementos da matriz foram eluidos usando 5 ml de HCI 6M, e o
Fe foi subsequentemente eluido usando 2 ml de agua ultrapura e 4,5 ml geNH\@eller
et al.2014). A amostra eluida foi seca e adicionada a 0,3 M desHNCGamostras foram entéo
analisadas quanto as concentracfes de Fe usando um espectrometro de massa com plasm
indutivamente acoplado e multicoletor Nu Plasma Il {MI®-MS), em que a ierface Plasma
3 foi aprimorada na Universidade de Bergen. Uma amostra de &cido (branco) carregada nas
mesmas colunas de troca anidnica produziu valores de 4 ng de Fe, que corresponde a menos de

0,002% do Fe contido nas amostras.

As solucdes foram diluidgpara 2 ppm de Fe em frascogefton limpos com acido e
analisadogara isotopos de Fe no modo de plasma umido em psesoloicdo média (R85%
= 9899) cont*Fe em Faraday cup L¥Fe em H1 €’Fe em H4. Os zeros foram medidos pela
deflexdo ESA por 30 segundos antes de cada blascamostras foram analisadas em 2 blocos
de 20 medicdes de 8 segundos. Cada amostra foi executada em duplicata e um padréo interno
(Han Fe, =00, 29 N edal 2014} foi mbtide fedularmente para confirmar

as proporcdes precisas de is@®ple Fe.

As razdes de is6topos de Fe foram corrigidas para viés de massa usando bracketing de
amostra padrdo (SSB) com o padréo de bracketingIRMM4 , s egui n¥Fep. e € g U é
= {((°FeP*Fekpl, meas/ [0.5 X COFeP*Fekidr, meast 0.5 X EOFeP*Fekz mead) -1} X 1000 e
similar m&émea.e Wmr@PEE i ¢ &tFaoedirdu que todas as amostras e
padréo caem (dentro do erro) na linha de fracionamento dependente de massa terrestre com ume
inclinacdo de 1,47. Com base em as&irepetidas de Han Fe (n = 15), a precisdo externa em
U*®Fe foi de 0,10 (2s). As analises do padrdo de basalte BCR r o d u z°fFe méaiodem U
0,07 N 0,054 (n = 3), 0o que est8§ em excelen
(Craddock e Daugs 2011).

3.9.2. Is6topos de cobre

Oito aliquotas de amostra correspondentes a 1000 pg Cu foram carregadas em colunas
de Teflon feitas sob medida com 1 ml de resina de troca anioniddP(3 100200 mesh) em
uma capela de fluxo laminar classe A100. Paraséitas em que menos de 100 pg de Fe foi

carregado na coluna, os elementos da matriz foram eluidos usando 4 ml de HCI 10M, e Cu foi
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subsequentemente eluido usando 6 ml de HCI 5M (modificado de Betrralk 2007). A
calibracdo da coluna mostrou que maidezses de Fe resultam em eluicdo mais precoce do
Cu. Para amostras com mais de 100 pg Cu, os elementos da matriz foram, portanto, eluidos
com apenas 3 ml de HCI 10 M. As amostras eluidas foram secas, refluxadas cam HNO

concentrado por 4 horas e recolhidas HNG 0,3 M.

As amostras foram posteriormente analisadas para concentragdes de Cu usando um Nu
Plasma Il MCICP-MS na Universidade de Bergen. Uma amostra de acido em branco que foi
executada nas mesmas colunas de troca anidnica produziu um brancogd€ul que
corresponde a menos de 0,001% do Cu nas amostras. As solucfes foram diluidas para 100 ppb
Cu em frascos de Teflon limpos com acido e analispai@sisotopos de Cu no modo de plasma
umido em baixa resolucdo cdiCu no copo axial de Faraday*u em H4. As abundancias
de zinco foram monitoradas em copos Faraday®®h) e H9 8Zn) e os sinais totais de Zn
foram tipicamente inferiores a 1% do sinal total de Cu. Os zeros foram medidos pela deflexdo
ESA por 30 segundos antes de cada bloco,aenastras foram analisadas em 2 blocos de 20

medicdes de 8 segundos.

Cada amostra foi executada em d¥pE-i cat a
0,06 KN 0, 0eétasl201Q)Nm rdditioeregularmente para confirmar as proporcdes
precisas de isétopos de Cu. As razdes de isétopos de Cu foram corrigidas paranggsade
usando bracketing de amostra padrao (SSB) com o padréo de bracketing ERM AE647, seguindo
a e q u &Cus aori= {(F°CufCulspi, mead [0.5 X C3CUP3CUkstar, meast 0.5 x EFFeF3Culstaz,
mead) -1} X 1000. Os valores foram subsequentemeeatalculados para o padrao SRM976
C 0 MO®Cusriors = *°Guerm aesa7 + 0.21 (Moelleret al. 2012). Com base em andlises

repetidas de Bergen Cu %Cwnfoide088(2s). a preci s«o
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4. MINERALOGICAL AND TEXTURAL EVOLUTION OF THE ALVO 118 COPPER-
BEARING GOSSAN: IMPLICATIONS FOR SUPERGENE METALLOGENESIS IN
CARAJAS MINERAL PROVINCE, BRAZIL

https://doi.org/10.1016/j.jsames.2022.104108
Pabllo Henrique Costa dos Santos and Marcondes Lima da Costa
Abstract

The Carajas Mineral Province is hotoeone of the most extensive cop@id belts globally,

where hypogene orebodies were partially transformed into gossans. The Marajésnshost

mature gossan profiles modified by lateritization. Conversely, the surrounding denuded
landscape holds ép immature gossans characterized by generation mechanisms that remain
poorly understood. Alvo 118 is a typical deposit from this area, with numerous drill cores
available for evaluation. Mineralogical, textural, and mineral chemistry investigations showed
that the hypogene mineralization, consisting of massive and disseminated chalcopyrite with
minor nukundamite, was partially oxidized. The resulting gossan comprises a range of copper
bearing minerals, including malachite, pseudomalachite, cuprite, ®nortive copper,
ramsbeckite, chrysocolla, and libethenite, with relics of a secondary sulfide zone represented
by chalcocite. The host rocks are relatively wekserved from supergene alteration near the
gossan due to the chalcopyrite's low acidifyiogential and the deep occurrence of the gossan
orebody, resulting in an immature profile. The gossan orebody is sectioned into four zones; the
mineral succession of each zone indicates independent evolution, with a general transition from
slightly acidicto alkaline conditions and increasing oxidation potential, with local oscillations
related to water table fluctuations. This environment was established by the interaction of acid
solutions derived from sulfide dissolution with gangue minerals (calciteapatite) and
secondarily with host rocks (chloritites and granodiorites), leading to system bufferivm, Ti

Zn, Ni, V, and Cowere incorporated into the gossan mainly by goethite, while malachite
contains Ba, Ca, Cr, Mn, and Zn. Gold and Pb were astactgoethite, cuprite, tenorite, and
native copper. This set of mineralogical zones and mineral successions record an important and
unique stage of the supergene evolution of the Carajas Mineral Province, with prominent

coppergold mineralizatiorshowingno effects from lateritization.

Keywords: mineralization, regolith, oxidoreduction, Itacaiinas Surface
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1 Introduction

Oxidation reactions involving sulfide deposits produce mineralogically zoned
orebodies known as gossans (Andrew 1984; Thornber andrTE802; Taylor 2011). They
usually comprise a supergene enrichment zone, formed of secondary sulfides; an oxidation
zone, including sulfates, carbonates, phosphates, oxides, and silicates (Belogub et al. 2008;
Reich et al . 2009 2015:\VYasconketns et dl. 2G.5);.and 2 @dcking zobd | |
rich in iron oxyhydroxides, typically displaying an iron hat form near the surface (Taylor 2011;
Haldar 2018; Ozdemir and Sahinoglu 2018). Gossans are considered mature when they display
a complete profé (e.g., secondary sulfide, oxidation, and leaching zones) or immature if the
leaching zone is not formed (Scott et al. 2001; Atapour and Aftabi 2007).

For decades, gossans have been used as guides for exploring hypogene sulfide
orebodies, especially thogaineralized in Cu, Pb, Zn, Mo, Ni, Au, and platinoids (Andreu et
al. 2015; Yesares et al. 2017; Pires et al. 2020). Additionally, numerous gossans have been
mined with their parent sulfides, increasing the reserves and profitability of the deposit@(Throo
and Buseck 1971; Velasco et al. 2013). Gossans have also been used to constrain the supergen
evolution of large sulfide mineral provinces, such as the Lacan Fold Belt and Golden Grove
District in Australia, the Bathurst Mining Camp in Canada, and tieéab Pyrite Belt in Europe
(Boyle 1993; Scott et al. 2001; Smith and Singh 2007; Velasco et al. 2013).

The Gossan formation in the Carajas Mineral Province (CMP) was strongly affected
by landscape evolution. The set of plateaus that form the Carajas a#mur{South
American/Carajas geomorphic surface) houses mature gossans subjected to lateritization across
the Cenozoic, as observed in the Aguas Claras and Igarapé Bahia deposits (King 1956; Costa
et al. 1999; Porto 2016; Monteiro et al. 2018). Converdbly dissected and flattened areas
surrounding the Carajas Mountains (Velhas/Itacailinas geomorphic surface) host deep immature
gossans, whose host rocks usually evolve to saprolite near the surface, as in the Salobo and
Sossego mines and in the Sequeirinfharnas, and Alvo 118 deposits (King 1956; lldefonse
1986; Monteiro et al. 2018; Mano et al. 2020) (Fig. 1A). Gossan formation in these dissected

areas represents a poorly documented stage of CMP supergene evolution.

Alvo 118 is a typical immature gosstormed at the expense of hydrothermal copper
gold orebodies in the CMP, southeastern Amazon. The massive hypogene ore was not exhumed
by erosion, which prevented the development of a prominent leaching zone and led to the
formation of a deep oxidation zanEhe top of the gossan orebody is capped by relatively fresh

host rocks and is progressively weathered near the surface. This type of gossan occurrence is
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known to comprise significardupergene deposits, the formation of which requires further
investigaion. In the case of Alvo 118he hypogene reserves reach 170 Mt @ 1 % Cu and 0.3

g/t Au, while the supergene reserves reach 55 Mt, 30 % of which corresponds to the gossan and
70 % to the saprolite derived from the host rocks (Docegeo 1991; Grainge2Gagjl.

The advancement of drilling in the Alvo 118 deposit and excavation of a pilot open
pit mine allowed the investigation of deep gossan drill cores. These new data are especially
valuable because CMP is home to one of the most extensive dmgrargsulfide belts
worldwide, including several deposits under exploration and four campermines in
operation (Monteiro et al. 2008; Moreto et al. 2015; Del Real et al. 2021), Fig. 1A. Therefore,
numerous gossans are spread across the region as commdrtbatsegoliths that cover the
hypogene deposits and their host rocks, including saprolites, laterites, and colluviums (Veiga et
al. 1991; Costa et al. 1996).

This paper presents the supergene processes involved in the formation of the Alvo 118
gossanconsidering it a reference guide for the generation of deep cgpfzebearing gossans
that are typical in the dissected areas of the CMP. These data may also support the improved
selection of exploration and mining techniques, metallurgical Cu recowethons, and mining

waste conditioning methods (Nordstrom 2011; Peterson et al. 2014; Stavinga et al. 2017).
2 Geological setting
2.1Carajas Mineral Province

The CMP is located in the southeastern Amazon Craton. Its egpjuer
mineralizations are mainlgistributed in the Carajas Tectonic Domain (2865 Ga;
Dall'Agnol et al. 2006; Schutesky and Oliveira 2020). The basement of this domain comprises
tonalitic-trondhjemitic gneisses and migmatites of the Xingu Complex and orthogranulites of
the Pium Compx (Pidgeon et al. 2000). These units are overlain by the Itacailnas Supergroup,
which consists of basic, intermediate, and felsic metavolcanic sequences interspersed with
clastic metasedimentary rocks and banded iron formations (Machado et al. 1994l Biteadd
1998; Araujo Filho et al. 2020). This set was intruded by syntectonic alkaline granitesiof 2.74
2.76 Ga; rhyolitic and dacitic intrusions of 2.64 and 2.65 Ga; andlgabne Paleoproterozoic
intrusions of 1.871.88 Ga (Grainger et al. 2008; breado et al. 1991; Dall'Agnol et al. 1994).

The intrusions described above are related to the main hydrothermal events that mark
regional metallogenetic evolution. The oldest of these (2.57 Ga) produced the Salobo, Sossego,

Cristalino, and Alemao coppgold deposits, while the youngest (1.88 Ga) formed the
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Gameleira, Estrela, Breves, Igarapé Cinzento, and Serra Verde ones (Grainger et al. 2008). Alvo
118 is the only deposit that records the overlap of both events (Torresi et al. 2012).

2.2. Geology of theleposit

The Alvo 118 area predominantly comprises mafic to intermediate metavolcanic
sequences from the Grdo Para Group (ltacaiinas Supergroup). They are intruded by
granodiorites, tonalites, and gabbros in addition to dacitic to rhyolitic and diabasig dik
(Grainger et al. 2008; Torresi et al. 2012), Fig. 1B. This set hosts two tabulaersical
coppergold-bearing sulfide orebodies. They reach 4.5 km of continuous extension with a width
of 450 m and are distributed in a set of hills aligned in thei BB/ direction. Near the
mineralized zone, the host rocks were progressively subjected to hydrothermal alteration,
represented by albite, scapolite, biotite, alkali feldspar, chlorite, quartz, and sericite (Torresi et
al. 2012).

The hypogene mineralizatiamomprises (1) massive sulfide, containing chalcopyrite
(~60 %), bornite (~20 %), hematite (~10 %), magnetite (~10 %), locally associated with calcite,
quartz, chlorite, and apatite; and (2) disseminated sulfide, formed of -gurtztockwork
veins, withvarying amounts of apatite, biotite, chalcopyrite, and hematite, dated to 1.87 Ga
(Grainger et al. 2008; Torresi et al. 2012). Hypogene mineralization was converted into a gossan
orebody with progressive transformation of primary sulfides into chalcoditgenite,
malachite, pseudomalachite, native copper, cuprite, and tenorite (Albuquerque et al. 2001). At
the top, the gossan is overlain by fresh host rocks, which are then weathered to form saprolite
(Fig. 1C) consisting of kaolinite, chlorite, smectiémd iron oxyhydroxides, which are partly
recognized as CGhearing minerals (Mano et al. 2020; Veiga et al. 1991). The supergene
alteration profile (gossan and saprolite) reaches a depth of 80 m from the highest sites of the
hills (Fig. 1D) and 50 m in theroded flanks.
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Fig. 1 A) Digital elevation model of northern CMP (USGS 2006), with the locations of the major egqipler
deposits and mines marked. Red to yellow coloring represent the South American/Carajas surface and the blue to
green coloring indidas the Velhas/Itacailnas surface. B) Simplified geological map of area surrounding the Alvo
118 deposit emphasizing the distribution of hypogene mineralization, compiled and modified from Vasques et al.
(2008) and Torresi et al. (2012). C) Geological isecof the Alvo 118 deposit with the arrangement of the
hypogene mineralization, gossan, and saprolite (modified from Vale S.A.). D) Landscape surrounding a hill of the
Alvo 118 deposit showing the Sossego copgad mine in the background.



21

3 Materials and methods

Two field campaigns were conducted in the deposition area. Boreholes4841@ 82
m deep) and A1I&H05 (210 m deep) were described, and 90 samples were collected. To
complement the subsurface data, 20 additional samples were collected froemt¢hes of a

disabled pilot opeipit mine.

The initial mineralogical characterization was performed maydiffraction (XRD)
of whole and hangbicking samples to identify locally distributed phases. The samples were
powdered in an agate mortar and aratl/using a Bruker D2 PHASER diffractometer with a
Cu anode operating at 300 W (30 kV I 100 m.
step time of 0.02 s. All analytical procedures were performed at the Mineralogy, Geochemistry,

and Applications Labratory (Federal University of Para).

Mineralogical and microtextural investigations were performed on 20 polished thin
sections, using a LEICA DM 2700 P optical microscope, with an attached MC 170 HD camera.
These data were enhanced by backscatterettaieicnages, obtained with a HITACHI TM
3000 scanning electron microscope (SEM); and sprantitative chemical analyses obtained
with an Oxford SwiftED 3000 energy dispersive system. The analytical conditions were an
acceleration voltage of 15 kV, beanadhieter of 50 um, and tungsten filament as the electron
source. The analyses were performed at the Mineralogy, Geochemistry, and Applications
Laboratory (Federal University of Par&escriptive textural terminology is after Delvigne
(1999) and Stoops (20P3

Mineral chemistry investigations were performed using a JEOL-8X30 electron
probe microanalyzer (EPMA) with an acceleration voltage of 20 kV, 20 nA beam current, and
5 um diameter spot, after coating the sections with a 5 nm carbon film. The dataroessed
i n JEOL sof t wa&PRmathamatical methbdeo cdrged the matrix effects. Prior
evaluations determined the elements to be analyzed by identifying the major and detectable
trace components in each phase. Thus, the analyzed elemgmnéspective standards were Ti
(rutile), Cr (chromite), Zn (sphalerite), Al (chromite), Mg (diopside), Si (diopside), Ca (apatite),
Mn (Mn), CI (CatSTD), Ba (barite), P (apatite), V (V), Co (cobaltite), As (cobaltite), Au (Au),
Pb (galena), Cd (Cd), amdi (pentlandite). Standard hematite was used to analyze Fe in
phosphates, silicates, and oxides (trivalent state iron); while marcasite was applied to sulfides
(bivalent state iron). For S analyses, the applied standards were barite (phosphates asyl silicat
and marcasite (oxides and sulfides). For Cu, the standards were Cu (phosphates, silicates, and
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oxides) and chalcopyrite (sulfides). These investigations were performed at the Chevron
Geomaterials Characterization Laboratory (Louisiana State University

4 Results

4.1 Host rocks

Chloritites and granodiorite host the hypogene mineralization and gossan. In the
investigated boreholes, the chloritites range fromi435m and ~80150 m in depth. In
comparison, the granodiorites occur from 8@ m (Fig. 2A).The chloritites contains chlorite
(80 %), plagioclase (15 %), and quartz (5 %), with accessory magnetite and weak foliation.
Granodiorites contains ~40 % quartz, ~35 % oligoclase, and ~15 % orthoclase, with accessory
biotite and hornblende. Granodiorite @ften crosscut by chlorite veinlets, which reflect the
hydrothermal alteration event described by Torresi et al. (2012). Notably, near the gossan
orebody, chloritites and granodiorites are relatively preserved, with little to no evidence of

supergene atation, while the granodiorite minerals are moderately weathered.
4.2 Hypogene mineralization

Hypogene mineralization was identified only in the subsurface,4BI0mM deep, in
the two analyzed drill holes (Fig. 2A). It comprises a disseminated sutfiderepresented by
stockwork veins of quartz and chalcopyrite in addition to accessory calcite, apatite, fluorite, and
siderite, intercepting chloritites (Fig. 2G); and a massive sulfide zone represented by veins of
chalcopyrite (with accessonukundamitg crosscutting chloritites. The veins present breccia
like texture in which chalcopyrite surrounds millimetric fragments of chloritites, in addition to
quartz grains, calcite, fluorite, and apatite (Fig. 2H). Thus, the massive and disseminated
mineralizatons are not continuous, but interspersed with zones ofmioeralized chloritite

and granodiorite.
4.3 Mineralogical and textural zonation of the gossan profile

The gossan profile displays an average thickness of 60 m in the two analyzed drill
holes andexhibits significant textural and mineralogical variance. This allowed it to be divided
into four zones, from the bottom to the top, according to the dominant mineral: goethite,
malachite, cuprite, and libethenite (Fig. 2A). The gossan profile is olligieatirely located
above 35 m deep, however, the malachite zone was patrtially exposed during the excavation of
a pilot openrpit mine (Fig. 2BF). The deep and outcropping sections of the gossan orebody are

detailed below.
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The goethite zone is hosted byaritites and comprises three distinct facies, according
to the distribution pattern of the iron oxyhydroxide, named cdilityg, fracture-filling and
breccia facies (Figs. 2A; 6A, B). In this zone, goethite is locally associated with malachite,

chalcodte, native copper and pseudomalachite.

The cavityfilling facies occurs in the lowest part of the gossan profile (A4848drill
hole), with ~6 m thick. In this section, chalcopyrite dissolution results in numerous cavities in
the stockwork veins that preusly formed disseminated hypogene ore. These cavities present
irregular shapes and are up to 20 mm in length. Additionally, they are commonly coated with
goethite (Figs. 3A, B), often covered with malachite (Figs. 3C, D; 6A).

The fracturefilling facies corresponds to goethite coating or completely filling the
fracture system that crosscuts the chlorites. This facies ranges from ~20 m to ~50 m thick on
drill holes A118505 and A118184, respectively, following the fractures distribution. In part
of thissystem, goethite is covered by chalcocite (Figs. 3G, H; 6A).

The breccia facies is 2 m thick on A1484 and 6 m thick on A11805 drill hole. In
this section of the gossan, dissolution of the massive hypogene ore produced alikesccia
texture, in whichgoethite micromass surrounds anedric quartz grains up to 10 mm in length
(Figs. 3E, F; 6B). In portions, these breccias consist dominantly of quartz; in others, the

surrounding massive goethite prevails.
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Fig. 2 A) Geological sections of the Alvo 1ldeposit emphasizing the arrangement of orebodies (hypogene
mineralization and gossan) and host rocks (bedrock and saprolite). B) Gossan outcrop in Alvo 118 piiit open
mine. C) Lenses of malachite, pseudomalachite, and goethite. D) Fracture suréxeel eath malachite. Stereo
microscope images of botryoidal pseudomalachite (E) associated with malachite crystallites (F) in fracture planes.
Drill cores showing disseminated (G) and massive (H) hypogene ore. Abbreviations: Mic (malachite); Pml
(pseudomaichite); Gth (goethite); Ccp (chalcopyrite); Qz (quartz); Cal (calcite); Apt (apatite); Flu (fluorite); Chl
(chloritite).
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Fig. 3 Textural relationships on the goethite zone obtained with a stereo microscope. Dissolution cavities coated
with goethite (A,B). Malachite covering goethite in dissolution cavities (C, D). Breccia facies with massive
goethite surrounding quartz grains (E, F). Fracture in chlorite filled with goethite and chalcocite (G, H).
Abbreviations: Chl (chlorite); Gth (goethite); Qz (qizdy Mlc (malachite); Cct (chalcocite). White spots indicate

sites selected for XRD analysis.
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The malachite zone is ~4 m thick in both analyzed drill holes. This zone is hosted by
the chloritites, apparently filling the spaces previously occupied bgsin& hypogene
mineralization. In the A11884 drill hole, the bottom contact is with chloritite and top contact
with the cuprite zone. In comparison, in A1385, both contacts are with chloritite. The
framework of the malachite zone comprises massivachdak, interspersed with portions of
chrysocolla and ramsbeckite. These minerals surround black nodules of copper oxide, which
can include cuprite, tenorite or both (Fig. 4A, B; 6C). The massive malachite is often associated
with kaolinite pockets, suggesg local weathering of chlorite from the host rock (Figs. 4C, D;
6C). Additionally, chlorite is commonly identified by XRD within the massive malachite

domain.

The malachite zone was the only zone observed in the pilotmperine (Fig. 2B).
The outcrp shows pockets of the oxidation zone evolved and caped by chloritites, which are
progressively weathered toward the top, forming a saprolite. In the gossan pockets, malachite
occurs as massive lenses associated with pseudomalachite and goethite (&gl 263ting
or filling the fracture system (Fig. 2D). Locally, botryoidal pseudomalachite and malachite

crystallites are coating dissolution cavities (Figs. 2E, F).

The cuprite zone is ~1 m thick and can display bottom contact with the malachite zone
or with chloritites, depending on the analyzed drill hole, while the top contact is with the
granodiorites. The framework of this zone consists dominantly of massive cuprite associated
with goethite, forming a red to purple micromass that surrounds quams.géaown lenses of
goethite with minor cuprite, surrounding quartz grains, are interspersed with the -cuprite
dominated portions (Fig. 4E, F; 6D)

The libethenite zone is ~25 m and ~45 m thick in drill holes AM3Band A11&05,
respectively. The gossaewly formed minerals are disseminated in fractures of the host rocks,
which comprise granodiorites. This zone consists dominantly of libethenite, pseudomalachite,
and malachite, which together occur as a greenish friable micromass (Figs. 4G, H; 6E). The
libethenite zone represents the top of the gossan orebody. This zone is overlain by relatively
fresh host rocks, represented mainly by chloritite, which are weathered near the surface, forming

a ~35 m thick saprolite.
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Fig. 4 Textural relationships on thmalachite (AD), cuprite (E, F) and libethenite (G, H) zones obtained with a
stereo microscope. Malachite and chrysocolla surrounding cuprite and tenorite nodules (A, B). Irregular kaolinite
pockets crosscutting massive malachite (C, D). Cuprite micromasspersed with lenses on goethite with minor
cuprite (E, F). Micromass formed of libethenite and malachite arranged in granodiorite fracture (G, H).
Abbreviations: Chl (chlorite); Gth (goethite); Qz (quartz); Mlc (malachite); Pml (pseudomalachitétuppte);

Kin (kaolinite); Lib (libethenite). White spots indicate sites selected for XRD analysis.
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4.4 Micromorphology and mineral chemistry

Optical microscopy coupled with SEM and EPMA confirmed and detailed the mineral
successions of the goethitedbcia facies), malachite, and cuprite zones. The libethenite zone

was not analyzed using these methods because of its friable texture.

Under the microscope, the goethite micromass typical of the breccia facies (goethite
zone) exhibits numerous chloritéafes inherited from the host rocks (Fig. 5A). Still on the
framework of the breccias, quartz grains are locally involved by subhedral native copper
crystals, in turn surrounded by goethite (Figs. 5B, C; 6B). Additionally, irregular microcavities
and micrdractures in the goethite micromass are coated or filled with psealdohite (Figs.
5D). Under SEMgoethite microboxwork features are commonly found, presenting angular
vugs typical of chalcopyrite dissolution (Gandhi and Sarkar 2016), also filled with
pseudomalachite (Fig. 5E; 6B). Finally, in the contact between the chloritites and the breccia
facies, there was a clear penetrative relationship between goethite and chlorite in which the
former occurred in the cleavage plains of the latter, resultiracal ferruginization of the host
rock (Fig. 5F).

In the malachite zone, malachite exhibits coliform to botryoidal habits and often
surrounds tenorite nodules. This framework is associated with -&raswdducent brownish
kaolinite micromass (Figs. 5G, H)h€/socolla was interspersed with massive malachite and
also surrounds tenorite nodules (Fig. 5I). Under SEM, the fine association between malachite
and tenorite nodules was confirmed (Fig.@8J). The same association was found with cuprite,
which comprigs subhedral crystals and exhibits local concavities suggestive of dissolution, in
addition to alteration edges consisting of tenorite (Fig. 5K). SEM/EPMA also revealed the local

occurrence of ramsbeckite surrounding tenorite (Fig. 5L; 6C).

In the cupritezone, microanalysis allowed two domains to be distinguished. The first
comprises massive cuprite associated with goethite (Fig. 5M), both surrounding fractured quartz
grains with cuprite and native copper filling some of the fracture spaces (Fig. SNTH&D).
second domain comprises goethite surrounding the skeletal chalcocite, possibly as a remnant of

a former secondary sulfide zone (Fig. 50; 6D).
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Fig. 5 Massive goethite with chlorite plates, OM/PPL (A). Native copper surrounding quartz grains, LPL (B
Subhedral crystals of native copper surrounded by goethite, OM/CPL (C). Pseudomalachite filling porosity and
microfractures, OM/ PPL (D). Microboxwork feature in goethite filled with pseudomalachite, SEM (E). Chloritite
crosscut by goethite, SEM (F). Mahite and tenorite crosscut by kaolinite, OM/PPL (G). Botryoidal malachite
with kaolinite, OM/PPL (H). Chrysocolla interspersed with malachite and involving tenorite nodules, OM/PPL (l).
Massive malachite involving tenorite (J). Subhedral crystals ofiteugvith borders of tenorite, SEM (K).
Ramsbeckite involving tenorite, SEM (L). Cuprite micromass involving associated with goethite, SEM (M).
Cuprite and native copper veinlets in quartz, OM/RL (N). Skeletal chalcocite surrounded by goethite, OM/RL (O).
Abbreviations: Chl (chlorite); Gth (goethite); Qz (quartz); Cu (native copper); Mlc (malachite); Pml
(pseudomalachite); Cpr (cuprite); Tnr (tenorite); Ccl (chrysocolla); Kin (kaolinite); optical microscopy (OM);
plane polarized light (PPL); cross polarizight (CPL); reflected light (RL); Scanning electron microscopy
(SEM).
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Fig. 6 Schematic model of the Alvo 118 gossan zones, highlighting the espacial distribution and texture, based on
macro and microscopic features. A) Caxitling and fracturefilli ng facies of the goethite zone, highlighting
dissolution cavities coated with goethite and malachite (i) and fractures filled with goethite and chalcocite (ii). B)
Breccia facies of the goethite zone, showing native copper crystal in the goethite micioottassirrounding

quartz grains (i) and microboxwork texture in goethite filled with pseudomalachite (ii). C) Malachite zone,
comprising of malachite and chrysocolla micromasses associated with kaolinite and surrounding cuprite/tenorite
nodules (i) or malchite and ramsbeckite micromasses surrounding subhedral cuprite and cuprite/tenorite nodules,
respectively (ii). D) Cuprite zone, comprising a cuprite micromass, with goethite lenses, in which the former
comprises cuprite associated with goethite andosading quartz grains (i) and the later include goethite
micromass with skeleton chalcocite (ii). E) Libethenite zone, formed of malachite, pseudomalachite, in addition to
libethenite micromass, spread in the fractures of granodiorites (i).
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Determining thechemical compositions of the selected minerals facilitated the phase
identification and estimation of the preferential distribution of trace elements along the newly
formed phaseélab. 1) However, these results should be considered with caution, awtie

minerals are very fine, so each analysis may reflect the composition of more than one phase.

Chalcopyrite contains high concentrations of Ti, Al, Mn, Mg, Si, Zn, Ni, and V. These
elements were also identified in the gossan minerals, mainly goettites nopper, malachite,
pseudomalachite, and chrysocolla. The latter three also containing high Ba, Cr, and Ca

concentrations, which were not detected in the hypogene minerals.

Goethites were analyzed in the goethite and cuprite zones where mean #8l66s o
% and 0.69 % Cu were detected, respectively. The average concentrations of trace elements in
the goethite zone is 298 ppm Pb, 166 ppm Zn, 592 ppm Co, and 584 ppm Ni, while the cuprite
zone reach values of 330 ppm Pb, 655 ppm Zn, 585 ppm Co, angp®®3Ni. These
concentrations were higher than the values of chalcopyrites from hypogene mineralization (Pb
not detected, 46 ppm Zn, 370 ppm Co, and 147 ppm Ni).

Although it was not identified in the hypogene minerals (chalcopyritkundamite
and magnéte), gold was found in high average concentrations especially in the breccia facies
of the goethite zone, where it was detected in native copper (mean: 56 ppm) and goethite (mean:
274 ppm); and in the malachite zone, identified in cuprite (mean: 48 pght¢@orite nodules

surrounded by ramsbeckite (mean: 55 ppm).
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Tab. 1. Chemical composition of selected minerals in hypogene mineralization and gossan zones as basic statistical pamamete(Min.): maximum (max), mean and
standard devian (SD).

Massive hypogene mineralization (chalcopyrite + nukundamite + magnetite)
Chalcopyrite (n=7); CibdFer.0:S1.06/ Theoretical formula: CuFeS
Wit. % Ppm Wit. %
Cu Fe S Ti Al Mn Mg Si Zn Ni V Pb Co Au | Total

Min. | 34.32 29.95 33.36 - - - - - - - - - 110 - 98.80
Max. | 34.81 31.07 34.57| 490 3340 140 4250 3410 140 320 200 - 510 - 99.95
Mean| 34.53 30.77 34.22| 173 503 59 646 493 46 147 53 - 310 - 99.76
SD 0.21 0.39 0.40]| 182 1253 67 1592 1286 60 117 91 - 137 - 0.42
Nukundamite (n=4); GbFe.07Ss.87/ Theoretical formula: GiFreS

Wt. % Ppm Wt. %

Cu Fe S Ti Al Mn Mg Si Zn Ni V Pb Co Au | Total

Min. | 56.45 9.45 32.75 - - - 40 - - - - - 100 - 99.92
Max. | 57.74 9.88 33.71] 70 - - 250 - 150 230 - - 270 - | 99.97
Mean| 56.94 9.67 33.29| 18 - - 183 - 38 63 - - 203 - [99.95
SD 0.57 0.18 0.46| 35 - - 97 - 75 112 - - 72 - 0.02
Magnetite (n=5); F&:0s.01/ Theoretical formula: R©,
Wt. % Ppm Wt. %
Fe O | T A Mh Mg Cu S zn S N VvV Pb co ™M p |Total
Min. | 70.40 20.35 - - - - - 550 - 100 160 - 10 590 - - 91.22
Max.| 70.94 21.69) 60 4270 150 5820 1520 4980 230 3370 360 630 560 1160 - - 93.97
Mean| 70.66 20.80, 24 938 60 1202 558 1782 86 888 274 180 358 798 - - 92.17
SD 0.19 054| 26 1866 78 2583 661 1851 99 1408 80 266 228 223 - - 1.08
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Tab. 1 (continuation). Chemical composition of selected minerals in hypogene mineralization and gossan zones as igasipastatisters: minimum (Min.): maximum
(max), mean and standard deviation (SD).

Breccia facies of goethite zone (goethiteative copper)

Goethite (n=12); Fe0o.69O0.68H) / Theoretical formula: FeO(OH)

Wt. % Ppm Wit. %
Al Cu Si Fe P (0] Ti Mn Mg Zn S Ni \% Pb Co Au Total
Min. 3.56 0.31 0.61 6247 0.40 22.63 - - 120 - - 640 - 50 490 - 90.62
Max. 6.14 0.81 3.19 63.28 0.50 27.93| 820 110 540 390 - 1360 200 750 790 520 | 101.50
Mean 4.39 059 145 6271 043 24.34| 343 40 347 166 - 984 35 298 592 274 94.22
SD 0.88 015 095 024 0.03 1.90 | 275 39 141 125 - 241 59 228 96 165 3.89
Native copper (n=12); CZheoretical formula: G
Wt. % Ppm Wt. %
Cu Ti Al Mn Mg Si Zn Fe S Ni \% Pb Co Au Total
Min. 98.94 - 130 - - - - 290 - - - - - - 99.83
Max. 99.94 280 3190 180 190 2740 220 10780 360 140 110 230 130 370 | 100.70
Mean 99.72 65 841 33 16 312 46 3940 142 27 31 46 60 56 | 100.28
SD 0.30 101 1007 58 55 809 74 3104 126 50 40 79 48 111 | 0.29
Pseudomalachite (n=5); &&§P1.7904)2(OH)4 / Theoretical formula: CifPOs)2(OH)4
Wt. % Ppm Wt. %
P20s Cu0O BaO SiO2 FeO | TiOz2 Al203 Cr203 MnO MgO CaO SOz CI 2zZnO CO2 | Total
Min. 2254 6841 0.27 0.24 0.26 - 180 - - - - - - - - 93.11
Max. 2341 69.10 033 0.70 1.19| 750 1210 420 - 180 230 - - 420 - 94.10
Mean 2295 68.73 0.30 049 0.88| 294 666 110 - 36 140 - - 176 - 93.49
SD 0.37 0.33 0.03 0.19 042]| 282 429 178 - 80 85 - - 189 - 0.42
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Tab. 1 (continuation). Chemical composition of selected minerals in hypogene mineralization and gossan zones as igasipastatisters: minimum (Min.): maximum
(max), mean and standard deviation (SD).

Malachite zone (ramsbeckitetenorite + cuprite + malachite+ chrysocolla)

Malachite (n=7); CueCo.0d03(OH)2/ Theoretical formula: GICOz(OH)2

Wt. % ppm Wt. %
P-Os CuO BaO SiO2 CO2 | TiO2 Al203 Cr203  MnO MgO CaO SO ClI 7ZnO FeO | Total
Min. 0.44 71.02 0.25 0.06 19.65 - 390 - - - - - - - - 91.71
Max. 0.89 7189 0.31 0.17 19.89| 450 1000 100 10 280 140 300 - 550 510 | 92.89
Mean 0.60 7152 0.28 0.12 19.78| 94 620 23 3 43 39 73 - 259 121 | 9241
SD 0.16 0.32 0.02 0.04 0.09 175 216 39 5 105 66 116 - 230 179 0.40
Chrysocolla (n=2); (CM\l) 1.6H2Si205(0OH)4.n(H20) / Theoretical formula{Cu,Al)2H:Si20s5(0OH)4.n(H20)
Wt. % Ppm Wt. %
Al20s MgO CaO CuO BaO SiO. FeO TiO2 Cr20s MnO P20s SOs ClI ZnO CO2 | Total
Mean 3.64 0.23 0.40 4214 0.12 36.71 0.21 - - - 735 805 750 30 - 83.69
Ramsbeckitén=3)
Wt. % ppm Wt. %
Cu S (0] Ti Al Mn Mg Si zn Fe Ni \% Pb Co Au P Total
Min. 4408 20.01 35.55 - - - - - 120 - - - - 10 - - 99.91
Max. 44,30 20.13 35.72| 320 90 80 60 - 270 200 - 30 - 140 - - 100.02
Mean | 44.19 20.07 35.63| 107 30 37 30 - 213 130 - 10 - 80 - - 99.95
SD 0.11 0.06 0.09 185 52 40 30 - 81 113 - 17 - 66 - - 0.06
Cuprite (n=10); CpdO1.0/ Theoretical formula: GO
Wt. % Ppm Wt. %
Ti Al Mn Mg Cu (e} Si Zn Fe S Ni Vv Pb Co Au P Total
Min. - - - - 88.46 11.19 - - - - - - - - - - 99.77
Max. 260 260 120 150 89.27 11.36 30 210 340 1070 280 80 530 130 320 - 100.58
Mean 59 19 34 18 88.77 11.25 2 49 117 383 35 27 164 27 48 - 100.12
SD 85 67 42 48 0.21 0.05 8 69 123 308 73 33 182 52 85 - 0.21
Tenorite nodules surrounded by malachite (n=11);001.0/ Theoretical formula: CuO
Wt. % ppm Wt. %
Cu (@] Ti Al Mn Ma Si Zn Fe S Ni V Pb Co Au P Total
Min. 79.68 20.09 - - - - - - - - - - - - - - 99.83
Max. 80.06 20.19| 120 50 190 90 20 440 550 230 230 140 480 140 - - 100.33
Mean | 79.89 20.14| 11 5 64 15 2 144 102 83 62 43 92 21 - - 100.10
SD 0.13 0.03 36 15 66 30 6 169 156 83 88 49 172 42 - - 0.16
Tenorite nodules surrounded by ramsbeckite (n=63;00107/ Theoretical formula: CuO
Wt. % ppm Wt. %
Cu (@] Ti Al Mn Ma Si Zn Fe S Ni V Pb Co Au P Total
Min. 79.54 20.15 - - - - - - - 110 - - - - - - 99.97
Max. 80.10 20.60| 80 590 100 6150 600 200 260 490 250 210 110 60 330 - 100.93
Mean | 79.87 20.35| 22 277 27 2238 198 80 90 237 68 57 22 20 55 - 100.56
SD 0.22 0.16 35 305 39 2288 246 94 99 146 98 82 44 25 135 - 0.36
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Tab. 1 (continuation). Chemical composition of selected minerals in hypogene mineralization and gossan zones as igasipastatisters: minimum (Min.): maximum

(max), mean and standard deviation (SD).

Cuprite zone (chalcocite goethite + cuprite + tenorite)

Cuprite (n=2); CroO1.01/ Theoretical formula: GO

Wt. % ppm Wt. %
Cu (e} Ti Al Mn Mg Si Zn Fe S Ni \ Pb Co Au Total
Mean | 88.90 11.25| 170 - - 45 - 195 95 230 - 5 25 70 - 100.24
Tenorite (n=2); CudO1.0/ Theoreical formula: CuO
Wt. % Ppm Wt. %
Cu (6] Ti Al Mn Ma Si Zn Fe S Ni \Y Pb Co Au Total
Mean | 79.81 20.15| 120 - 30 - - 100 250 230 45 - - 15 - 100.04
Goethite (n=4); Feo0o.59Oo.5e8H) / Theoretical formula: FeO(OH
Wt. % ppm Wit. %
Al Cu Si Fe (@] Ti Mn Ma Zn S Ni \Y Pb Co Au Total
Min. 1.20 0.58 0.54 62.29 20.37 - 200 480 370 - 600 20 190 550 - 86.42
Max. 3.06 0.86 0.77 63.16 21.46| 80 480 1100 890 - 1440 210 440 630 - 88.32
Mean 2.15 0.69 0.65 62.64 2090| 28 298 795 655 - 995 100 330 585 - 87.41
SD 0.98 0.12 0.11 0.38 0.62 38 128 254 236 - 377 80 120 41 - 1.05
Chalcocite (n=4); CibsSo.00/ Theoretical formula: Ci$
Wt. % ppm Wit. %
Cu Fe S Ti Al Mn Mg Si Zn Ni Vv Pb Co Au Total
Min. [78.91 0.27 19.38 |- - - 40 - - - - - - - 99.92
Max. [79.75 1.06 20.26 |170 240 330 330 - - 90 - - 150 - 99.97
Mean [79.33 0.62 19.93 |73 60 128 208 - - 38 - - 63 - 99.94
SD 0.35 0.34 0.39 |86 120 147 126 - - 38 - - 75 - 0.03
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5 Discussion
5.1 Mineralogical successions

In each gossan zone (g.goethite, malachite, cuprite, and libethenite zones),
mineralogical successions were defined. Namely, mineral phases whose textural relationships
suggest variations in the physicochemical conditions of the mineralizing environment were
determined regaftess of equilibrium and summarized in Fig. 7. The successions presented
below are influenced bgercolating solutions, carrying ions released by hypogene minerals,
which migrate downwards and laterally until reaching microenvironments with specific pH and
Eh that allow the formation of cuppbearing newly formed minerals (Thornber, 1985;
Thornber and Taylor, 1992).

5.1.1Succession |: Goethitemalachite (cavityfilling facies of goethite zone)

The cavityfilling facies of the goethite zone was formed the dissolution of
chalcopyrite from hypogene mineralization (Fig. 3A), as suggested by their partially angular
shapes (Gandhi and Sarkar, 2016). Iron was retained as goethite at practically the same site
where it was released by chalcopyrite due to thdation of Fé* to F€*, suggesting slightly
acidic conditions (Fig. 8A). This pH is in accordance with the low acidification potential of
chalcopyrite when compared to other sulfide minerals with higher sulfur contents (Nickel 1984;
Chavez 2000; Atapouand Aftabi 2007). The subsequent coating of the goethite films by
malachite (Fig. 3C; 6Ai) marks the transition from a slightly acidic to an alkaline environment
(Fig. 8B). This process was conditioned by the availability of* @arived fromchalcopyrite
and CQ?/HCOs released during the dissolution of calcite, unstable under acidic conditions
(e.g., Brown 2005; Putter et al. 2010; Papineau 2020).

5.1.2Succession Il: Goethitechalcocite (fracturdilling facies of goethite zone)

The coating of goethet by chalcocite along the fractdiifing facies of the goethite
zone (Fig. 3G; 6Aii) shows fluctuations between oxidizing and reducing conditions owing to
the vertical movement of the water table. In this context, local solutions containifigaB®
Cu?* (derived from chalcopyrite dissolution) formed a secondary sulfide zone superimposed on
the oxidizing environment in which goethite was previously stablished (e.g.,198&)
Atapour and Aftabi 2007).
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5.1.3 Succession lll: Goethitanative copper (keccia facies of goethite zone)

In some portions of the breccia facies of the goethite zone, subhedral crystals of native
copper were the first minerals to occupy the cavities left by chalcopyrite dissolution (Fig. 5B,
C; 6Bi). The involvement of these atpals by goethite suggests that in the first stage, more
reducing conditions dominated, becoming more oxidizing later (Thornber 1985; Bigham and
Nordstrom 2000; Pires et al. 2020). The presence of native copper also limits this portion of the
mineralizing environment to pH <6. Cuconvolution occurs only under these conditions,
according to the reaction 2C¥  C'u+ Cu, which subsequently converged to the slightly

acidic pH at which goethite was formed (Thornber, 1985; Bigham and Nordstrom, 2000).

5.1.4Succession IV: Goethitgpseudomalachite (breccia facies of goethite zone)

The partial filling of the brwork features with goethite walls by pseudomalachite
(e.g., Fig. 5D, E; 6BiIi) reflects the transition to more alkaline conditions required to form this
mineral compared to goethite (Magalh&es et al. 1986; Bigham and Nordstrom 2000; Crane et
al. 2001). Thavailability of HoPQy (agyor HPQu? (aq) for pseudomalachite formation depends on
the presence of apatite as a gangue mineral in hypogene mineralization (e.g., Crane et al. 2001).
This process is also controlled by gossan evolution in distinct pulsea vatfiable capacity to

dissolve apatite.
5.1.5Succession V: Malachitgenorite- chrysocolla (malachite zone)

Tenorite was the first phase to form, subsequently surrounded by malachite and
chrysocolla micromasses, suggesting an increase in the Ef8BigUnder these conditions,
malachite precipitation was made possible by the availabilityGaf, leading to the reaction
2CU* + COZ + 20H Y  CG(€0s)(OH):. typical of alkaline conditiongAnderson, 1982;
Nickel, 1984; Siuda and Kruzzewski 2013). Simultaneously, supersaturatiogSi®askhq),
possibly derived from the partial dissolution of chlorite, and slightly acidic to alkaline pH
(Williamson 1994; Yates et al. 1998; Crane et al. 2001) allowed the polymerization of silica
and formation of the colloidal precursor to chrysocolla (Krauskopf 1959; Putter et al. 2010),
Figs. 51 and 6Ci.

5.1.6Succession VI:. Malachitecuprite - tenorite- ramseckite (malachite zone)

The presence of cuprite suggests a pH of <6, under whithtduls to act as a catalyst
for the interaction of F& with water, according to the reactidhl.O + Fé*+ CU?*Y 2 Fed{ OH)
+ CwO + 8H", forming cuprite as a product (Blanchard 1968). The formation of tenorite at the
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edges of cuprite crystals indicates the presence of water in the interstices, which produces
favorable conditions for Cu oxidation along with the m@tn of dissolved oxygen in the water.

This process is in accordance with the partial reactthg® + O Y 2 Cu Or2ean@ H
1/2H0 + O + 2¢ Y 2 Q Which results in the overall reacti@wrO + QY 2 Cu O
(Echavarria et al. 2009) during which teiteis formed, indicating an increase in Eh (Fig. 8C).

As discussed in Section 5.1.5, the involvement of cuprite/tenorite by malachite suggests a pH
increase (Fig. 5J; 6Cii).

5.1.7Succession VII: Cupritdenorite- native copper goethite- chalcocite(cuprite zone)

The occurrence of cuprienoritegoethite with native copper and chalcocite
provides evidence for the fluctuation of the oxidation potential of the mineralizing environment
(Figs. 5MO; 6D). The formation of chalcocite occurred in a pras reducing zone (e.g.,
Belogub et al. 2008). The skeletal aspect suggests that it is a relic, now subordinated to minerals
typical of the oxidation zone, such as goethite, cuprite, and tenorite. The latter may have been
formed from cuprite oxidation (afescribed in SectioB.1.6) or via the direct oxidation of S
in the chalcocite, according to the reaction,€¢ 3Q + HO Y  Ca+S000 + 20H
(Blanchard 1968). Conversely, native copper, which usually forms under more reducing
conditions than cuprite, tenorite, and goethite (Thornber 1985), is superimposed on these
minerals given their arrangement along the fracture zdimes indicates local Eh fluctuations,
suggesting vertical migration of the water table.

5.1.8Succession VIII: Libethenitemalachite- pseudomalachite (libethenite zone)

The dissolution of apatite, identified as an accessory mineral in massive and
disseninated mineralization, providetbPQs (aq0r HPQZ (aq)in interstitial solutions to induce
the formation of libethenite. This phase, distributed along the fractures of granodiorites (Fig.
6Ei), requires high concentrations of phosphate ions to fordinig#o the lower concentrations
in which pseudomalachite can still precipitate (e.g., Robie and Hemingway 1995; Clissold
2007), as indicated in Fig. 8D. The presence of malachite in this succession reflects the
dissolution of calcite associated with cloglgrite in the hypogene ore.
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Fig. 7 Distribution of newly formed minerals in the Alvo 118 gossan, grouped in mineral successions.
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Sucession |

ucession |

Goethite

2+ Tenorite
Libethenite

' Sucession VIl _
Pseudomalachite

Cuprite

Covelite | I I CorntTtite

Chalcopyrite

pH

Fig. 8 Variations in the prevailing ptEh conditions during gossan formation indicated by arrows. A) Goethite and

Fe** stability fields at 8 °C (Samolczyk et al. 2012). B) Stability diagrams for copper and its ionic species
considering groundwater as a reference, PEQ0J ?(Putter et al. 2010). C) Gee-SOH system at 25 °C and 1

atm, considering S activity as 0.1, withand near the hematite stability field (Sato 1992). D}HRQ?
equilibrium diagram for secondary copper phosphates at 25 °C, where the boundaries between the fields refer to
equations in which copper activity is invariable (Crane et al. 2001).

5.2 Geechemical fractionation

Among the main trace elements identified in chalcopyrite (Mn, Zn, Co, Ni, Ti, Al,
Mg, Si, and V), Mn, Zn, and Care typically incorporated into the structure of this mineral,
particularly in hydrothermal deposits, and Ni has alsenbdetected (Demir et al. 2008; Helmy
et al. 2014; Wang et al. 2014; Sadati et al. 2016; George et al. 2018). Chalcopyrite may show a
higher content and variety of trace elements when other sulfide minerals with greater
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incorporation capacity, such as ajgrite and galena, are absent, which is the case for the Alvo
118 deposit (Cook et al. 2009; George et al., 2015, 2016).

Although chalcopyrite is formed by covalent bonds betwe&u'Fe*'S;* and
CU'Fe¥'S,? (Li et al. 2013), Goldschmidt rules can bediszexplain the high contents of Mn,
Zn, Co, and Ni. The ionic rays of these elements in the divalent state and tetrahedral
coordination are in the interval between the values &f &ed Fé* (e.g., George et al. 2018).
Conversely, the presence of Ti,,Alg, Si, and V indicates some interference from gangue
minerals, especially chlorite plates, associated with chalcopyrite (Fig. 5A). Thaetextion

of Ag, Pb, and Au supports that these elements are restricted to solid inclusions.

Nukundamite, locallyassociated with chalcopyrite, with a mean stoichiometric ratio
of Cus.oF&.97S5 87, Which is very close to its ideal chemical form@asFeS, is usually formed
by hydrothermal processes (e.g., Sillitoe and Clark 1969; Clark 1970; Rice et al. 1979; Hater
2003). Significant concentrations of Ti, Mg, Ni, Zn, or Co in nukundamite have not been

reported in previous research.

Magnetite (Feq03.01) is slightly nonstoichiometric, suggesting the beginning of its
transformation into hematite, which can occuere under hydrothermal conditions (Zhao et al.
2019).The main trace elements identified in magnetites from Alvo 118 (i.e., Ti, Al, Mn, Mg,
Cu, Si, Zn, Ni, and Co) are commonly detected in magnetites from magmatic and hydrothermal
deposits worldwide (Daret al. 2014; Mavrogonatos et al. 2019). Silicon is uncommon in
magnetites, although it has been detected in rare-$iaerdeposits (Shimazaki 1998; Dare et
al. 2014; Nadoll et al. 2014).

Goethite shows high contents of Al and Si due to its abilityaje tninuscule silicate
particles during its formation (Velasco et al. 2013); that is, Al would not be in isomorphic
substitution, as usually occurs in supergene environment (e.g., Fitzpatrick and Schwertmann
1982; Carlson 1995; Liu et al. 2014). This wasfoaned by the identification of chlorite
crystallites associated with goethite, which also clarifies the high Mg contents in goethite
(Figure 5A). Likewise, The P contents in goethites are attributed to pseudomalachite filling
cavities in goethite micronsa (Fig. 5D).

Goethite also contains various trace elements partially equivalent to those identified in
the minerals from hypogene mineralization (chalcopyrite, nukundamite, magnetite), mainly Ti,

Mn, Zn, Ni, V, and Co, in accordance with its strong &pilo adsorb metals and metallic
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compounds (Dzombak and Morel 1990; Rose and BiaMidsiquera 1993). Gold (mean: 274
ppm) and Pb (mean: 298 ppm) were identified in the goethite, although the former was not

detected in hypogene mineralization and the \ates only detected in magnetite.

Due to its wide distribution, malachite is also an important trace eleneaning
mineral in the Alvo 118 gossan, mainly Ba, Ca, Cr, Fe, Mn, and Zn (e.g., Papineau 2020). This
can be partly attributed to the presence béominerals from the malachitesasite group with
the general formuld,2*(CQz)(OH)., in which bivalent metals (M) can replace copper at two
octahedral sites (Perchiazzi 2006; Driscoll et al. 2011; Perchiazzi et al. 2018). Pseudomalachite,
chrysocolla, aprite, tenorite, native copper, and chalcocite are secondary carriers of trace
elements because they are less abundant than goethite and malachite.

5.3 Mineralizing environment

Mineralogical and textural data were used to determine physicochemical
charateristics of the mineralizing environment. The domain of chalcopyrite and its low S/Cu
ratio compared with other more acidifying sulfide minerals resulted in the formation of a
slightly acidic environment (Chavez 2000; Atapour and Aftabi 2007). Thesetiomsdivere
favorable for thein-situ precipitation of iron oxyhydroxides (i.e., goethite zone) after the
oxidation of Fé' released by chalcopyrite, forming a halo adjacent to the hypogene
mineralization. This halo should not be confused with leached ggpivhich are typical of
the outcropping top of mature gossans (Taylor 261%;2 btalk2016).

The occurrence of skeletal chalcocite in the cuprite zone indicates the initial formation
of a secondary sulfide zone, which is subsequently destabilized by the continuous increase in
Eh. Thus, the relics of the secondary sulfide z¢ine, chalcocite) are surrounded by
superimposed mineral phases such as cuprite, tenorite, and goethite (Cuadra and Rojas 2001,
K S 2 btalk2016)

The increase in Eh was confirmed by the involvement of native copper by goethite
(Fig. 5B, C) and the reptement of cuprite by tenorite (Fig. 5K) in the goethite and malachite
zones, respectively. Therefore, this appears to be a general trend the studied mineralizing
environment. Conversely, there were local fluctuations in Eh, as evidenced by a second
generéion of chalcocite superimposed on iron oxyhydroxides in the fracture of the goethite
zone (Fig. 3G) as well as the native copper veinlets crosscutting iron oxyhydroxides and copper
oxides in the cuprite zone (Fig. 5N).
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The acid solutions produced by ot@byrite oxidation were gradually neutralized by
gangue minerals and host rocks. Some of these are essential sources of cations that can consume
hydrogen ions via hydrolysis. This favored the formation of a broad spectrum of copper
minerals in gossan (Am&foand Holényi 1996). Thus, the mineral successions reflect the
progressive alkalinization of the mineralizing environment, as revealed by the coating of
goethite by malachite (Fig. 3B) and by the development of the malachite and libethenite zones.

Although the mineralogical successions point to a broad trend of increasing pH, the
gossan formation was marked by development in microenvironments with independent
evolutions. This was favored by the heterogeneous distribution of hypogene mineralization,
intergpersed with nommineralized zones, and the presence of host rocks with distinct buffering
capacity (chloritites and granodiorites). Thus, the isolated microenvironments were precursors

of goethite, malachite, cuprite, and libethenite zones.

The low reactiity of chloritites is due to the chlorite domain formed by hydrothermal
phyllic alteration, which has a lower cation exchange capacity than feldspars (Chavez 2000;
Nash 2004). In contrast, granodiorites were more affected by the acidity of the gossan
environment, which accelerated the hydrolysis reactions of plagioclase and alkali feldspar,
resulting in neutralization of the percolating solutions (e.g., Chavez, 2000, 2021). Calcite and
apatite (gangue minerals) also contribute significantly to fluid nieaten and the release of
ionic compounds such as @@nd PQ to the precipitation of newly formed minerals (e.qg.,
Verhaert et al. 2018).

5.4 Gossan generation

Chalcopyrite dissolution controlled the initial stage of supergene evolution; this
finding is compatible with the electrochemical model widely used to explain gossan formation
(Sato and Mooney 1960; Nickel et al. 1974; Thornber 1985). In this nmetdble lower limit
of the water table, the reduction of oxygen (cathode) dissolved in the watduced by an
upward electron flow along the solid surface of the hypogene sulfide, (Fig. 9), resulting in the
oxidation of the more reactive end of the sulfide orebody (anode) (Thornber, 1985; Thornber
and Taylor, 1992). Thughe oxidation of S and coeguent decomposition of chalcopyrite
develops according to the reactiGuFeS + 4.25Q + 1.5H0O Y 2'CHu2SQ?% + 4H" +
FeO(OH)(Siuda and Kruszewski, 2013). Further studies are needed to verify the role of bacteria
in the formation of Alvo 118 gossan, as bioinduced oxidoreduction in natural environments is

considered increasingly relevant (Endetsl. 2006; Nordstrom 2011; Zammit et al. 2015).
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The oxtreductive nature of the mineralizing environment allowed on the other hand
the formation of chalcocite (secondary sulfide) in the initial stage of gossan development.
However, the continuous deepegiof the water table destabilized this mineral, as evidenced
by theskeletal relics identified in the cuprite zone, compatible with more oxidizing conditions
(Tayl or et al., 1980; KS2bek et al., 2016).

The relative preservation of minerals forming the host rock around and just above the
gossan, with little evidence of wéating, suggests that gossan formation occurred
predominantly below the water table. Based on the development of the weathering profile on
the covering host rocks, it was possible to interpret that the lower limit of the water table was
~35 m. Above this épth, the chlorites evoldeto formsaprolite by hydrolysis reactions and
intense leaching. However, seasonal downwramd of the water table, facilitate the fracture
system (Fig. 9), played an important rafe bringing oxygerbearing water to the de
hypogene mineralization (e.g., Alpers and Brimhall, 1989; Reich et al. 2009; Vasconcelos et al.
2015). This was revealed by mineral successions, compatible with Eh oscillations, and by the
distribution of the newly formed minerals along fractures, satigg chemical transportation

by water.

This process exerts a considerable influence on gossan development because even in
small amounts, water with dissolved oxygen is crucial for destabilizing chalcopyrite. In this
scenario, Eh became oxidizing for sulfin the chalcopyrite structure but still allowed
chalcocite formation, which is typical of a reducing environm@&gspite the common
precursor, that is, massive or disseminated chalcopyrite, the gossan zones evolved
independently because the Aamimeralzed sections of the host rock physically separated them.
Thus, the development of each gossan zone was mainly affected by interactions with gangue
minerals (especially calcite and apatite) and secondarily by chloritites and granodiorites.

The dissolutiorof chalcopyrite produced slight acidic pH, favoring the dissolution of
calcite following the reactioBaCQ + H"z Ca&* + HCOs (Sverdrup 1984; Horta et al. 2017).
Under similar pH conditions, apatite was also dissolved accord®a éPQs)s(F,OH) + 14H"
z 10C&" + 6H,PQOy + 2HF, HO (Dorozhkin 1997; Tdnsuaadu et al. 2021). Both reactions
show that calcite and apatite consumewen interacting with acidic solutions (Rose et al.
1979; Chavez 2000; Kahou et al. 2021). In addition, ki@ad BPOy werereleased, allowing
the formation of malachite, pseudomalachite, and libethenite.
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The most abundant and reactive minerals in the chloritites were chlorite and
plagioclase. The decomposition of chlorite can be expresg@digalse, Al)[AlSi3010](OH)s +
16H'Y [ 6 ( Mg ¥'F AR +8H:BiQ, + 6HO (Lowson et al. 2005; Alekseyev 2007), and
plagioclase decomposition follows the reacti@@aALSiOs + HO + 2H - C&* +
Al>SiOs(OH)4, which has kaolinite as a ¥product, as often identified as irregular pockets
associated with malachite (e.g., Dayal 2007), Fig. 4C. The hydrolysis of plagioclase was
dominant in the mineralization portions hosted by granodiorites, as previously described.
Orthoclase was also decomposed, following the rea@oNSisOs + 2H+ H.O- 2 K™ +
Al2SiOs(OH)4 + 4SiGy, with kaolinite formation and silica release (Clark 2015).

The association of hypogene mineralization styles and host rocks with the
corresponding gossan zone is shown in Fig. 9. The massive hypogene ore was converted into
the breccia facies of the goethite zone due to the poor interaction with the hosting chloritites
and possibly a lack of reactive gangue minerals. Therefore, Cu and sulfate were lost by the
system, and only Fe, which is the least mobile component of hypsg#iues, concentrated
as massive goethite surrounding relic quartz grains. In some portions where Cu was still
available, due to a slightly higher pH, the cuprite zone was developed, also following the
massive style of the precursor hypogene mineralizafidhe malachite zone formation took
place in a similar context, reflecting the local availability of phosphate and carbonate ions.
Conversely, disseminated hypogene mineralization in stockwork veins hosted by chloritites
produced portions of the cavifilling facies of the goethite zone in the sites previously
occupied by chalcopyrite; and disseminated hypogene ore hosted by granodiorites resulted in

the formation of the libethenite zone along the fracture system.
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Fig. 9 Alvo 118 supergene evolution ges emphasizing distinct hypogene mineralization styles, host rocks, and
corresponding gossan zones. The first stage represents interpreted distribution os the hypogene mineralization,
while the second stage shows gossan formation in the zone of infloletieewater table and weathering of the

host rocks near the surface.

6 Conclusions

The Alvo 118 deposit presents a polyphasic metallogenetic evolution in which-gossan
type mineralization is superimposed bydrothermalsulfide ore. The mineral successions
identified in the gossan reflect the progressive evolution of mineralizing solutions from slightly
acidic to neutral or slightly alkaline conditions, which is mainly influenced by the interaction
with gangue minerals (calcite and apatit@)d at a lowerintensity, with granodiorites and
chloritites. Mineral successions in each gossan zone point to a continuous increase in the
oxidationpotential of the supergene mineralizing environment, with some oscillations related

to water table fluctuations.

The gethite (breccia facies), malachitnd cuprite zones were formed from massive
hypogene mineralization. The precursors of the first two were hosted by chlarititése latter
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by granodiorite. In contrast, the cavitlling facies of the goethite zon@d the libethenite zone
are derived from disseminated mineralization hosted by chloritites and granodiorites,
respectively. The main trace elements in the hypogene mineralization (Ti, Mn, Zn, Ni, V, Co)
were incorporated into the gossan mainly by goetMedachite is mostly related to retention

of Ba, Ca, Cr, Mn, and Zn. Gold and Pb are restrictedipoite, tenorite, and native copper.

In the CMP, the development of the Alvo 118 gossan represents a supergene
metallogenetic stage preserved from lateaticn events that widely affected the region, hosted
by relatively weltpreserved chlorites and granodiorites. Thus, Alvo 118 differs from most
gossans that have been studied so far in the CMP, and other equivalent orebodies must be
distributed in the flaened areas around the Cardjsuntainsand in deep hypogene sulfide

deposits worldwide.
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Abstract

In the Carajas MinetaProvince, gossan formation and lateritization produced numerous
supergene orebodies at the expense of IOCG deposits and host rocks. The Alvo 118 deposit
comprises massive and disseminated hypogene copper sulfides associated with gossan and
mineralized sprolites. The hypogene reserves are 170 Mt, with 1% Cu and 0.3 ppm Au, while
the supergenes are 55 Mt, comprised of 30% gossan and 70% saprolite, with 0.92% Cu and 0.03
ppm Au. The gossan includes goethite, malachite, cuprite, and libethenite zonegrolite sa
comprises kaolinite, vermiculite, smectite, and relics of chlorite. In the hypogene
mineralization, Ag, Te, Pb, Se, Bi, Au, In, ¥n, U are mainly hosted by chalcopyrite and
petzite, altaite, galena, uraninite, stannite, and cassiterite. InssargdAg, Te, Pb, SBj are

hosted byCu minerals, while Au, InY, Sn, U are associated with iron oxyhydroxides, in
addition toZ n As , Be, Ga, &@u, valuds indicaei that the gossarTis e
immature and not affected by leaching. In thealite, Ga, Sc, Sn, V, Mn, C&r are associated

with theiron oxyhydroxides, partially derived frothe host rock weathering. h €®Felivalues

indicate that hypogene low contribution of the hypogene mineralization to the saprolite iron
content. The assaion of AkOs, Hf, Zr, Th, TiQ, Ce, La, Ba, Sr represents the geochemical
signature of the host rocks, with dominant contributions from chloritites, Whilé, Te, Pb,

Bi, andSe are main pathfinders of Cu and Au mineralizations.

Keywords: Chalcopyré, petzite, chlorite, stable isotopes.
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1 Introduction

Gossan generation involves sulfidissolutionandrelease of sulfate and metal ions,
which can be lost or retained by the supergene system (Aetly 2015; Yesarest al.,
2017; Pireset al, 2@®0). This retention comprises the generation of newly formed minerals,
establishing a mineralogical zoning, which can include secondary sulfides, sulfates, arsenates,
phosphates, carbonates, and oxyhydroxides, carrying copper or other metals (Veillghms
1999). These zones represent exploratory guides for the generally much larger hypogene
deposits (e.g., Atapour and Aftabi, 2007; Suatéal, 2012; Ozdemir and Shinoglu, 2018).

In tropical regions like the Amazogpssan and their host rocks haverbeedified
by weathering, producinghick saprolite blankets that include lateritic profiles and soils
(Angelicaet al., 1996; Costat al, 1996; Porto, 2016). In this context, ions or ionic compounds
not incorporated bgossan are partially retained thetweathering products of the host rocks,
forming a geochemical dispersion halo (Veggal, 1991; Silva and Kotschoubey, 2000; Porto,
2016). This incorporation typically involves clay minerals and iron oxyhydroxides (lldefonse,
1986; Veigeet al., 1991)

Thus tropical weathering makes mineral exploitation particularly complex because it
modifies the gossans' classical mineralogical and textural aspects, which are preserved in arid
regions (e.g., Scotet al, 2001; Atapour and Aftabi, 2007; Taylor, 201However, the
weathering products of the host rocks can form economically attractive mineralizations,

increasing the profitability of the deposit and reducing mining waste (e.g., Tetrabs2016).

The Carajas mineral province (CMP) has been subjdotéapical weathering and
lateritization over the past 70 Ma, modifying the preexisting gossans, especially those located
at the top of the Carajas Mountains, which is bounded by the South American/Carajas
geomorphic surface (Costhal, 1996; Monteireet al, 2018). Additionally, denudation of the
surrounding areas, which commenced at 10 Ma, now represented by the Velhas/Itacailnas
geomorphic surface, exposed immature and truncated mature gossans. These secondary
orebodies are generally capped by saggdiorizons and colluvial deposits (lldefonse, 1986;
Costaet al, 1996; Silva and Kotschoubey, 2000; Porto, 2016). Thus, mineral exploration in
these terrains should consider the evolutionary degréleeojossans (mature or immature),
lateritic profiles(complete or truncatedand their metatetention capacity (lldefonse, 1986;
Veigaet al, 1991).
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The Alvo 118 deposit consists of Gw mineralization typical of the denuded areas
of the CMP. It comprises three ore types formed during distinct evolatio stages: 1)
hydrothermal massive and disseminated copper sulfide orebodies, 2) immature ayussn,
saprolite (Graingeet al, 2008; Torreset al, 2012 Santos and Costa, 2022 he hypogene
reserves reach 170 Mt at 1% Cu and 0.3 ppm Au, whibsethof supergene ores are
approximately 55 Mt, of which 30% correspond to the gossan orebody and 70% to the saprolite,
with 0.92% Cu and 0.03 ppm Au (Docegeo, 1991).

This research investigated the Alvo 118 deposit to acknowledge the patterasion fix
and dispersion of coppeaind other chemical components in the secondary mineralizations
(gossan and saprolite) typical of the Itacailnas denuded areas. Additionally, mineralogical,
textural, and isotopic data were used to evaluate the response of the leypogeralization
and host rocks to oxidoreduction and hydrolysis reactions, respectively. Both approaches

produced implications for mineral exploration.
2 Geological setting

The Carajas Mineral Province is located in the southeastern Amazon Craton and is
home to one of the world's largest and oldest IOCG belts (Schutesky and Oliveira, 2020;
Santiagcet al, 2021). Most deposits are located in the Carajas tectonic domain, in the northern
portion of the province (Fig. 1A), affected by two mineralizing hydeatial events. The first
(2.57 Ga) produced the Salobo, Sossego, Cristalino, and Aleméao deposits; and the second (1.88
Ga) formed the Gameleira, Estrela, Breves, Igarapé Cinzento, and Serra Verde deposits
(Graingeret al, 2008). Alvo 118 is the only hybrmrebody, recording the overlapping of both
events (Torreset al, 2012).

The Alvo 118 is a Cu and Au deposit related to shear zone hydrothermal alteration
(Graingeret al, 2008). The hypogene IOCG mineralization comprises-8&Vsubvertical
tabular orebdies aligned with the neighboring Sossegiad Cristalino deposits (Grainger
al., 2008). The first mineralization style includes hydrothermal breccias comprising
chalcopyrite and bornite matrix (with minor magnetite and pyrite), surrounding gratibepga
and schist clasts (Rigoet al, 2000). Stockwork veins formed of quartz, calcite, and
chalcopyrite represent the second mineralization style. Hydrothermal xenotimes have been
dated to 1869+9 Ma in the breccia zone matrix and to 1868+7 Ma in tHevstcveins
(Graingeret al., 2008).
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The deposit area houses mafic to intermediate volcanic sequences, with mylonitic
foliation and intense chloritic alteration correlated with the Gréo Para Group. These rocks are
then intruded by granodioritic, tonalitignd gabbroic bodies, finally crosscut by daeitic
rhyolitic and diabasic dykes (Torresi al, 2012), Fig. 1C. Toward the sulfide ore, the host
rocks were progressively subjected to sodic (albite and scapolite), potassic (biotite and alkali
feldspar), chritic, and quartsericitic hydrothermal alteration (Torresial, 2012).

The gossan overlying the sulfide mineralization presents a mineralogical zonation,
with progressive replacement of primary sulfides by secondary sulfides and then by carbonates,
phosphates, and copper oxides (Albuquerejua., 2001). In the overlying saprolite, copper is
supposed to be carried by the alteration products of the primary silicates, that is, clay minerals
and iron oxyhydroxides, such as in Salobo and Furnas defbslesloGroke et al, 1985;
lldefonseet al, 1986; Mancet al, 2020), Fig. 1D. The Alvo 118 deposit was initially explored
in the 1990s, by Docegeo, and investigations were resumed in 2017 by Vale.
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and Costa, 2022D).
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3 Materials and methods

3.1 Sampling

Petrographic descriptions were performed on drill carekoutcrops in the Alvo 118
pilot mine, followed by the collection of 112 samples, including host rock, hypogene
mineralization, gossan, and saprolite. Vale collected four hundred samples from two additional

drill holes for wholerock chemical analyses @made the results available for this research.
3.2 Optical and electron microscopy

The microtextural aspects were investigated through polished sections analyzed in a
LEICA DM 2700 P petrographic microscope with a LEICA MC 170 HD camera. These data
were @hanced with scanning electron microscopy (SEM) images (backscattered electrons)
taken in the Hitachi TM3000 equipment. The target minerals were analyzed with an Oxford
SwiftED3000 energy dispersive system (EDS). The voltage acceleration was from 5 to 15kV
using an SDD detector (161 eV ®uU) . The microtextur al anal y

Mineralogy, Geochemistry, and Applications Laboratory (Federal University of Pard).
3.3 X-ray diffraction (XRD)

Mineral identification was enhanced with powder XRaiBruker D2 PHASER, with
Cu anode, Lynxeye detector (1D mode); 1incre
operating at 300 W (30 kV and 10 mA), in the angular ranggg % A 2 d . For <c¢cl ay
identification, 150 g aliquots from 20 samplesre previously deflocculated in an ultrasonic
vat and wet sieved at 63 em. The passing fr
suspension was centrifuged again at 1800 rpm for 10 min. Then, the suspension was decanted
in another recipient andried at 40 °C. Finally, the isolated clay particles were mounted in
oriented sections; ethylene glycol solvated for 48 h; and heated at 540 °C for 2 h. The respective
mineralogical response to each treatment was followed by DRX analyses in the amgédar ra
4 -75A2d. These procedures wer e carried ou

Applications Laboratory (Federal University of Para).
3.4 Wholerock chemical analysis

Four hundred samples with 10 Kg each were analyzed to determine-nabkle
chemicalcomposition. The analyzed elements were Ag, Al, As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs,
Fe, Ga, Ge, Hf, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta,
Te, Th, Ti, Tl, U, V, W, Y, Zn, and Zr. Aliquots of 0.25 g were digestéti werchloric, nitric,

hydrofluoric, and hydrochloric acids. The residue was diluted with hydrochloric acid and
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analyzed in an atomic emission spectrometer with inductively coupled plasm#AHER
Following this analysis, the results were reviewed fghltoncentrations of Bi, Hg, Mo, Ag,

and W and diluted accordingly. Samples meeting this criterion are then analyzed in a mass
spectrometer with inductively coupled plasma {iB). Au was determined by fire essay with
ICP-AES finish, and Cu was analyzég Niton X-Ray Fluorescence. The results were kindly
provided by Vale.

Additionally, 12 samples collected in specific mineralogical contexts were analyzed to
clarify the association between mineralogy and chemical composition. The analyzed elements
were SO», Al203, FeOs, CaO, NaO, K>O, CrOs, TiO2, MNO, ROs, SrO, and BaO. Aliquots
of 0.1 g were added to lithium borate and fused at 1025°C. The resulting melt was then cooled
and dissolved in a mixture of nitric, hydrochloric and hydrofluoric acids. Dhigisn was then
analyzed by ICFRAES. Barium, Ce, Cr, Cs, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Ku, Nb, Pr, Rb,
Sm, Sn, Sr, Ta, Th, Th, Tm, U, V, W, Y, Yb, and Zr were digested by the same method, but
with an additional lithium borate fusion and analyzedIB8¥-MS. Loss on ignition was
determined by gravimetric method, using a thermal decomposition furnace. Total S and C were

analyzed by LECO infrared spectroscopy.

For Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, and Zn, 0.25¢g aliquots were digested with
perchloric,nitric, hydrofluoric, and hydrochloric acids. The residue was made up to volume
with dilute hydrochloric acid, and the resulting solution was analyzed BAEF For Cu, 0.4
g samples were digested in aqua regia and analyzed bMEIFor As, Bi, Hg, InRe, Sb, Se,

Te, and Tl, 0.50 g aliquots were digested with aqua regia for 45 minutes. After cooling, the
solution was diluted to 12.5 ml with deionized water and analyzed byMEPGold, Pt, and
Pd were determined by fire essay and-l&EES finish. All the chemical data were acquired in

the facilities of ALS laboratories.
3.5 Stable isotopes

Eight powdered samples were heated at 1000°C for 90 min, to remove organic
compounds, and dissolved in concentrated HF, EJN@d HCI in Teflon beakers at 130°C.
Solutions were split into two aliquots, dried down, and redissolved in 1 ml of 6M HCI (for Fe
isotope analyses) and 1 ml of 10M HCI (for Cu isotope analyses). Only edisbleed acids
were used in the procedure, and labware wasclpaned with 10% HCI taminimize

contamination.
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3.5.1 Iron isotopes

Eight aliquots corresponding to 50000 pg Fe were loaded onto anion exchange
columns with approximately 1 ml of AGA8 resin (106200 mesh) in a class A100 laminar
flow hood. Matrix elements were eluted usiignl of 6M HCI, Fe was eluted using 2 ml
ultrapure water and 4.5 ml of 5M HN@Moeller et al, 2014) The eluted sample was dried
overnight and taken up in 0.3M HNOSamples were subsequently analyzed for Fe
concentrations using a Nu Plasma Il muahilector inductively coupled plasma mass
spectrometer (M@CP-MS) with an upgraded Plasma 3 interface at the University of Bergen.
A blank acid sample run over the same anion exchange columns yielded a blank of 4 ng Fe,
corresponding to less than 0.002% df fe in the samples.

Solutions were diluted to 2 ppm Fe in aciéaned Teflon vials and analyzed for Fe
isotopes in wet plasma mode at psentediumresolution (R595% = 9899) with®*Fe in
Faraday cup L5°Fe in H1 anc?’Fe in H4. Zeros were measured BA deflection for 30
seconds before each block, and samples were analyzed in 2 blocks of 20 measurements of 8
seconds. Each sample was run in duplicate, and an miz | stand®¥red0q9Han F
0 . 0 pMaelleret al, 2014) was regularly measured to confirm accurate Fe isotope ratios. Fe
isotope ratios were corrected for mass bias using stasdargdle bracketing (SSB) with the
bracketing standard IRMM14,0 1 | owi n g t FFep, &T{((*aFePtFe)p, mead 0.5
X (°FeP*Felkd1, meast 0.5 X PoFePFeko, me) -1} X 1000 an®Fe.si mil arly

A pl OF e oV etrescondirméd that all samples and standard fall (within error)
on the terrestrial masdependent fractionation line with a slope of 1.47. Based on repeated
anal yses of Han Fe (n =°F&wads0.10t(2s)eAnalyses ofthe a |
BCR2 basalt standarfBeyofl @ed7 aN eénisen®adn li= -
agreement with the pubCraddobkeamd Dauphasu2611)of 0. 09

3.5.2 Copper isotopes

Eight aliquots corresponding to 1000 pg Cu were loaded onto cusntme Teflon
columns with 1 ml of AGMIP1 anion exchange resin (2200 mesh) in a class A100 laminar
flow hood. For samples less than 100 pug Fe was loaded onto the column, matrix elements were
eluted using 4 ml of 10M HCI, and Cu was subsequently eluted using 6 ml of 5iid@ified
after Borroket al, 2007) Column calbration showed that higher Cu contents result in earlier
elution of Cu. For samples with more than 100 pg Cu, the matrix elements were eluted with



67

only 3 ml of 10M HCI. The eluted samples were dried overnight, refluxed with concentrated
HNO:z for 4 hours, ad taken up in 0.3M HN®

Samples were subsequently analyzed for Cu concentrations using a Nu Plasma 1l MC
ICP-MS at the University of Bergen. A blank acid sample run over the same anion exchange
columns yielded a blank of 1 ng Cu, corresponding to ess®.001% of the Cu in the samples.
Solutions were diluted to 100 ppb Cu in acldaned Teflon vials and analyzed for Cu isotopes
in wet plasma mode at low resolution WiCu in the axial Faraday cup afi€Cu in H4. Zinc
abundances were monitored irr&@ay cups H6°6Zn) and H9 $Zn), and total Zn signals were
typically less than 1% of the total Cu signal. Zeros were measured by ESA deflection for 30
seconds before each block, and samples were analyzed in 2 blocks of 20 measurements of 8

seconds.

Eah sample was run in duplicat®u=4806d an
N 0. Oéelieret al, 2012 was regularly measured to confirm accurate Cu isotope ratios.
Cu isotope ratios were corrected for mass bias using stasdamole bracketingSSB) with the
bracketing standard ERM REH 4b7={(BC0fiClxa medd/ N g t I
[0.5 x C°CuP3Cu)std1, meast 0.5 X E°FeP3Culsiaz, medd) -1} X 1000. Values were subsequently
recal cul ated to t RFEUrERMPAURY Assd +a0Rti(Maelter etaak, : U
2012) Based on repeated analyses of ®Eawagen C
0.08 (2s).

4. Results
4.1. Structure and zonation of the deposit

The investigateddrill cores exhibitthree distinct knds of mineralization: hypogene
gossanand saprolite. The hypogene and gossan mineralizatrertgpically interspersed with
fresh host rocks (Fig. 2A). The base of the profileamprised of chloritites, consisting of
approximately 80 véb chlorite,15 vol% plagioclase, 5 vol% quartz, with accessory magnetite,
and occasional zones of potassic alteration, indicated by the presence of alkali feldspar. Above
that, the host rocks are granodiorites, composed of quartz (40 vol%), oligoclase (35 vol%), and
orthoclase (15 vol%), in addition to biotite and hornblende which together make up
approximately 10 vol%. The main accessory minerathengranodioritesire apatite, zircon,

and titanite

Hypogene mineralization occurapproximately between110 and 140 mdeep,

comprisingmassive ore interspersed disseminated ore, and chloritite zones. The disseminated
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style mineralization corresponds to stockwork veins formed of quartz with chalcopyrite, alkali
feldspar and calcite, with traces of siderite and fluoritegé 2B). The massivestyle is

composed of chalcopyrite (with traces of nukundamite) surrounding millimetric fragments of
chloritite (Figs. 2C). Chalcopyrite exhibits numerous inclusions, like apatite, magnetite, petzite,

altaite, galena, uraninite, stateyiand cassiterite (Fig. 3).

The gossan was divided into four zones according to the dominant minerals: goethite,
malachite, cupriteand libethenite. Chloritites host the first two zones, and the last two are
hosted by granodiorite3 hegoethite zonés at the base of the gossan profile and presents three
main faciological variations: (1) caviylling, (2) fracturefilling, (3) and breccia facies. The
cavity-filling facies comprises quarizch stockwork veins with numerous cavities formed by
the disslution of chalcopyrite. These cavities are invariably coated with goethite (Fig. 2D) and
sometimes malachite. The fractdiing facies consists of goethite and chalcocite locally
filling chloritite fractures. The breccia facies consists of a goethitegomass surrounding
quartz grains up to 4 cm in diameter (Fig. 2E, F). Native copper crystals and pseudomalachite

are often identified within the goethite matrix.

The malachite zones predominantly massive and up to 2 m thick. It consists of a
malachitemicromass with subordinate chrysocolla and ramsbeckite, surrounding black nodules
of cuprite and tenorite (Fig. 2G). Massive goethite is often associated with this zonepflite
zone is predominantly massive, approximately 1 m thick, and is charaeterby the
intercalation of (1) reddisportions formed of cuprite and goethite surrounding millimetric
quartz grains; and (2) brownish sections, consisting of goethite, chalamitequartz (Fig.
2H). Thelibethenite zonés located approximately 48 80 mdeep and represents the gossan
top. Its distribution is restricted to the granodiorite fracture system, and the méeaGuog

phase is libethenite, with minor pseudomalachite and malachite (Fig. 21).

The saprolite extends from the surface to appnaxely 35 m deep, overlyinfgesh
chloritites Its base is composed of weakly weathered chloritites, partially preserving the
primary foliation, thus comprising a coarse saprolite (Fig. 2J). Frerbattom to the tgpthe
saprolite is progressively kaolaed, with the development of fine saprolite, displaying clayey
zones with alternatingolors, ranging from retb light red, with white stains; and yellow (Figs.

2K-M). Numerous quartz veins crosscuttak saprolite zones.
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Santos and Costa (202@). Disseminated hypogene mineralization, comprising quartz veins with chalcopyrites
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Fig. 3 SEM images and respective EDS spectra of accessory minerals from hypogene mineralieatifiedids
chalcopyrites inclusions: Apatite, Apt (A); magnetite, Mag (B); petzite, Ptz (C); altaite, Alt (D); galena, Gal (E);
uraninite, Urn (F); cassiterite, Cas (G); and stannite, Stn (H).

Kaolinite is the predominant mineral all over the fine saf@adli was identified from
its 001 peak in 7.12 A in the natural samples, wivets not displaced after treatment with
ethylene glycol but disappeared after heating at 550 °C. Across the profile, kaolinite may be
associated with chlorite, vermiculite, siits; or both (Figs. 4AD).

Chlorite was identified from its higheBttensitypeak at 14 A in the natural sample,
whose position remains unchanged after glycolation and heating at 550 °C (Fig. 4A).
Vermiculite was indicated by the 14.18 A and 14.25 A peéakiatural samples (Figs. 4B and
D), which remain unchanged after glycolation and collapse to 12.46 and 12.28 A, respectively,
after heating (Figs. 4B and D). Smectite peaks appear at 14.49 A and 14.05 A in the natural
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samples (Figs. 14C and D), expamglio 16.54 and 17.12 A in the glycolated samples (Figs.
14C and D); and collapsing to 9.91 and 9.89 A after heating (Figs. 14C and D). Quartz and

goethite are present throughout the thin saprolite as resistate and newly formed minerals,
respectively.
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4.2 Chemical composition of the hypogene mineralization, gossan, andtsaprol

Aluminum (Al203), SIO;, FeOs, CaO, MgO, KO, andLOI are the main components
of the hypogene mineralization, gossand samlite, followed by CaO, MgO, O, TiO,,
MnO, and BOs (Tab. 1). Sodium (N#®) was detected only in the saprolite, averagifng&%o.
The CuO contents vary from 26.29 to 29.79% in the analyzed samples of the massive hypogene
mineralization. However, in the gossan, CuO oscillates according to the mineralogical
composition of each zone, goethite (0.9 to 0.91% CuO), malachite (4808 €uO),and
cuprite (7.9% CuO). Thiescillation is also present in the saprolite (1.15 to 4.79% CuO). The
Au values are higher in the hypogene mineralization (average 2.19 ppm), reduced in the gossan
(0.05 to 0.47 ppm), and strongly decreased in theoBtgo(from not detected to 0.55 ppm).

In the hypogene mineralization, the high.@¢ CuQ and S contents reflect the
predominance of cl@opyrite, while SiQ, Al.O3, MgO, and part of the E@s correspond
mostly to chlorite. The gossan exhikatsubstatmal variation in FeOs contents (0.77 to 71.4%),
in which the lowest values correspond to the malachite and cuprite zones, and the highest
naturally delimit the goethite zone. Intermediate@zevalues are found in the interspersed
chloritites, exhibitingthe highest Si@ Al>0s, and MgO contents. In the saprolite, the®=s
contents (6.35 to 20.2%) are controlled by the distribution of iron oxyhydroxides and exhibit
very similar behavior to MgO, reflecting relic chlorites and iron release during chlorite
weathering.

Amongthe trace elements, Sn, Pb, U, Te, anctégcentrations are much higher than
those ofthe UCC in the hypogene mineralization because of the inclusions of stannite,
cassiterite, galena, uraninite, alta#ed petzite in chalcopyrite. Téeelements generally show
substantially lower values in gossan and saprtiaé® in hypogene mineralization kare still
aboveUCC.
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Tab. 1. Chemical compositisnof selected samples from thgpogene mineralization, gossand saprolite,
expressé in wt% (major elements) and ppm (trace elements) and average composition of the upper continental
crust, UCC (Rudnick and Gao, 2003).

Gossan zone ]
Hypogene ore Goethite Malachite Cuprite Saprolite ore ucc
Depth 129 m 127m | 98 m 70m [69m 68m 94 m 15m 12m 10m 7m 5m
SIO:Wt.% | 13.4 10.35 | 36.8 711 | 378 14.2 43.5 55 48.8 55.3 52 41.2 66.6
Al203 4.08 3.25 3.41 589 | 2.56 10 5.19 211 222 1775 177 20.9 15.4
FexOs 25.8 35.4 49.8 714 | 0.77 6.07 36.8 9.85 130 6.33 16.6 20.2 5.04
CaO 1.93 1.67 0.08 0.06 | 0.03 0.04 0.07 0.03 0.03 0.07 0.04 0.02 3.59
MgO 4.6 3.61 0.48 255 [ 015 1.63 0.6 238 137 141 275 1.73 2.48
NaO <0.01 <0.01 | <0.01 <0.01 | <0.0 <0.01 <0.01 0.03 0.07 0.19 0.02 0.04 3.27
K20 2.51 1.85 0.27 0.07 | 0.05 0.15 0.21 1.33 0.76 225 0.28 1.11 2.80
TiO2 0.13 0.11 0.24 0.16 | 0.09 0.29 0.41 112 114 19 1.01 1.01 0.64
MnO 0.02 0.02 0.05 0.06 | <0.0 0.03 0.03 0.02 0.08 0.08 0.02 0.12 0.1
P20s 1.28 11 1.48 128 | <0.0 0.29 0.83 0.12 027 047 011 0.19 0.15
CuO 26.29 29.79 | 0.91 0.94 | >50 46.32 7.90 151 165 479 295 1.15 0.0035
LOI 11.15 11.7 8.44 11.7 | 151 226 7.1 9.61 128 10.35 9.86 115 -
Total 91.20 98.86 | 101.96 101.22| >72. 101.62| 102.65 | 102.16 102. 100.93 103. 99.20 -
C 0.02 0.05 0.02 0.09 | 295 3.15 0.06 0.04 0.06 0.08 0.07 0.04 -
S 21.3 23.8 0.04 0.01 | 0.67 0.48 0.76 0.01 <0.0 <0.01 <0.0 <0.01 -
Au ppm 2.72 3.32 | 0.047 0.432 | 0.08 0.397 0.277 0.016 0.01 0.004 0.55 <0.001 | 0.0015
Ag 16.2 22.3 3.6 0.8 43.8 26.8 3 <0.5 <0.5 0.7 0.5 0.5 0.053
Ba 84.8 68.3 27.2 30.6 | 123. 404 64.5 495 253 372  89.1 206 628
Co 135 118 22 55 2 13 22 29 66 45 28 113 17.3
Cr <10 <10 <10 10 <10 10 20 70 70 10 100 80 92
Cs 2.35 1.91 1.27 0.42 | 0.02 0.06 2.59 1.1 0.77 058 1.82 1.11 4.9
Ga 18.6 14.3 12.2 37.2 8.8 30.2 22.4 326 331 15 33.9 37.6 17.5
Hf <0.1 <0.1 0.7 0.3 0.1 0.9 1.6 6.2 7.4 9.2 7 6.1 5.3
Li 30 20 10 10 <10 10 10 10 10 <10 10 10 24
Mo <1 <1 60 57 8 5 9 <1 2 <1 <1 <1 1.1
Nb 13.8 9.9 4.8 6.5 1.9 7.7 6.4 8.6 11.3 16.8 13.8 12.8 12
Ni 127 139 187 905 26 133 398 182 102 121 281 65 47
Pb 16 10 <2 185 20 113 <2 6 <2 14 5 <2 17
Pd 0.002 <0.001| 0.001 <0.001| 0.01 0.026 | <0.001 | 0.007 0.01 0.002 0.00 0.013 | 0.0005
Pt 0.005 <0.005| <0.005 <0.005| 0.02 0.015 | <0.005 | 0.009 0.00 <0.005 0.00 <0.005 | 0.0005
Sn 198 278 21 13 7 21 29 42 24 6 31 28 2.1
Sr 59 8.8 4.8 1.5 0.9 3.7 4.2 241 109 298 101 4.9 320
Ta 1.3 11 0.2 0.5 0.3 0.5 0.2 0.7 0.9 1.3 0.9 0.6 0.9
Th 7.11 3.04 1.53 209 | 0.73 276 4.46 129 9.17 16.1 17.9 12.95 10.5
U 7.55 4.9 5.42 28 2.13 824 6.81 324 577 386 442 5.17 2.7
\ 52 46 122 229 20 94 190 255 171 60 229 256 97
w 2 4 7 5 22 3 3 5 5 10 4 5 1.9
Y 1120 623 99.2 253 173 1065 163.5 39.7 104 175 41.6 142.5 21
pds 2 2 38 24 14 50 70 213 280 344 276 244 193
As 4.3 2.2 1.8 1.2 0.7 4.1 0.6 0.2 0.7 0.5 0.3 0.6 4.8
Bi 0.84 0.3 1.35 10.7 | 249 6.78 2.21 0.24 0.03 0.07 0.01 0.01 0.16
Hg 0.024 0.01 0.016 0.017 | 0.19 1.31 0.023 <0.005 0.01 0.008 0.01 0.01 0.05
In 4.42 529 | 0.133 0.462 | 0.13 0.38 0.127 0.04 0.02 0.022 0.03 0.03 0.056
Rb 300 234 37.9 6.3 1.8 6.2 44.5 104 84.7 115 66.6 77.1 84
Re 0.007 0.004 | <0.001 0.001 | 0.00 0.008 0.001 0.001 <0.0 0.001 <0.0 0.001 0.198
Sc 9 8 16 17 16 84 27 41 32 17 44 36 14.0
Se 34.7 25.9 1.3 3.9 101. 30.3 15.9 0.2 0.3 2.3 1.2 2.7 0.09
Te 18.8 18.9 0.65 12 279 0.73 241 0.05 0.05 0.05 0.05 0.07 n. a.
Tl 0.42 0.31 0.05 0.02 | <0.0 <0.02 0.1 0.12 0.15 0.07 0.14 0.16 0.9
Zn 42 36 117 793 34 120 231 103 59 89 108 51 67
La 8.5 7.2 4 13 11.1 150.5 7 749 164 38.2 154 40.6 31
Ce 38.6 27.7 10.2 284 25.1 318 14.6 151 28.4 818 18.8 76.8 63
Pr 8.7 5.82 1.18 3.48 | 3.18 39.6 1.72 16.7 329 9.68 3.14 12.25 7.1
Nd 67.5 42.9 6.2 17.1 | 15.6 179 7.7 60.6 139 421 133 53.7 27
Sm 47.3 28.1 2.54 7.31 | 5.27 484 3.23 9.25 3.5 8.7 2.61 11.45 4.7
Eu 12.65 7.66 1.07 3.03 | 211 16.25 1.36 2.7 1.55 3 1.01 3.85 1.0
Gd 122 69.7 6.53 18.75 | 125 85.9 9.4 8.07 825 133 4.08 17.05 4
Tb 25 14.7 1.32 4.01 2.6 16.7 2 1.18 157 234 0.68 2.8 0.7
Dy 176 100.5 9.79 28.7 | 19.3 123 15.65 6.54 113 16.35 4.42 17.8 3.9
Ho 38 21.5 2.54 7.24 | 488 31.7 4.05 1.31 282 422 1.05 3.9 0.83
Er 1115 62.4 8.41 23.7 | 16.1 109 13.35 3.71 898 1255 3.35 11.45 2.3
™m 18.35 10.05 1.66 459 335 215 2.49 0.67 152 2.07 0.59 1.95 0.30
Yb 101.5 56.7 11.75 323 | 25.2 1645 15.85 3.81 9.82 115 3.64 10.95 1.96
Lu 14.45 8.05 2.21 596 | 492 326 2.7 0.65 1.77 1.93 0.65 1.81 0.31
x REE | 790.05 462.98| 69.4 197.57| 151. 1336.6 101.1 341.09 113. 247.74 72.7 266.36 125
(La/Lu)n 0.06 0.09 0.19 0.23 | 0.23 048 0.27 1196 096 2.05 2.46 2.33 -
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The proportions of Si®) Al>Oz, and FeOs in selected samples from the hypogene
mineralization, gossamand saprolite demonstrate the compositionarbgeneity of the gossan
compared with the saprolite, which forms a more homogeneous group (Fige®sJemblage
formed by the three types of mineralization shows a trend of increasi@gHigO content.

In hypogene mineralization, this reflects the predominance of chalcopyrite; in gossan and

saprolite, itis relatel to iron oxyhydroxides and chloritemtents.

SiO2

O Saprolite ore
@ Gossan ore
50 [ Hypogene ore

50

4
Al203 25 50 75 Fe203 + MgO

Fig. 5 Triangular diagram Si@Al.Osl F&O;+MgO for selected samples from the hypogene mineralization,
gossan, and saprolite.

The CuO and Au contents oscillate strongly asichilady along the investigated
boreholes (Fig. 6). In the hypogene mralization, this oscillation reflects the alternation
between massive and disseminated sulfide domains. In the gossan, the highest contents
correspond to the malachite and cuprite zones, which are massive, while the lowest contents are
in the libethenite ane, restricted to the fracture system, with a disseminated distribution. The
CuO and Au contents in the saprolite are higher than those in the libethenite zone located in the

upper portion of the gossan but lower than those of the goethite, malaciiteiprite zones.
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Fig. 6 Vertical distribution of CuO (Wt.%) and Au (ppm) along the ABIS drill hole, crosscutting the hypogene
mineralization, gossan, and saprolite.

3.3 Copper and Fe isotopes

The isotopic composition of the analyzed samples initiadiffects chalcopyrite
dissolution (the main Cu and Fe carrier in the hypogene ore) and the newly formation ef Cu/Fe
bearing minerals in the gossan zardditionally, the overlying saprolite represents a new Cu
and Fe isotopic fractionation stage.

The hypogenem ner al i zation is enrich@ud+0.18 t he
and +0.06a), as wel|l as the iron %@uxvglleig dr o x |
even hé@wvier +Qli734). However, the malachi't
lighter ®*Qui = 70.69 and 10.70a). The saprolite
heavy isotopg, showingvalues i mi | ar to those observefuin t |
= +0.07, 0.08, and +0.09a) . T hiaatienfoetweenthet her

hypogene mineralization and saprolite, while the zones that make up the gossan show
significant positive and negative values (Table 2).
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The heavy Fe isotope is enr Prerked36and t he
+ 0. 4 5 & )urther indreaded in the malachite zone of the gos§dRe( = +0, 57 and
+1.00a) . However, thet heogo®sgh3rles o eiglk.eT A
The saprolite overlying the gossan is enriched in the heavy isotspén the hypogene
minerlization and malachite zofeliFe = +0.02, +0.14 and @d&b.22 2 a)

Tab. 25C u  a’tFe valles for samples from hypogene mineralization, gpasansaprolite.

Sample CuWt. % | Uf°Cu SE* | Fe Wt. %| (P°Fe SE*
Hypogene ore
50507 21.00 0.13 0.123 18.04 0.36 0.10
505-08 23.80 0.06 0.013 24.76 0.45 0.05
Gossan ore
50515 0.73 0.51 0.034 34.83 -0.56 0.05
484-34 50.00 -0.69 0.001 0.54 1.00 0.11
484-35 37.00 -0.70 0.005 4.25 0.57 0.06
Saprolite ore
505-39 1.32 0.08 0.002 9.13 0.22 0.02
50540 3.83 0.09 0.026 4.43 0.14 0.06
50542 0.92 0.07 0.05 14.13 0.02 0.020
4 Discussion

This section is mainly dedicated to the geochemical behavior of the elements that
exhibit high affinity with CuO in the hypogene mineralization, segkim understand their
fractionation along the gossan and the overlying saprolite. The remaining elements will be
approached based on their linkage with the accessory minerals of the hypogene mineralization
and host rocks.

4.1 Geochemical associations

The mneralogical distribution of main trace elements was determised) bivariate
analysis (Pearson correlation coefficierithus, in the hypogene mineralization, the strong
correlationsbetween CuO and Au (0.87), Ag (0.93), Te (0,%f)d Pb (0.83) refleqietzite,
altaite and galena inclusions in the chalcopyrite mass (FigsCYAThere is also a strong
correlationbetween CuO and In (0.88) and Se (0.94 which the latter reflects possible S
substitutionwhich is common in hydrothermal chalcopysiteoftus-Hills and Solomon 1967,
Scottet al, 2001).

The strong Bi x Pb correlation (0.90) may indicate Bi incorporation by galena,
typically reported in hydrothermal deposits (Deadal, 2022). Considering that this mineral
is included in chalcopyritea good Bi x CuO correlation (0.56) was expected (Fig. 7D). The
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strongAs x U (0.90) and Mo x U (0.70) correlations suggest As and Mo are at least partially
carried by uraninite, as reported by Alexanefral (2015).

The correlations between CuO and Ag7@3), Te (0.55), Pb (0.57), Se (0.7&8nd Bi
(0.56) are maintained in the gossan, although weaker, suggesting thahaftéssolution of
petzite, altaite, and galena, these elements were at least partially incorporatechéwlthe
formed copper minats (e.g., Atapour and Aftabi, 2007). Conversely, Au and In show no
correlation with CuO nor Ag but are correlated with®£(0.50 and 0.66, respectively). This
fact suggests petzite (the only identified gbkhring mineral) was solubilizednd gold was
then complexed and precipitated preferentialith iron oxyhydroxides (e.g., Nickel, 1979;
Plyusninet al,, 1981).

In the gossan, the most significant correlations are betwe€k Bad Mo (0.88), Sc
(0.65), Sn (0.72), Y (0.78), U (0.49), Zn (0.65), As7@), Be (0.88), Ga (0.64and Ni (0.67),
partially illustrated in Figs. 78. They suggest iron oxyhydroxides are the main carriers of
metals released by hypogene mineralization. These incorporations are possible by
coprecipitation or adsorption (Andrew984; Coughlin and Stone, 1995; Swedlwetdal.,
2009). The Fgs x Sn correlation may also indicate the presence of relic cassiterite included

in the iron oxyhydroxide micromass.
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Fig. 7 Scatter diagrams for selected elements from hypogene mindaaljZatO x U (A), CuO x Ag (B), CuO x
Pb (C), CuO x Bi (D); and gossan,.Be x Mo (E), FeOs x Sc (F), FeOs x Sn (G), FeOs; x Y (H).

In the saprolite, FE©z3 correlates with Ga (0.81), Sc (0.70), Sn (0.78), V (0.73), Mn
(0.57), Co (0.65), and Cr (0.57 partially illustrated in Figs. 81, again suggesting their
incorporation by iron oxyhydroxides (Smith, 1999). In weathering profiles, goethite usually
presentsow crystallinity and comprises nanometric particles wiigh surface area, thus
representig an important cation immobiliz€Cornell and Schwertmann, 2003; Lai al,

2014). The geochemical correlations identified in the hypogene mineralization and gossan are
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generally absent in the overlying saprolite, except feOkwith Ga, Scand Sn. @ the other
hand, V, Mn, Co, and Garesent a good correlatiovith FeOs only in the saprolite, suggesting

they were derived from host rock weathering.

Zircon exhibitsa strong correlation with Ti in hypogene mineralization (0.99), in
addition to the typmal Zr x Hf (0.90) correlation. This behavior is maintainedthie gossan
(0.90) and saprolite (0.77) because their possible carriers (e.g., zircon and rutile) are stable in
the supergene environment (e.g., Fralick and Kronberg, 1997; Harrison, 208t5|F2008;
Martinezet al, 2016).
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Fig. 8 Scatter diagrams for selected elements of the saprolit€;&eGa (A), FeOs x Sc (B), FeOs x Sn (C),
FeOs x V (D).

The chemical composition of the hypogene mineralization is fundamentally controlled
by the alternation between disseminated and massive sulfide zones, that is, zones with the
greater or lesser influence of the host rock, respectively. Thus, the two identified clusters
(Euclidean distance of 0.8) reflect chloritites and hypogene mineralizatrdanbcaion (Fig.
9A). This is supported by the strong correlation betw@e® x Se, Cd, BiSh Te, Au, In, Y,
and Pb previously presented, in addition to the identification of petzite, altaite, and galena

inclusions.

Four clusters were recognizedthe gossan [Euclidean distance of 0.8). Two of them

correspond to the composition of the host rocks. The other two represent the chemical
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composition of the gossan, in which one group can be distinguished by its similarity ¥@th Fe
and the other with CuO (Fig9B). This association suggests that Cu and Fe minerals
incorporated the same trace elements initially contained in the hypogene mineralization, with a

few exceptions (Cs, U, Ta, Cd, Ge, Bind W) that also show affinity with the host rocks.

The four clsters identified in the saprolite are very distinct from those highlighted in
the hypogene mineralization and gossan (Euclidean distance of 0.85). Two of them are related
to the weathering products of the host chloritites; the thirdd&e\s, Ga, V, SnCr, Sc, NDb,

Ta, Co,and Mn) suggest incorporation or adsorption by iron oxyhydroxides; and the fourth
(SGs, Au, In, Y, Te, Pb, Bi, and Se) broadly is the only connection of the saprolite with the

hypogene mineralization and gossan (Fig. 9C).

The two group®f elements exhibit high similarity ithe three mineralization types
(hypogene, gossaand saprolite). The first (Au, In, Y, Te, Pb, Bi, and Se) corresponds to the
components of hypogene mineralization, which continue to be associated with eachtbther in
gossan and saprolite. The second group@AlHf, Zr, Th, TiQ, Ce, La, Baand Sr) is
equivalent to the geochemical signature of the host rocks, which is preserved in the form of

resistate onewly formed minerals.
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5.2. Geochemical fractionation

In the hypogene mineralization, the CuO, Se, Y, Ag, In, Srarfet Au concentrations
reach values merthan ten times higher than that of the UCC, reflecting the composition of
chalcopyrite and its inclusions (Fig. 10A). In the gossan, the same elements abmagrthe
UCC with the addition of BOs, FeOs, Mo, Pd, and Ag (Fig. 10B). This is following thaary
and cluster diagrams previously presented, which indicated similarity between the trace
elements contained ithe hypogene and gossan mineralizations. Se, Ag, Sn, Pt, Au, and Pd
concentrations in the saprolisge more than ten times higher thantie UCC (Fig. 10C),
following the hypogene mineralization and gossan. However, the general pattern for most
elements differs from them due to the lower values, near or below the UCC contents. This
contrast reflects the predominant influence of the clitiesibn saprolite generation rather than

hypogene mineralization and gossan.
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3.4 REE fractionation

The distribution patterns of REE normalized to the chondrites (Evextsan 1978)
demonstrate they were fractionated during the supergene evolution of the deposit. In the
hypogene mineralization, the HREE arerigimed relative to the LREE, witlan average
(La/Lu)n of 0.08 (Fig. 11A). This contrast is attenuated in the gossan, where the average value
of (La/Lu)n is 0.28, and it is reversed in the saprolite, where the HREE bscemmiehed
compared to the LREE arbe average (La/Lw)ratio is 3.95. Additionally, the negative Eu

anomaly identified in the hypogene mineralization is absent in gossan and saprolite.

Several REEbearing accessory minerals have been reported in the hypogene
mineralization of the Alvo 118leposit, includingkendime, monazite, britholite, gadolinite
group mineral, and BBa-HREE silicate (Xavieret al, 2008; Torresiet al, 2012). Their
dissolution must have been responsible for the strong fractionmteortified along the
supergene evolion. Additionally, malachite and goethite have been reported as pdR&iBle
bearing phases in supergene environs\éng., Putteet al, 2010; Dutrizac and Soriano, 2018;
Mondillo et al, 2019).
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Fig. 11 Distribution pattern of REE in hypogene oré(gossan (B), and saprolite (C), normalized to the chondrites
from Evenseret al (1978).

5.5. Isotopic fractionation
T h €°Cuivaluesn the hypogene mineralization from Alvo 1{&3Cu = +0.06 and

+ 0 . 1 &ré xonsistent with massive and disseminatealcopyrites from hydrothermal
deposits, which are generallyTa ( Gr @thalg 2004; Maréchakt al, 1999; Zhuet al,
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