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RESUMO

O deposito de niquel lateritico Morro do Engenho ¢ resultado da atuagdo de processos intempéricos
sobre as rochas mafico-ultramaficas alcalinas que compdem o corpo intrusivo zonado de idade
cretacea, pertencente a Provincia Alcalina de Goids. Historicamente, o deposito € classificado como do
tipo silicatico, onde a mineralizagdo esta presente principalmente, em filossilicatos como serpentina e
clorita. Este estudo tem como objetivo a compreensdo dos processos metalogenéticos e controles
atuantes na mineralizagdo do depdsito de niquel lateritico de Morro do Engenho, através da
identificacdo das fases minerais portadoras de Ni e caracterizagdo litogeoquimica dos perfis de
alteragdo. A metodologia utilizada contou com estudos de petrografia, MEV/EDS, DRX e
caracterizacdo litogeoquimica dos perfis de alteracdo desenvolvidos sobre cada umas das rochas
parentais que compdem o corpo. O macigo intrusivo de Morro do Engenho ¢ formado por um nucleo
dunitico, circundado por uma zona peridotito/piroxenitica, uma zona gabrdica alcalina e mais
externamente por uma zona sienito-nefelinica. No perfil lateritico foi possivel reconhecer oito
horizontes de alteragdo, empilhados a partir do bedrock como: (i) saprock, (ii) saproélito inferior, (iii)
saprolito ferruginoso, (iv) saprolito ocre, (v) zona plasmatica, (vi) duricrosta lateritica, (vii) silcrete e
(viii) topsoil. A mineralizagdo de Ni estd concentrada no saprdlito inferior, no saproélito ferruginoso e
no saprolito ocre. Os resultados apontaram para a presenga de Ni em fases minerais silicaticas
representadas por serpentina, clorita e esmectita, assim como em fases o0xido, concentrado em oxi-
hidroxidos de Fe e Mn. A area deprimida, inserida entre as duas elevacdes topograficas principais,
apresenta os maiores enriquecimentos em Ni, os quais podem chegar até 40%. A atuagdo de fatores
hidrodinamicos, através de dissolugdo/precipitacdo de silicatos nos horizontes saproliticos do nucleo
dunitico, s@o sugeridas como possiveis agentes atuantes na remobilizagdo do Ni, dentre outros
elementos moveis, para zonas planas topograficamente. A geometria do deposito Morro do Engenho
mostra que a redistribuigdo lateral através dos fatores hidrodinamicos poderia também explicar a
mineralizagdo de areas periféricas ao nucleo dunitico, compostas por perfis lateriticos derivados de
piroxenito e gabro. A direcdo do fluxo regional de dguas subterraneas, influenciada fortemente pela
topografia, também seria um fator importante na remobilizagdo do Ni, assim como o transporte
mecanico de materiais lateriticos. A mineralizagdo dominante no depdsito Morro do Engenho ¢ do tipo
silicatica, concentrada em hidrossilicatos de Mg e argilominerais com participacdo importante de
mineralizacdo do tipo 6xido, presente, sobretudo, em oxi-hidroxidos de Fe e Mn. As discussdes aqui
apresentadas contribuem para a compreensdo dos processos metalogenéticos atuantes na génese de
depositos de Niquel lateritico a partir de corpos mafico-ultramaficos e fornecem subsidios para
campanhas de exploracao de depodsitos similares.

Palavras-chave: Intemperismo. Ni lateritico. Rochas mafico-ultramaficas alcalinas. Mineralizacao de
Ni tipo silicato. Mineralizagao de Ni tipo 6xido.



ABSTRACT

The Morro do Engenho lateritic nickel deposit results from the action of weathering processes on the
alkaline mafic-ultramafic rocks that make up the Cretaceous zoned intrusive body belonging to the
Goias Alkaline Province. Historically, the deposit is classified as a silicate one, and mineralization is
present especially in phyllosilicates such as serpentine and chlorite. By identifying Ni-bearing phases
and providing the lithogeochemical characterization of alteration profiles, this study aims to provide
further insights into the metallogenetic processes and controls acting on the mineralization of the
Morro do Engenho lateritic Ni deposit. The following methods were used: petrographic studies,
SEM/EDS, XRD and lithogeochemical characterization of the alteration profiles developed on each of
the parent rocks that make up the body. The Morro do Engenho intrusive massif is formed by a dunite
core, surrounded by a peridotite/pyroxenite zone, an alkaline gabbro zone and more externally by a
syenite-nepheline zone. The lateritic profile contained eight alteration horizons, stacked one upon
another from the bedrock namely: (i) saprock, (ii) lower saprolite, (iii) ferruginous saprolite, (iv) ocher
saprolite, (v) plasma zone, (vi) lateritic duriccrust, (vii) silcrete and (viii) topsoil. Most Ni
mineralization occurs in the lower saprolite, ferruginous saprolite and ocher saprolite zones. The
findings pointed to the presence of Ni in silicate mineral phases - represented by serpentine, chlorite
and smectite - as well as in oxide phases - concentrated in Fe and Mn oxyhydroxides. The depressed
area, located between the two major topographic elevations, has the highest Ni enrichments, which can
account for up to 40%. Hydrodynamic factors, by dissolution/precipitation of silicates in saprolite
horizons of dunite core, are suggested as possible agents in the remobilization of Ni - among other
mobile elements - to topographically flat zones. The geometry of the Morro do Engenho deposit show
that lateral redistribution by hydrodynamic factors could also account for the mineralization of areas
peripheral to the dunite core, composed of pyroxenite and gabbro-derived lateritic profiles. The
direction of regional groundwater flow, strongly influenced by topography, would also be an
important factor in the remobilization of Ni, as well as the mechanical transport of lateritic materials.
Silicate mineralization predominates in the Morro do Engenho deposit, concentrated in Mg
hydrosilicates and clay minerals; oxide mineralization also occurs, mostly in Fe and Mn
oxyhydroxides. The findings discussed in this paper can broaden the understanding of metallogenetic
processes involved in the genesis of lateritic nickel deposits from mafic-ultramafic bodies and provide
valuable information for scientific expeditions aiming to explore similar deposits.

Keywords: Weathering. Niquel laterite. Alkaline mafic-ultramafic rocks. Silicate-type Ni
mineralization. Oxide-type Ni mineralization.
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CAPITULO 1
INTRODUCAO GERAL

Considerado historicamente um metal critico na industria de agos inoxidaveis, o niquel (Ni) vem
acompanhando os avangos tecnologicos dos ultimos dois séculos, tendo aplicagdes em uma gama
crescente de produtos (Mudd & Jowitt, 2014). Embora a industria de agos inoxidaveis represente ainda
mais do que 60% do consumo global de niquel, o avango crescente na producdo de veiculos elétricos,
acompanhado da necessidade de fabricacdo de baterias cada vez mais potentes, vem provocando um
aumento continuo da demanda do metal. Estudos recentes apontam que até 2025, a industria de
baterias sera responsavel por cerca de 15% do consumo da producao global de niquel (Konig, 2021).
Tais projecdes ratificam a importancia da busca por depdsitos de niquel lateritico que, atualmente,
representam 60 a 70% dos recursos globais e 60% da produ¢do mundial deste metal (Maurizot et al.,
2019; Konig, 2021).

Os depositos lateriticos de niquel sdo gerados em condigdes de clima quente e imido, tropical e
paleotropical, a partir da atuacdo de prolongado intemperismo quimico sobre rochas ultramaficas
(Lelong et al. 1976; Aleva, 1994, Brand et al. 1998, Anand & Paine, 2002; Elias, 2002; Freyssinet et
al. 2005; Golightly 2010; Marsh & Anderson, 2013; Butt and Cluzel, 2013). Além do clima e rocha
parental, a génese dos depoésitos de Ni lateritico esta intimamente relacionada a fatores como
topografia, drenagem, tectonica e estruturas (Brand et al. 1998; Elias, 2002; Butt and Cluzel, 2013;
Freyssinet et al. 2005). Tais fatores atuam de forma conjunta na geragdo dos enriquecimentos de Ni e
sdo determinantes para a estruturagdo dos perfis lateriticos e tipos de mineralizacdo gerados (Elias,
2002).

A classificacdo dos depositos baseia-se no tipo de mineralizacdo dominante e € dividia em trés
grupos principais, denominados: depdsitos tipo 6xido, depositos tipo hidrossilicatos de Mg e depositos
tipo argilominerais (Brand et al., 1998; Gleeson et al., 1999; Freyssinet et al., 2005; Golyghtly, 2010;
Butt e Cluzel, 2013). Os depositos tipo 6xido sdo dominados por oxi-hidroxidos de Fe, principalmente
goethita, além de oxidos de Mn enriquecidos tanto em Ni quanto em Co (Butt e Cluzel, 2013). A
mineraliza¢ao tipo hidrossilicatos de Mg ocorre associada a serpentina, talco, clorita e sepiolita,
coletivamente tratados como garnierita (Butt e Cluzel, 2013). No tipo argilominerais as concentragdes
de Ni ocorrem associadas a esmectitas dioctaédricas e trioctaédricas com altos contetidos de Fe e Al
(Tauler et al., 2017), originadas a partir de piroxénios (Colin et al. 1990). De acordo com Butt e Cluzel
(2013), a definigdo do tipo de mineralizacdo tem implicagdes importantes no aproveitamento
econdmico do deposito, principalmente em fun¢ido do tipo de processamento de minério a ser adotado.
Contudo, raramente os depositos lateriticos de Ni apresentam apenas um tipo de mineralizacdo, sendo
necessario, desta forma, conhecer a mineralogia e a quimica das fases mineralizadas para determinar
as melhores rotas de processamento do minério (Putzolu et. al., 2020).

No Brasil, os depositos lateriticos representam a maioria das fontes de Ni. Segundo Costa (2016),
a abundancia de depdsitos lateriticos tem relagdo com as condi¢des climaticas favoraveis vividas
durante o Cenozoico, além da presenga numerosa de corpos ultramaficos no pais. Os depositos de Ni

lateritico mais importantes no Brasil sdo Vermelho, On¢a-Puma, Jacaré, Niquelandia, Barro Alto,



Crixas, Santa Fé, Montes Claros, Morro do Niquel, Liberdade, Ipanema, Pratopolis, Capitdo Gervasio,
Morro Sem Boné, Morro do Leme e Jacupiranga, desenvolvidos sobre rochas mafico-ultramaficas de
idades pré-cambrianas a cretaceas (Costa, 2016).

O deposito de Ni lateritico de Morro do Engenho esta localizado na regido centro-oeste do estado
de Goias (Fig. 1a,b), e é caracterizado por perfis de alteragdo desenvolvidos sobre as rochas, de idade
cretacea, que compdem o corpo intrusivo zonado do complexo mafico-ultraméafico alcalino homonimo
(Fig. 1d). O macigo, integrante da Provincia Alcalina de Goias (Fig. 1c), € formado por um nucleo
dunitico, circundado por uma zona peridotito/piroxenitica, uma zona gabroica alcalina e mais
externament_eI por uma zona sienito-nefelinica (Ch_laban et al., 1975).
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Fig. 1. a) Mapa de localizagdo das principais ocorréncias de rochas alcalinas e complexos carbonatiticos do
Brasil no contexto dos trends estruturais regionais, do chamado “Azimute 125°” (AZ 125°) e TBL (Lineamento
Transbrasiliano) e os dominios cratonicos, neoproterozoicos e fanerozoicos (adaptado de Nascimento, 2018); b)
Localizagdo da Provincia Alcalina de Goias (GAP) no territério do Estado de Goias; ¢) Mapa geoldgico da
Provincia Alcalina de Goias exibindo a distribui¢do dos corpos alcalinos (adaptado de Nascimento, 2018); d)
Mapa de subsuperficie do complexo mafico-ultramafico alcalino Morro do Engenho (adaptado de Chaban et al.,
1975).
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Enriquecimentos de Ni associados a rochas parentais piroxeniticas e gabroicas ndo sdo comuns
na literatura. A presen¢a de zonas mineralizadas com altos teores em perfis derivados de litologias
deste tipo em Morro do Engenho levanta a possibilidade de que outros agentes, além dos processos
mais comuns de formacdo dos depodsitos de Ni lateritico, tenham atuado na génese do deposito.
Exemplos como Niquelandia e Santa Fé, mostram que a ag¢ao de aguas subterraneas no transporte de
solugdes ricas em Ni podem produzir mineralizagdes em zonas topograficamente mais baixas (Colin et
al., 1990; Machado et al., 2021).

O presente estudo objetiva compreender os processos metalogenéticos e controles que atuaram na
mineralizagdo do depdsito de Ni lateritico de Morro do Engenho. Para tal, foram empreendidos
métodos que incluem a identificagdo das fases minerais portadoras de minério e a caracterizagdo
litogeoquimica dos perfis de alteracdo desenvolvidos sobre cada umas das rochas parentais que
compdem o corpo zonado, através de estudos de petrografia, difratometria de raios-X — DRX e
Microscopia Eletronica de Varredura — MEV.

Os resultados obtidos nesta pesquisa foram organizados sob a forma de artigo cientifico,
apresentado no capitulo 2 desta dissertacdo. O manuscrito sera submetido a revista Journal of South
American Earth Sciences, ISSN 0895-9811, classificagdo B1 do Qualis Capes.
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HIGHLIGHTS

Lateritic profiles derived from serpentinized dunite, pyroxenite and gabbro containing Ni
mineralization.
Presence of oxide—silicate mineralization of Ni.

Ni concentrations affected by hydrodynamics and mechanical transport of lateritic
materials.



14

ABSTRACT

The Morro do Engenho lateritic nickel deposit results from the action of weathering processes on the
alkaline mafic-ultramafic rocks that make up the Cretaceous zoned intrusive body belonging to the
Goias Alkaline Province. Historically, the deposit is classified as a silicate one, and mineralization is
present especially in phyllosilicates such as serpentine and chlorite. By identifying Ni-bearing phases
and providing the lithogeochemical characterization of alteration profiles, this study aims to provide
further insights into the metallogenetic processes and controls acting on the mineralization of the
Morro do Engenho lateritic Ni deposit. The following methods were used: petrographic studies,
SEM/EDS, XRD and lithogeochemical characterization of the alteration profiles developed on each of
the parent rocks that make up the body. The Morro do Engenho intrusive massif is formed by a dunite
core, surrounded by a peridotite/pyroxenite zone, an alkaline gabbro zone and more externally by a
syenite-nepheline zone. The lateritic profile contained eight alteration horizons, stacked one upon
another from the bedrock namely: (i) saprock, (ii) lower saprolite, (iii) ferruginous saprolite, (iv) ocher
saprolite, (v) plasma zone, (vi) lateritic duriccrust, (vii) silcrete and (viii) topsoil. Most Ni
mineralization occurs in the lower saprolite, ferruginous saprolite and ocher saprolite zones. The
findings pointed to the presence of Ni in silicate mineral phases - represented by serpentine, chlorite
and smectite - as well as in oxide phases - concentrated in Fe and Mn oxyhydroxides. The depressed
area, located between the two major topographic elevations, has the highest Ni enrichments, which can
account for up to 40%. Hydrodynamic factors, by dissolution/precipitation of silicates in saprolite
horizons of dunite core, are suggested as possible agents in the remobilization of Ni - among other
mobile elements - to topographically flat zones. The geometry of the Morro do Engenho deposit show
that lateral redistribution by hydrodynamic factors could also account for the mineralization of areas
peripheral to the dunite core, composed of pyroxenite and gabbro-derived lateritic profiles. The
direction of regional groundwater flow, strongly influenced by topography, would also be an
important factor in the remobilization of Ni, as well as the mechanical transport of lateritic materials.
Silicate mineralization predominates in the Morro do Engenho deposit, concentrated in Mg
hydrosilicates and clay minerals; oxide mineralization also occurs, mostly in Fe and Mn
oxyhydroxides. The findings discussed in this paper can broaden the understanding of metallogenetic
processes involved in the genesis of lateritic nickel deposits from mafic-ultramafic bodies and provide
valuable information for scientific expeditions aiming to explore similar deposits.

Keywords: Weathering. Niquel laterite. Alkaline mafic-ultramafic rocks. Silicate-type Ni
mineralization. Oxide-type Ni mineralization.
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1. Introduction

Lateritic nickel deposits are generated under tropical and paleotropical conditions by the action of
prolonged chemical weathering on ultramafic rocks (Trescases, 1975; Lelong et al., 1976; Aleva,
1994, Brand et al., 1998, Anand & Paine, 2002; Elias, 2002; Freyssinet et al., 2005; Golightly 2010;
Marsh & Anderson, 2013; Butt & Cluzel, 2013). Lateritic sources provide about 60 to 70% of global
Ni resources (Butt & Cluzel, 2013). In Brazil, favorable climatic conditions during the Cenozoic are
responsible for the abundance of lateritic deposits, which correspond to the majority of Ni sources in
the country (Costa, 2016).

The importance of lateritic deposits has been steadily growing compared to sulfide deposits and
they already account for approximately 60% of global nickel production (Maurizot et al., 2019).
Owing to the growing production of electric vehicles, as well as the need to manufacture increasingly
powerful batteries, the demand for Ni has been on a steady rise, encouraging the search for lateritic
sources to supply the market (Konig, 2021).

In general, the genesis of Ni lateritic deposits is closely related to factors such as climate,
topography, drainage, tectonics, parent rock and structures (Brand et al., 1998; Elias, 2002; Butt &
Cluzel, 2013; Freyssinet et al., 2005). These factors interact for generation of Ni enrichments, and they
are decisive for the structure of the resulting lateritic profiles and mineralization types (Elias, 2002).
Lateritic Ni deposits are classified into three main types, namely: oxide deposits, Mg hydrosilicate
deposits and clay-mineral deposits (Brand et al., 1998; Gleeson et al., 2003; Freyssinet et al., 2005;
Golyghtly, 2010; Butt & Cluzel, 2013).

The Morro do Engenho deposit, located in the southwest region of the state of Goias, is hosted by
lateritic alteration profiles developed over dunites, peridotites, pyroxenites and gabbros of the Morro
do Engenho alkaline mafic-ultramafic complex. Morro do Engenho has been historically classified as
a silicate deposit (Chaban et al., 1975). However, the results of this study show that mineralization is
also present in oxide phases. Furthermore, the presence of zones with high mineral contents in profiles
derived from pyroxenitic and gabbroic parent rocks raises the possibility that other agents, in addition
to the most common processes of formation of lateritic Ni deposits, have played a role in the genesis
of the deposit.

Therefore the present study aims to broaden the understanding of metallogenetic processes and
controls involved in the mineralization of the Morro do Engenho lateritic Ni deposit. To this end, it
used methods for identification of ore-bearing mineral phases and lithogeochemical characterization of
alteration profiles developed on each of the parent rocks that make up the zoned body, by means of
petrographic studies, X-ray diffractometry (XRD) and Scanning Electron Microscopy (SEM).

2. Study Area

2.1. Regional Geology

The intrusive body that hosts the Morro do Engenho lateritic Ni deposit is associated with the
alkaline magmatism event that occurred in the South American Platform during the Late Cretaceous
(Almeida, 1983; Almeida, 1986; Bizzi & Vidotti, 2003; Mizusaki & Thomas Filho, 2004; Zalan &
Thomaz-Filho, 2004; Gomes & Comin-Chiaramonti, 2005). This event resulted in the formation of
several alkaline provinces in the marginal zones of the Parana Basin (Fig.1a), for example, the Alto
Paranaiba Igneous Province (APIP) and the Goias Alkaline Province (GAP), where the Morro do
Engenho alkaline mafic-ultramafic complex is located (Junqueira-Brod et al., 2002). K-Ar dating
measurements on missourites from the Santa Fé alkaline mafic-ultramafic complex, also part of GAP,



16

have indicated ages of 84.7 £ 1.8 and 86.7 £ 1.8 Ma for these bodies (Barbour et al., 1979; Sonoki &
Garda, 1988).

GAP forms an elongated strip of approximately 250 km along a N30W-trending zone, where
numerous outcropping alkaline bodies are present, ranging from volcanic, subvolcanic to intrusive
products (Junqueira-Brod et al., 2002). According to Almeida (1983), large faults acted as conduits for
the alkaline magmatism of the Upper Cretaceous, through a tectonic rift regime, produced by sets of
grabens and horsts with NNW-SSE trend. The N30W structural trend coincides with the regional
alignment called Azimuth 125° (Bardet, 1977), which is related to the rise of the Trindade Plume,
characterized as a probable source for Late Cretaceous alkaline magmatism (Gibson et al., 1995a;
Ferrari & Riccomini, 1999; Assumpcao et al., 2002; Alves et al., 2006). Precambrian structures of NE-
SW direction, associated with the Transbrasiliano lineament and the Arco de Bom Jardim, with S80W
direction, also affect the structural control of GAP (Junqueira-Brod et al., 2002; Junqueira-Brod et al.,
2005; Nascimento, 2018).

The northern portion of GAP, where the Morro do Engenho complex is located, is dominated by
alkaline mafic-ultramafic complexes composed of dunites, peridotites, clinopyroxenites, alkaline
gabbros, phonolite dikes, lamprophyres, alkaline picrite plugs and syenite halos (Junqueira-Brod et al.
al., 2002; Junqueira-Brod et al.,, 2005). Junqueira-Brod et al. (2005) suggested that the
kamafugitic/picritic magma forming the intrusive bodies in northern GAP would have ascended
directly from the mantle, suffering loss of volatiles during its trajectory, and settling in the
Precambrian/Phanerozoic Unconformity, at a depth of approximately 600 km. Danni (1994), through
studies in dikes, plugs and sills of the Ipora region, suggested that there is a genetic affinity between
these rocks and GAP’s alkaline complexes, as they are related to the same alkaline-picritic parental
magma that would form - in the in the case of alkaline complexes, through fractional crystallization -
the dunite-wehrlite-clinopyroxenite-alkaline gabbro-nepheline syenite series.

Gravimetric and magnetic inversion studies by Dutra & Marangoni (2009) indicated that the
Morro do Engenho intrusive body has a nearly spherical shape, with an average diameter of 10 km
close to the surface and a gradual decrease in depth. Maximum depth of the body is 10 km and,
according to the authors, the results of the inversions do not allow the identification of conduits to the
mantle that may indicate the association of this body with plug intrusions, as proposed by Danni
(1994). Such findings support the hypothesis formulated by Junqueira-Brod et al. (2005): the origin of
the Morro do Engenho body would be associated with the installation of a magma chamber in the
upper crust, followed by a tectonic uplift event during or after the Upper Cretaceous, which would
have caused the body to ascend.
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Fig. 1. A) Location map of the main occurrences of alkaline rocks and carbonatite complexes in Brazil in the
context of the regional structural Azimuth 125° (AZ 125°) and Transbrasiliano (TBL) lineaments and the
cratonic, neoproterozoic and phanerozoic domains (adapted from Nascimento, 2018); b) Location of the Goias
Alkaline Province (GAP) in the territory of the State of Goias; ¢) Geological map of the Goias Alkaline Province
showing the distribution of alkaline bodies (adapted from Nascimento, 2018); d) Lithological map with contacts
inferred from the Morro do Engenho alkaline mafic-ultramafic complex (adapted from Chaban et al., 1975).

The geomorphological evolution of the region of the Morro do Engenho complex is marked by
the action of the South American and Velhas cycles (King, 1956; Braun, 1970; Oliveira, 1980).
According to King (1956), Braun (1970) and Oliveira (1980), the South American cycle was marked
by a prolonged period of erosion and peneplanation, which occurred during the Paleogene. This event
would have caused the exhumation of alkaline bodies from the Upper Cretaceous, including the Morro
do Engenho body. Oliveira (1980) described the geomorphological evolution of the study region,
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suggesting that the extensive erosive period of the South American cycle would have been followed
by a period of aggradational stability, in which the action of weathering processes on alkaline bodies,
in tropical climate, favored lateritization on these bodies by dissolution of more soluble elements such
as Mg, Ca and Si, and accumulation of less soluble elements such as Fe and Al (Freyssinet et al.,
2005). As described by the author, from the Neogene onwards, the Velhas geomorphological cycle
would have been responsible for a new stage of denudation of the topographic surface, in which zones
with cumulative dissolved silica allowed the relief to be sustained, forming terraces and high
pediplanes.

Scherer (2000) reported that during the Mesozoic, the South American platform was covered by
aeolian sands from the Botucatu desert, hence its arid climate. Based on such consideration, Golightly
(2010) classified the study area as a “dy to-wet” scenario.

According to the Koppen classification (Alvares et al., 2013), the current climate is tropical with
dry winters; average annual precipitation ranges between 1,600 and 1,900 mm and predominantly
occurs (>75%) throughout the six warmest months (October to March).

2.2. Geological characterization of the Morro do Engenho Alkaline Mafic-Ultramafic Complex

The Morro do Engenho intrusive body (Fig.1c) stands out in the smooth topography of the region
because of two elevations slightly oriented towards the NW-SW trend (Fig.2a), measuring about
1,400x400x120m and 400x400x90m each. It was described by Chaban et al. (1975) as a mafic-
ultramafic massif with alkaline affiliation and zoned pattern formed by a dunite core, surrounded by a
peridotite/pyroxenite zone, an alkaline grabbro zone and, more externally, by a syenite-nepheline
zone. Basic to alkaline dikes are frequent, with compositions ranging from diabase, syenite,
carbonatite and alaskite (Chaban et al., 1975; Almeida, 1983). The body is embedded in the
Eodevonian units of the Parand Basin, represented by the sandstones and shales of the Furnas
formation. It shows rare features of contact metamorphism, evidenced by quartzite levels (Chaban et
al., 1975). The elevations are capped by chalcedony crusts and surrounded by eluvial, colluvial, and
alluvial covers, topsoil, and ferruginous crusts (Chaban et al., 1975; Berbert, 1986; Junqueira-Brod et
al., 2002; Biondi, 2003; Lacerda-Filho et al., 2021).

2.3. Lateritic profile and Ni mineralization

In the lateritic profile, first described by Chaban et al. (1975), five main horizons were
recognized from the least altered rock. The lithological variations of the zoned body, as well as its
textural-structural aspects, reveal the occurrence of significantly different lateritic profiles, depending
on the lithologies of the parent rocks, which reflect variations in the control of Ni mineralization.
According to the authors, the ore minerals would be serpentine, chlorite through Mg replacement in Ni
in the structure of these minerals during lateritization processes, in addition to spinels (magnetite and
chromite).

3. Materials and Methods

3.1. Sampling

The lateritic profile of the Morro do Engenho deposit was studied using the collection of core
samples from the Morro do Engenho Project, which are stored and preserved by the Geological Survey
of Brazil — CPRM. Based on the geological, mineralogical and geochemical terminologies and
understandings of Aleva (1994), Egleton (2001), Anand & Paine (2002), Freyssinetet al., (2005),
Watling et al., (2011) and Butt & Cluzel (2013), the lateritic horizons were analyzed further, after
observations of 162 drill holes, with an average depth of 35m (minimum depth of 4.5m and maximum
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depth of 125m of the drill holes). Further analyses of these horizons focused only on the ultramafic
units, since there is no development of lateritic profiles on the alkaline syenitic unit, nor on the
sedimentary host.

Sixty-eight drill holes were selected for representative sampling of the 5 domains present in the
area. The database had 1265 samples, distributed among the different horizons of the lateritic profiles,
which provided information about variations in color, plasticity, texture and grain size at different
depths.

3.2. Whole-rock chemistry

Whole-rock chemical analyses were performed at the SGS-Geosol Laboratory, in Vespasiano,
Brazil. The samples were dried at 105°C, crushed to 3 mm in a crusher, homogenized, quartered and
pulverized to a fraction <I150#. The concentrations of major and minor elements were determined
using XRF (XRF79C) with Li tetraborate fusion. Trace elements were determined by ICP-OES/ICP-
MS (ICM14B, ICM40B), with aqua regia or multi-acid digestion. Rare earth elements were
determined by ICP-OES/ICP-MS (IMS95A, ICP95A), with lithium metaborate fusion.

To quantify the effects of lateritization processes along the lateritic profiles, the the Ultramafic
Index of Alteration (UMIA) was calculated (Babechuk et al., 2014; Aiglsperger et al., 2016; Putzolu et
al., 2021). The UMIA index is calculated using the molar ratios between the oxides of major elements,
defined by the following formula:

UMIA= 100 x [(AL,O; + Fe,0;(T)) / (SiO; + MgO+ Al,O5 + Fe,05(T))]

3.3 Density Measurements (Dry bulk sample)

Density tests were carried out for 118 samples that were representative of the different horizons
of the lateritic profiles, developed on each of the lithotypes that make up the Morro do Engenho mafic-
ultramafic zoned body. Holes at the greatest depths of each of the lithological zones enabled the
collection of samples with the lowest possible degree of alteration. The procedures were performed in
accordance with ASTM C 914-95 (ASTM, 2004). The samples of disaggregated materials underwent
compaction processes in specific bottles for weighing and calculating the densities according to the
formula:

Density (g/cm3) =Ps / vf
where Ps = sample mass in the standard bottle (g) and V/= volume of the standard flask (cm?, or ml).

Samples of compact to semi-compact materials were first dried in an oven at 110 °C and weighed
on a balance to determine dry weight. Shortly afterwards, they were were waterproofed by coating
their outer surface with PVC film, and then weighed again. Then, the PVC-coated samples were
placed in a basket and immersed in water. The weight of the immersed samples was determined to
enable the calculation of the respective density values using the following formula:

Density (g/cm’) = W/W-S
where W = dry sample mass (g) and S = immersed sample mass (g).

3.4. Mass balance

Mass balance was determined using the methodology described by Brimhall and Dietrich (1987)
and Brimhall et al. (1991). Volumetric variations in each change horizon were calculated by the
authors using the following equation:

€iw= ((8;Cip) / (BwCiw)) — 1
(D
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In this equation, i represents the immovable element, 8p and O, are the bulk density values of the
parent rock and the altered rock, respectively, and C;,, and C;,, are the concentrations of the immobile
element in the parent rock (Cip) and in the altered rock (Ciy). In this study, TiO2 was used as an
immobile element.

The mass transport function t is used to calculate the gains and losses of each element in
comparison to its concentration in the parent rock. This calculation is expressed by the following
equation:

T=((6wCiw) / 8,Cip)(Eiw + 1)) - 1
2)
where C;,, is the concentration of a certain element in the altered sample and Cj, is the
concentration of the same element in the parent rock.

The value of ¢ was calculated for each sample, in relation to the selected immovable element,
using equation 1. After calculating €, equation 2 was applied to calculate mass transport (t) for each
lateritic horizon in each parent rock. The resulting mean values were displayed in bar graphs (Fig. 12)
and spatialized in the study area (Fig. 13).

The values determined by mass balance were spatialized using the Leapfrog Geo software,
version 6.0.4.

3.5. X-ray diffractometry

Thirteen samples were analyzed by X-ray diffractometry. The diffractograms were recorded in a
D2 PHASER BRUKER AXS X-Ray Diffractometer at the Mineral Technology Laboratory - X-Rays,
Federal University of Bahia (UFBA), using CuKa radiation. with wavelength L = 1.54184 A and a
monochromator. The tests were performed in a 20 angular scan range of 2°-80°. Measurements were
performed at room temperature in continuous scan mode, with an angular step of 0.014° and counting
time of 0.35 seconds. A PMMA sample spinner was used to minimize the preferred-direction effect.
The voltage and current used in the tests were 30 kV and 10 mA, respectively. Fixed divergence slit
was 0.6 mm for all cases. The software used to interpret the diffractograms was DIFFRAC.EVAV6.

3.6. Petrographic Analysis

The mineralogical and textural features were examined on 46 polished thin sections using a
transmitted-reflected light optical microscope. The analysis used an Olympus BXS51 trinocular
microscope from the Mineral Analysis Laboratory (LAMIN) at the Geological Survey of Brazil —
CPRM.

3.7. Scanning Electron Microscopy

Semiquantitative chemical analyses based on EDS (energy dispersive spectroscopy) coupled with
a scanning electron microscope (SEM/EDS) and backscattered electron imaging (BSE) were
performed on a Zeiss EVO LS15 scanning electron microscope (LAMIN). For these analyses, the
samples had been previously metallized with carbon. The SEM-EDS analyses were performed for
chemical and textural characterization, as well as for designing a map of the chemical distribution of
nickel in the crystals of these minerals.
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4. Results

4.1. Local Geology

4.1.1. Mafic-ultramafic zones

The core of the intrusive massif is formed by greenish gray serpentinized dunite with fine to
medium grain size (Fig. 2b). The rock presents millimeter fractures, intensely branched and filled by
Fe/Mn oxyhydroxides. Fresh rock outcrops are rare, and usually occur in the valley between the two
topographic elevations. In the top areas and slopes of the elevations, blocks of intensely altered rock
can be found; they are orange and composed of chalcedony percolating through fractures and
composing boxwork texture (Fig. 2e, f, g). In drill holes, one can see less altered rock, greenish gray in
color, with massive texture and fine to medium grain size (Fig.3e). Chalcedony stockworks run along
the rock, forming millimeter-size networks of veinlets.

The peridotite-pyroxenite zone surrounds the dunite core, forming a halo approximately 200 to
400m wide. Outcrops are rare, and fresh rock can only be seen through drill cores (Fig. 31). It has a
dark gray color and fine grains, Chalcedony stockworks with millimeter-sized networks of veinlets
(Fig. 2i).

The gabbro zone occurs in the southern portion of the massif, forming an arc at the outer edge of
the peridotite-pyroxenite zone. It has a light gray color, medium to coarse grain and phaneritic texture
(Fig.2c). Quartz-filled fractures occur.

Nepheline syenite (Fig. 2d) occurs on the east-northeast edge of the massif and has a pinkish
brown color owing to the presence of K-feldspar, medium grain size and phaneritic texture. This unit
was not analyzed in the present study.

4.1.2 Lateritic profiles

Fig. 3 shows the typical lateritic profiles developed on the bedrock of each of the lithotypes that
make up the Morro do Engenho zoned intrusive massif. This study analyzed eight lateritic horizons
stacked upon one another from the bedrock (BDRK): saprock (SPRK), lower saprolite (SAP),
ferruginous saprolite (FSAP), ocher saprolite (OSAP), plasma zone (PLSZ), lateritic duricrust
(DRCR), chalcedony or silcrete crust (SLCR), and topsoil (TSL). In general, the profiles are structured
into two domains: silica and oxy-hydroxide, defined by macroscopic characteristics with the aid of
petrographic, chemical, XRD and SEM analyses.

Saprock (Fig. 3d, 1, u) characterizes the alteration front on the bedrock (Fig. 3e, m). It is
composed of semi-altered rock, brown in color, with an average level of fracture, and average
thickness of 6 m.

Lower saprolite is characterized by altered rock with a clayey appearance and preserved fabric,
greenish to brownish color, and composition dominated by silicates (Fig. 3c, j, k, q, 1, s, t). Average
thickness is 15 m, and the thickest profiles are found in the peridotite/pyroxenite and gabbro zones,
where they can exceed 20 m.

Ferruginous saprolite is visually distinguished from lower saprolite by its reddish color (Fig. 3h,
i, p, 0). In this horizon, the original fabric of the parent rock remains preserved, but with a
predominance of secondary Fe, Ti and Mn oxyhydroxides. At the base, there is a transition from the
silicate domain to the oxide domain, marked by intercalated greenish and reddish clays (Fig. 3i, p).
The average thickness of this interval is 6 m, reaching 8 m in the gabbro profile.

Ocher saprolite (Fig. 3b) effectively represents the domain of Fe and Mn oxyhydroxides. It
occurs preferentially in association with its dunite parent rock; it is hardly ever found in zones
peripheral to topographic elevations. It has a typical ocher color and an average thickness of 6 m.
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Fig. 2 — General aspects of the Morro do Engenho alkaline ultramafic mafic complex with the main constituents
of the outcrop zones. a) Perspective view of the two elevations that make up the core of the intrusive body; b)
Semi-altered dunite in the core region, showing a serpentine veinlet; c) Semi-altered gabbro with medium to
coarse grain; d) semi-altered nepheline syenite; e, f, g) alteration products present in the core zone; h) limonitic
canga with botryoidal habit; i) Chalcedony stockworks in altered rock; j) limonitic canga block with chalcedony
boxworks.
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Fig. 3 — Toposequence of the lateritic profiles in the study holes, showing the evolution of alteration on each of
the bedrocks belonging to the Morro do Engenho zoned intrusive body.

The interface between the lower horizons and the surface horizons that complement the lateritic
profile is represented by the plasma zone (Fig. 3g). This horizon is on average 3 m thick and is
composed of ferruginous clays with a mottled texture, normally kaolinitic, with red, pink or whitish
color. Generally, the plasma zone is overlaid by the lateritic duricrust, composed of dark red laterites
that are rich in hematite, quartz and Mn oxyhydroxides (Fig. 3a, f, n). This horizon is 4 m thick on
average.
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Chalcedony crusts or silcretes occur on the ridges of elevations and can be up to 12 m thick. They
are composed of quartz and chalcedony, and they often present boxworks and silicified rock
fragments. These crusts are responsible for preserving the relief and forming the terraces present in the
region. They are usually covered by the topsoil horizon that also covers the dissected areas. With an
average thickness of 3m, the topsoil has a dark brown to purple color, and granular texture formed by
fine to medium sediments and pisolitic fragments. This horizon commonly contains fragments of
limonitic canga with botryoidal habit (Fig. 2h).

4.2 Textures and mineral properties of alteration profiles

The arrangement of the x-ray diffractograms (Fig. 4) clearly shows the mineralogical evolution of
the alteration profiles developed on each of the parent rocks that make up the Morro do Engenho
zoned body. It also shows the transition of the silicate horizons at the base to the oxide horizons at the
top of the profiles. The main characteristics of each profile are detailed below. A summary of the
mineralogical variations in each profile can also be seen in Fig. 10.

4.2.1 Alteration profile derived from serpentinized dunite

In the diffractograms (Fig. 4a - CEA067), the samples of the alteration profile derived from the
serpentinized dunite show a rock, in the saprock, essentially composed of serpentine, predominantly
lizardite, with very low amounts of quartz. The analyses of petrographic sections and SEM images
(Fig. 5a, d) show the presence of at least three stages of serpentinization. The primary phase (srp I),
probably igneous, is composed of fibrous crystals, which form well-developed strips around the
olivine and pyroxene cores, surrounding these minerals with straight to curved contacts and producing
a mesh texture. The second serpentinization phase (srp II), certainly deriving from supergene
processes, is formed by irregular fibrous aggregates that almost completely replace the olivine and
pyroxene magmatic cores, forming a pseudomorphic texture on these minerals and affecting their
contacts with the well-developed fibers of srp I. Obliteration of the primary serpentine crystals
produces a new crystal fabric, dominated by extensive srp Il development. Fractures are filled in the
third phase of serpentinization (srp III), overlapping the previous phases. Magnetite is found to be
associated with serpentine, forming longitudinal dark lines along the fibrous bands of srp I, reinforcing
the hypothesis of an igneous serpentinization phase. Fe oxyhydroxides occur together with srp II, and
they are mostly concentrated in the pseudomorphic cores. Chromite sparsely occurs in euhedral to
subhedral grains. Quartz is found to fill cracks.

Mineralogical analysis by X-ray diffraction of the lower saprolite sample (Fig. 4a - CEA068)
shows the presence of quartz, along with serpentine. Petrographic and SEM analyses (Fig. 5b, ) show
the evolution of the alteration on the mineral features observed in the saprock, as evidenced by the
formation of secondary phyllosilicates and a greater amount of Fe oxyhydroxides. In addition,
iddingsite occurs as an alteration of the serpentine, making it brownish. Goethite occurs with skeletal
habit and is surrounded by a mesh texture.

In the ocher saprolite, the mineralogical analysis (Fig. 4a - CEA069) shows the dominance of Fe
and Mn oxyhydroxides, especially goethite, hematite and asbolane, in addition to the presence of
chromite and chlorite, the latter as a probable product of supergene alteration of pyroxene. Because
chlorite has very small amounts of Mg but is rich in Fe, as shown in specific SEM-EDS analyses (Fig.
19g, h), it can be classified as chamosite. Petrographic sections and BSE-MEV images (Fig. 5c, f, g, h,
i) show a significant increase in quartz content, possibly owing to alteration of serpentine which,
together with hematite, composes a silico-ferruginous plasma that extends throughout the matrix (Fig.
5C). Chlorite is the only silicate mineral that remains present, sometimes occurring together with Fe/Ti
oxyhydroxides (Fig. 5g). Goethite is present as a magnetite alteration product that forms crowns
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around chromite grains. Asbolane occurs together with goethite and hematite (Fig. Sh, i). The SEM-
EDS spectra (Fig. 5j, k) show the presence of high levels of Ni (> 2%) associated with serpentine from
different generations.
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Fig. 4 — X-ray diffractograms (XRD) representing mineralogical variation in lateritic profiles derived from each
of the parent rocks of the Morro do Engenho deposit. a) Profile derived from serpentinized dunite; b) Profile
derived from pyroxenite; c) Profile derived from gabbro. Abbreviations: Asb — asbolane; Aug — augite; Bt —
biotite; Chl — chlorite; Chr — chromite; Ctl — chrysotile; En — enstatite; Fo — forsterite; Gth — goethite; Hem —
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Sme — smectite; Srp — serpentine; Vrm — vermiculite (Warr, 2021).
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Fig. 5 — Photomicrographs, BSE images and spectra of spot SEM-EDS analysis of the alteration profile derived
from serpentinized dunite. a) Serpentine composing a mesh texture in the saprock; b) Mesh-texture serpentine
with alteration of iddingsite in the lower saprolite; c) Serpentine altered by hematite and composing amorphous
silico-ferruginous plasma in the ferruginous saprolite; d) Magnetite associated with srp I, together with goethite
and chromite in the saprock; e¢) Goethite with a skeletal habit surrounded by the mesh texture in the lower
saprolite; f) Quartz and hematite composing amorphous silico-ferruginous plasma in the ocher saprolite; g)
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Chlorite surrounded by amorphous silico-ferruginous plasma in the ocher saprolite; h - i) Chromite immersed in
amorphous silico-ferruginous plasma in the ocher saprolite; j ) SEM-EDS spectrum of point 4, shown in Fig. Se,
indicating the presence of Ni in srp II. k) SEM-EDS spectrum of point 18, shown in Fig. Se, indicating the
presence of Ni in srp I. Abbreviations: Asb — asbolane; Chl — chlorite; Chr — chromite; Fe-Ti-MnO/OH -
Fe/Ti/Mn oxyhydroxides; Gth — goethite; Hem — hematite; Idd — Iddingsite; Mag — magnetite; Ol — olivine; Qz —
quartz; Sme — smectite; Srp - serpentine.

4.2.2 Pyroxenite-derived alteration profile

Based on XRD analysis, the pyroxenite saprock sample shows mineralogy composition of augite,
olivine, serpentine, quartz, magnetite and chromite (Fig. 4b- CEA058). In petrographic sections, the
mesh texture, formed by fibrous serpentine halos around pyroxene and olivine cores with straight to
curved contacts, characterizes the only serpentinization phase recognized in this presumably magmatic
rock (Fig. 6a). Unlike dunite, the magmatic remnants of the parent rock (pyroxene and olivine) are
preserved, i.e., no pseudomorphs were formed. Magnetite occurs as thin strands between the
serpentine fibers, which run along the mesh texture (Fig. 6d). Chromite is sparsely present, with
subhedral grains up to 0.2 mm thick.

In the lower saprolite, the mineralogical analysis (Fig. 4b - CEA062) shows that the parental
mineralogy gives rise to chlorite and smectite with relevant amounts of Fe and Mn oxyhydroxides.
The petrographic section and BSE-MEV images show total alteration of the serpentine and formation
of pseudomorphic chlorite after pyroxene (Fig.6b). The serpentine is replaced by a mixture of
montmorillonite and Fe and Mn oxyhydroxides, forming a ferruginous fabric that surrounds the
psudomorphic cores and covers some grains. Goethite, as well as asbolane, fill cracks and make up Ni-
and Co-mineralized zones (Fig. 6e, f; Fig. 8).

In the ferruginous saprolite, XRD analyses (Fig. 4b — CEA063, CEA064, CEA065) indicate the
domain of Fe and Mn oxyhydroxides, especially goethite, hematite and asbolane, with a decrease in
the presence of smectite towards the top of the profile (Fig. 4b- CEA065). Chlorite, however, remains
in the profile up to the top of the ferruginous saprolite (Fig. 4b- CEA065). The slides and BSE-MEV
images show that ferruginous saprolite samples are formed by the predominance of Fe oxyhydroxides
with silicate fragments composed of chlorite + smectite and smectite + hematite (Fig. 6¢, g, h; Fig.
7a, b, c). Massive hematite forms ferruginous levels. Fe and Mn hydroxides are found to fill small
cracks (Fig. 61). The spot SEM-EDS analyses (Fig. 7d) enabled the identification of romanechite and
asbolane. Chromite presents alteration to hematite, and quartz occurs in insignificant amounts. XRD
mineralogical analysis shows that, in the lateritic duricrust samples (Fig. 4b - CEA066), hematite,
asbolane and quartz are the major components.
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Fig. 6 — Photomicrographs and BSE images of the pyroxenite-derived alteration profile. a) Mesh texture, formed
by serpentine halos around pyroxene and olivine cores in the saprock; b) Chlorite and smectite replacing augite
in the lower saprolite; ¢) Chlorite = smectite and smectite-hematite mixtures in the ferruginous saprolite; d)
Magnetite forming fine strands between the srp I fibers in the saprock; e - f) Goethite and asbolane rich in Ni and
Co filling cracks in the lower saprolite; g -h) Chlorite + smectite and smectite-hematite mixtures in the
ferruginous saprolite; i) Fe and Mn oxyhydroxides filling small cracks in the ferruginous saprolite.
Abbreviations: (Ni)Asb — Ni-rich asbolane; Chl — chlorite; Chr — chromite; Cpx — clinopyroxene augite; FeO/OH
— Fe oxyhydroxides; Gth — goethite; Ilm — ilmenite; MnO/OH — Mn oxyhydroxides; Mag - magnetite; Ol —
olivine; Qz — quartz; Sme — smectite; Srp - serpentine.

4.2.3 Gabbro-derived alteration profile

The XRD mineralogical analysis of the saprock sample (Fig. 4c — CEAO052) shows that its
mineral composition is basically plagioclase, augite, enstatite, biotite, chlorite and magnetite (Fig. 9a).
In this horizon, chloritization occurs incipiently on the pyroxene grains, forming pseudomorphs.

In the lower saprolite, XRD mineralogical analysis (Fig. 4c — CEA055) shows the presence of
chlorite, smectite, quartz and biotite. The petrographic sections and BSE-MEV images show that
increasing alteration results in the formation of pseudomorphic chlorite after pyroxene (Fig. 9b, ¢, d,
j)- The spot SEM-EDS analyses (Fig. 9j) show that chlorite is rich in Si, Al and Fe, but poor in Mg,
i.e., it is compatible with chamosite. Fe and Mn oxyhydroxides occur together with chlorite in the
saprolite matrix. Smectite occurs as alteration of plagioclase and pyroxene. Quartz, ilmenite and
biotite occur sparsely (Fig. 9e, f, g, h, i). The transition to the ferruginous saprolite is marked by
intercalations between chlorite-rich levels with smectite + hematite combinations.

In the ferruginous saprolite, XRD analyses (Fig. 4c — CEA056) show the presence of chlorite and
vermiculite as silicate minerals, in addition to kaolinite, with a predominance of Fe and Mn
oxyhydroxides, particularly goethite, hematite and asbolane.
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Fig. 9 — Photomicrographs, BSE images and spectra of SEM-EDS spot analysis of the gabbro-derived alteration
profile samples. a) Incipient alterarion in the saprock; b, ¢, d) Pseudomorphs of chlorite on pyroxene in the lower
saprolite; ¢) Quartz, ilmenite and biotite occur sparsely in the lower saprolite; f) Chlorite, smectite and ilmenite
in the lower saprolite. g) Spectra of spot SEM-EDS analysis of ilmenite at the points indicated in Fig. 9f; h, 1)
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Spectrum of spot SEM-EDS point analysis of biotite grain; j) Spectrum of spot SEM-EDS analysis of chlorite
associated with Fe and Mn oxyhydroxides. Abbreviations: Bt — biotite; Chl — chlorite; Chr- chromite; Cpx —
clinopyroxene; Ilm — ilmenite; P1 — plagioclase; Qz — quartz; Sme — smectite.
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Figure 10 - Mineralogical succession of lateritic alteration profiles developed over each of the parent rocks.
Abbreviations: Bt — biotite; Chl — chlorite; Chr — chromite; Gth — Goethite; Hem — hematite; 11 — Ilmenite; Kln —
kaolinite; MnO/H - Mn oxyhydroxides; Mag — magnetite; Ms — Muscovite; Ol — olivine; Px — pyroxene; Qz —
quartz; Sme — smectite; Srp — serpentine; Tlc - talc; Vrm - vermiculite. SAPRK — saprock; SAP — lower
saprolite; FSAP — ferruginous saprolite; OSAP — ocher saprolite; PLSZ — plasma zone; DRCR — lateritic
duricrust; TSL — topsoil

4.3. Geochemical characterization of lateritic profiles

Figs. 11 and 12 show the distribution of major, minor and trace elements along the typical
lateritic profiles, derived from each of the lithologies of the zoned body. Table 1 to 3 shows the
average chemical composition of each of the horizons in each lateritic profile.

Generally, the profiles show, from the parent rock to the top, a linear and continuous reduction of
MgO, in contrast to a progressive increase in Fe,Os. The analysis of the geochemical profiles (Fig. 11
and 12) shows the transition zone between the silica and oxide domains in each profile, characterized
by the MgO discontinuity zone (Freyssinet et al., 2005; Butt & Cluzel, 2013). In this zone, MgO
content, which is around 40% in dunite and pyroxenite parent rocks and 25% in gabbroic rocks,
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undergoes a drastic reduction to values below 10%. This effect can be associated with the replacement
of silicate minerals with Fe and Mn oxyhydroxides, which occurs to a greater extent in the ferruginous
saprolite horizon.

Fe,O; content increases regularly towards the upper horizons of the lateritic profiles. In the parent
rocks, the content ranges between 10% in dunite and pyroxenite and 17% in gabbro, reaching values
of up to 50% in the horizons of ocher saprolite, plasma zone and duriccrust particularly. The evolution
of Fe,O; content in the lateritic profiles is accompanied by the UMIA index curve, reflecting
increasing lateritization along the profiles. Elements such as Cr, Co and Mn follow a pattern similar to
that of Fe,O;, with a progressive increase towards the top of the profiles.

SiO, distribution in the dunite profile shows a pattern similar to that of MgO, with a reduction in
the transition from the silicatic domain to the oxide domain. In pyroxenitic and gabbroic profiles, there
was a greater retention of SiO, in the ferruginous saprolite, produced according to the composition of
the alteration products of these lithologies.

Al,O5 contents in the parent rocks are lower than 1% in the dunite-derived profile and pyroxenite
and 3% in the gabbro-derived profile. The distribution curves show a progressive increase in Al,O;
towards the upper horizons, mostly from ferruginous saprolite, where it can reach up to 10%.

The increase in Cr,O; towards the top of the lateritic profile is constant and hardly significant.
Chromite is present as an accessory mineral in the three parental lithologies, with greater emphasis in
the dunite profile. It is poorly soluble and acts as a resistate mineral in the alteration profile; its highest
concentrations are found in the lateritic duricrust.

MnO, in turn, presents higher contents, resulting from discontinuous MgO, and reflecting the
presence of asbolane and associations with Fe and Ti oxyhydroxides.

TiO, distribution shows a slight increase towards the upper horizons, indicating the possible entry
of allochthonous materials into the lateritic profile.

The variation of CaO contents is more prominent in the gabbro- and pyroxenite-derived profiles,
with a reduction from the base to the top, owing to the greater presence of pyroxene and plagioclase in
these rocks.

Co has a similar distribution to that of MnO, increasing in the oxide domain, reaching levels up
to 800 ppm.

Ni distribution in the bedrock shows values close to 0.2% and significant increases in the lower
saprolite and above. In the dunite-derived profile, a zone richer in Ni is formed between lower
saprolite, ferruginous saprolite and ocher saprolite. The highest contents are found in this last horizon,
reaching an average of 1.11%. In the pyroxenite-derived profile, the horizon with the highest contents
is the ferruginous saprolite: up to 1.23% on average. In the gabbro-derived profile, the zone with the
highest Ni contents is between lower saprolite and ferruginous saprolite; the highest contents are found
in saprolite, where they can reach 0.83% on average.

The rare-earth elements (REE) show a light distribution from the transition to the oxide domain.
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Fig. 11 — Distribution of chemical element contents in lateritic profiles developed on serpentinized dunite (MC-
81-GO) and pyroxenite (MC-42-GO) rocks. Abbreviations: SAPRK — saprock; SAP — lower saprolite; FSAP —
ferruginous saprolite; OSAP — ocher saprolite; PLSZ — plasma zone; DRCR — lateritic duricrust; LSL — topsoil.
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Fig. 12 — Distribution of chemical element contents in the lateritic profile developed on gabbro (MC-100-GO).
Abbreviations: SAPRK — saprock; SAP — lower saprolite; FSAP — ferruginous saprolite; OSAP — ocher saprolite;
PLSZ — plasma zone; DRCR — lateritic duricrust; TSL — topsoil.

Table 1. Average chemical composition of the horizons that make up the lateritic profiles developed over the

dunite zone.

Horizon Latgritic Ochre' Ferruginous Saprolite Saprock Bedrock
duricrust saprolite saprolite
Si02 (%) 23.93 22.94 30.15 40.63 37.36 33.80
Al203 10.42 6.17 6.90 2.21 1.07 0.74
Fe203 48.92 48.66 36.22 16.92 12.03 10.10
MgO 2.23 6.20 11.42 25.39 34.32 38.50
Ca0 0.21 0.08 0.53 1.15 1.21 0.08
Na20 0.13 0.10 0.13 0.08 0.09 0.05
K20 0.04 0.09 0.20 0.13 0.05 0.01
TiO2 2.64 1.89 1.72 0.66 0.30 0.07
P205 0.09 0.10 0.08 0.04 0.05 0.01
MnO 0.81 0.82 0.60 0.25 0.16 0.15
Cr203 4,19 3.39 2.35 1.09 0.73 0.60
LOI 5.79 8.05 8.25 10.44 12.61 16.39
Ni 0.50 1.13 1.06 0.83 0.20 0.19
Sc (ppm) 51.77 49.66 38.79 18.46 11.36 7.70
Ba 116.59 219.72 220.59 112.49 54.35 14.00
Co 564.09 613.46 379.95 168.09 120.98 118.00
Cs 0.45 0.45 0.90 0.46 0.33 0.03
Ga 19.06 13.93 12.38 4.98 3.01 2.10
Hf 5.53 3.24 3.18 1.18 0.49 0.07
Nb 34.34 19.88 26.76 7.56 2.41 0.03
Rb 2.91 5.24 11.70 331 0.60 0.50
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3.99
0.73
1.93
0.24
1.51
0.22
50.99
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0.89
70.71
0.66
0.87
0.25
100.05
3.11
57.31
5.85

10.01
20.27
3.15
12.22
1.84
0.51
1.67
0.21
1.14
0.22
0.53
0.07
0.42
0.06
22.59

293

0.30
77.80
0.17
0.17
0.11
59.69
1.22
44.07
2.34

3.30
7.44
1.14
4.87
0.83
0.22
0.72
0.10
0.49
0.09
0.22
0.04
0.18
0.04
15.47

15

0.15
5.00
0.03
0.05
0.06
2.50
1.10
49.00
0.32

0.80
0.80
0.13
0.70
0.05
0.03
0.24
0.03
0.06
0.03
0.07
0.03
0.05
0.03
13.04

1
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Table 2. Average chemical composition of the horizons that make up the lateritic profiles developed over the
peridotite/pyroxenite zone.

Horizon Lat?”tlc Ferrug|nous Saprolite Saprock Bedrock
duricrust saprolite
Sio2 (%) 26.21 37.78 46.31 40.27 35.20
Al203 10.53 6.91 4.52 1.37 0.86
Fe203 49.18 33.47 23.77 15.00 12.70
MgO 0.86 6.59 11.24 30.10 37.10
Ca0 0.04 0.16 1.68 1.74 1.09
Na20 0.14 0.13 0.17 0.13 0.05
K20 0.04 0.16 0.13 0.06 0.01
TiO2 2.16 1.71 1.12 0.37 0.16
P205 0.07 0.03 0.04 0.04 0.02
MnO 0.94 0.61 0.38 0.22 0.18
Cr203 3.39 1.51 1.07 0.83 0.66
LOI 5.92 9.05 8.73 10.22 10.25
Ni 0.37 1.23 0.63 0.18 0.19
Sc (ppm) 46.16 46.82 41.55 15.08 8.60
Ba 306.76 482.17 325.29 85.50 39.00
Co 763.00 579.89 237.78 134.08 127.90
Cs 0.55 0.50 0.54 0.33 0.14
Ga 18.60 12.28 8.48 3.83 3.20
Hf 5.82 2.98 2.00 0.62 0.21
Nb 35.28 29.19 10.18 2.86 0.24
Rb 2.89 10.68 5.78 2.37 0.40
Sn 1.39 1.00 0.86 0.58 0.15
Sr 23.27 70.44 49.54 42.50 17.00
Ta 1.93 1.86 1.23 0.12 0.03
Th 5.67 2.88 1.31 0.65 0.10
u 1.44 0.59 0.34 0.25 0.03
\% 348.39 193.83 127.43 64.50 38.00
w 2.98 11.70 8.35 1.38 3.50
Zr 213.28 100.76 60.47 48.66 5.00
Y 12.74 22.30 15.46 2.85 1.43



Table 3. Average chemical composition of the horizons that make

gabbro zone.

La (ppm)
Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu
UMIA
Samples

24.07
121.97
6.41
25.23
4.51
1.14
3.67
0.53
2.95
0.54
1.53
0.22
1.43
0.21
68.91
46

51.84
71.44
12.66
49.63
8.00
217
6.83
0.89
4.63
0.85
221
0.28
1.74
0.26
47.69
101

29.50
32.39
7.06
28.80
4.71
1.32
4.41
0.56
2.86
0.53
1.37
0.17
1.00
0.15
32.98
249

5.95
8.76
1.29
4.50
0.93
0.29
0.94
0.12
0.66
0.11
0.30
0.04
0.26
0.03
18.87
8

1.30
3.00
0.32
1.40
0.30
0.09
0.45
0.05
0.31
0.05
0.14
0.03
0.10
0.03
15.79
1
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up the lateritic profiles developed over the

Horizon Latf?ritic Ferruginous Saprolite Saprock Bedrock
duricrust saprolite
Si02 (%) 29.79 40.20 45.21 42.83 40.60
Al203 12.93 10.34 8.57 6.76 3.73
Fe203 44.32 32.65 24.22 13.83 17.50
MgO 0.49 3.60 7.08 22.05 24.70
CaO 0.05 0.20 0.80 3.82 0.42
Na20 0.14 0.15 0.13 0.59 0.05
K20 0.03 0.11 0.17 0.15 0.04
TiO2 2.43 1.60 1.53 1.13 0.45
P205 0.08 0.04 0.06 0.18 0.02
MnO 0.62 0.45 0.40 0.22 0.21
Cr203 2.75 1.55 1.37 0.72 1.69
LOI 6.39 8.34 9.44 8.64 10.82
Ni 0.18 0.65 0.83 0.17 0.33
Sc (ppm) 28.16 46.83 33.63 25.38 13.00
Ba 193.07 383.57 478.31 326.33 173.00
Co 510.87 322.90 337.70 102.95 147.90
Cs 0.50 0.77 0.62 0.44 0.25
Ga 21.85 14.64 13.99 10.53 8.60
Hf 8.82 3.01 2.62 1.93 0.53
Nb 44.22 25.85 28.70 19.31 4.51
Rb 1.92 10.11 11.15 9.86 3.00
Sn 1.27 0.97 1.15 1.23 0.50
Sr 14.66 23.93 31.68 109.16 14.00
Ta 2.59 1.70 1.62 1.93 0.09
Th 8.38 3.28 3.12 2.08 0.50
U 2.03 0.82 0.58 0.44 0.22
\% 352.36 216.70 161.52 176.66 87.00
w 2.75 3.69 9.45 0.66 0.05
Zr 339.36 98.22 117.29 80.80 5.00
Y 15.46 24.07 20.18 11.51 3.23
La (ppm) 26.11 39.56 34.74 18.03 5.20
Ce 155.11 63.05 70.32 47.26 23.30
Pr 7.05 10.37 8.82 5.22 1.15
Nd 26.15 42.68 34.18 19.80 5.00
Sm 4.75 7.44 5.94 3.76 0.50
Eu 1.20 2.18 1.66 1.08 0.21
Gd 3.85 6.94 5.19 3.37 0.78
Tb 0.58 0.94 0.71 0.49 0.10
Dy 3.35 5.05 391 3.02 0.56
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Ho 0.65 0.93 0.74 0.47 0.11
Er 1.86 2.45 1.98 1.35 0.29
Tm 0.28 0.31 0.26 0.18 0.03
Yb 1.82 1.94 1.61 1.11 0.30
Lu 0.27 0.28 0.23 0.16 0.03
UMIA 65.44 49.60 38.61 24.10 24.53
Samples 14 30 51 6 1

The ternary diagram SiO,, MgO, Fe,O; + Al,O; m (Fig. 13a) shows the evolution path of lateritic
profiles, from bedrock to topsoil, marked by loss of MgO and increase of Fe,O; + Al,O5. The passage
from bedrock/saprock to lower saprolite at the base of the pyramid reflects the alteration of the
primary minerals of the parent rock, with compositions increasingly poor in MgO, and slightly
enriched in SiO,, At this stage, the alteration results in UMIA values between 20 and 40%.

The increase in Fe,O3 + Al,O; content is larger in the ferruginous saprolite, in which the variation
in UMIA values is around 50%. Ocher saprolite shows even more intense alteration, reaching UMIA
values between 50 and 90% and considerable increase in Fe,O; + Al,O;. The evolution path of the
lateritic profiles is complemented by the plasma zone, duricrust and topsoil horizons, which show
extremely high Fe,O5; + ALL,O5 contents and UMIA values of up to 90%.

The correlation diagrams (Fig. 13b, ¢, d, e) show that Ni levels are positively correlated with
UMIA (Fig. 13b), that is, lateritization is increased, with the exception of DRCR, where Ni contents
are reduced. Cobalt shows a strong positive correlation with UMIA (Fig. 13c), indicating increased
contents as lateritization progresses. The highest values of Co are present in the oxide domain,
especially in the ocher saprolite, plasma zone and duriccrust. Ni is positively correlated with Mg in the
domain of its low levels (Fig. 13d), while showing a negative correlation with high MgO contents. The
correlation between Co and MnO (Fig. 13e) is positive and very significant; this finding highlights its
association with Mn minerals, usually oxyhydroxides (asbolane).
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Fig. 13 — A) Diagram MgO - SiO2 - A1203+Fe203 (UMIA); B) Ni vs UMIA correlation diagram; C) Co vs
UMIA correlation diagram; D) Ni vs MgO correlation diagram; E) Co vs MnO correlation diagram. F) REE
patterns normalized to chondrites (Anders & Grevesse, 1989). BDRK — bedrock; SAPRK — saprock; SAP —
lower saprolite; FSAP — ferruginous saprolite; OSAP — ocher saprolite; PLSZ — plasma zone; DRCR — lateritic

duricrust; TSL — topsoil.



40

The analysis of the spider plot of the REEs (Fig. 13f) shows a gradual increase in contents along
with increased lateritization. The increase in the contents from the bedrock reaches the apex in the
horizons of the oxide domain, especially ferruginous saprolite, ocher saprolite and duriccrust. In
general, the dunitic rock shows a lower initial REE content than the pyroxenitic and gabbroic rocks.
The patterns show steep slopes between the light rare earths, moving to a flattening trend, between
Ho-Lu. There are positive Ce anomalies in the duriccrust and the topsoil, as well as depletions in the
same element in the lower saprolite and the ferruginous saprolite and in the ocher saprolite. On
average, the lateritic horizon that contains the largest REE is the ferruginous saprolite.

4.4 Mass Balance

Based on the methodology described by Brimhall and Dietrich (1987), the values of € and twere
calculated. They showed the volume and mass transport variations in each alteration horizon,
separately for each parent rock.

Fig. 14 shows the gains and losses in the bedrock, determined by mass transport calculation (1)
for each of the lateritic horizons, considering TiO2 as an immobile element. Table 4 shows the values
of ¢ and 7, together with the average values of apparent density, calculated for each horizon. The
apparent density values found for the rocks considered as bedrock are significantly lower than those
reported in the literature. This finding suggests that even in deep samples (e.g., 120m) weathering
processes are influential. Therefore, it should be noted that the samples used for mass balance
calculations reflect conditions more compatible with those of the saprock horizon.

In general, volume losses towards the top are common in the three profiles (dunite,
peridotite/pyroxenite, gabbro), and reflect a gradual increase in the compaction of the altered material.

The diagrams in Figure 14 show that only Ni shows actual enrichment in comparison to the
lithologies of the parent rock. This effect can be easily seen in the dunite diagram (Fig.14a), where
there are Ni enrichments - associated with the lower saprolite - of up to 40%. The ocher saprolite also
shows a peak in Ni but without positive enrichments.

In the pyroxenite-derived profile (Fig. 14b), the ferruginous saprolite shows an increase in Ni
content, but it cannot be considered as positive enrichment. In this profile, from the plasma zone to the
topsoil, AI203 shows enrichment of up to 10%. In the gabbro-derived profile (Fig. 14c), Ni
enrichment of up to 1% occurs in the lower saprolite.
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Fig. 14. Averages of gains and losses in comparison to the BDRK, using TiO, as an immovable element,
determined by mass transport calculation (t) for each of the lateritic horizons. SAPRK — saprock; SAP — lower
saprolite; FSAP — ferruginous saprolite; OSAP — ocher saprolite; PLSZ — plasma zone; DRCR - lateritic

duricrust; TSL — topsoil.

Table 4. Average values of apparent density, volume variation (¢) and mass transport (1), determined for each of
the lateritic horizons of each parent rock. SAPRK — saprock; SAP — lower saprolite; FSAP — ferruginous

saprolite; OSAP — ocher saprolite; PLSZ — plasma zone; DRCR — lateritic duricrust; TSL topsoil.

Parental rock Horizon Density € T
(gm3)
LSL 1.71 -94.44% -92.36%
DRCR 1.56 -94.06% -89.04%
PLSZ 1.48 -94.07% -84.96%
Dunite OSAP 1.32 -76.83% -28.62%
SAPF 1.28 -81.75% -58.23%
SAP 1.75 -44.95% 38.83%

BDRK/SAPRK 2.54 - -

LSL 2.60 -84.47% -82.76%
Pyroxenite

DRCR 1.84 -87.44% -84.64%



PLSZ 1.98 -88.39% -84.34%
SAPF 1.72 -80.24% -21.31%
SAP 1.71 -63.97% -28.90%
BDRK/SAPRK 2.53 - -
LSL 2.14 -74.46% -88.49%
DRCR 1.83 -68.45% -90.05%
Gabbro SAPF 1.78 -31.65% -19.66%
SAP 1.79 -32.84% 0.99%
BDRK/SAPRK 2.09 - -
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Fig. 15 shows the spatialization of the data collected by mass transport calculation, demonstrating
areas where the greatest Ni enrichments are found in the Morro do Engenho deposit. Ni enrichments
are concentrated in the valley region between the two topographic elevations. This aspect is indicative

of possible controls for Ni mineralization in relation to its spatial distribution in the deposit.

RN

DNT

SDT

GBR

SNT

PRD/PRX

T (%)

14.02

? Boreholes/ Ni enrichment

Fig. 15. 3D geological map of the Morro do Engenho deposit with the spatialization of the Ni enrichments in
each drill hole, determined by mass transport calculation (t). DNT - dunite zone; PRD/PRX -

peridotite/pyroxenite zone; GBR — gabbro zone; SNT — syenite-nepheline zone; SDT — sandstone.

4.5 Mineralization

Ni mineralization in the Morro do Engenho deposit mostly occurs in three main horizons: lower

saprolite, ferruginous saprolite and ocher saprolite. In these horizons, Ni occurs in both silica and

oxide phases, while keeping its own characteristics in each of them.
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4.5.1 Ni-bearing silicates

Ni-bearing silicates are found at different levels of the lateritic profile of the Morro do Engenho
deposit. The main accumulations occur in the lower saprolite; however, they are also present in the
horizons dominated by oxyhydroxides, represented by ferruginous saprolite and ocher saprolite. The
main Ni-hosting silicate minerals are serpentine, chlorite and smectite. The Ni-rich serpentine is found
more abundantly in the lower saprolite horizon of the profile derived from the serpentinized dunite and
- to a lesser extent - in the profile derived from the peridotite/pyroxenite zone. In the dunite-derived
profile, Ni is present in the serpentine (Fig. 16) at concentrations of up to 2.14%.

a D b

250 um

Fig. 16. a) Backscattered electron (BSE) photomicrograph of a representative lower saprolite sample in the
dunite profile with overlapping SEM-EDS map for Ni. b, ¢, d) SEM-EDS maps for Fe, Mg and Mn. Sample
CEA068. Spot SEM-EDS analyses indicated by the numbers in the images. Spectra are shown in Fig. 5.
Abbreviations: Chr- chromite; Gth — goethite; Mag — magnetite; Srp I — phase I serpentine; Srp II — phase II
serpentine.

Mineralization associated with chlorite is more common in the gabbro-derived profile. In this
profile, chlorite occurs abundantly in the lower saprolite horizon with Ni contents of up to 3.7%. The
EDS maps (Fig. 17) show the presence of Ni coinciding with Si- and Al-rich zones, associated with
the presence of chlorite.

In the peridotite/pyroxenite-derived profile, chlorite occurs less prominently; however, it is part
of important concentrations, especially in the ferruginous saprolite horizon (Fig. 18). In this horizon,
chlorite shows a composition rich in Mg and poor in Fe, associated with Ni contents of up to 4.8%
(Fig.7b). The EDS maps (Fig. 18) show the presence of Ni replacing chlorite, as evidenced by the high
levels of Mg and Al, to the detriment of Fe. Smectite also makes up a mineralized phase in this
horizon, with Ni contents of up to 3.27% (Fig. 7¢).
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In the ocher saprolite, chlorite is present with the highest levels of Ni, up to 4.65%. It is
associated with other Ni-mineralized phases composed of smectite and Fe and Mn oxyhydroxides. The
EDS maps (Fig. 19) show the concentrations of Ni in silicate minerals, chlorite and smectite, as well
as the composition in Mg, Si and Al, in contrast to the Fe-rich ferruginous matrix.

Fig. 17. a) Backscattered electron (BSE) image of a representative sample of lower saprolite in the gabbro profile
with overlapping SEM-EDS map for Ni. b, c, d, e, f) SEM-EDS maps for Fe, Ti, Si, Al and Co. Sample
CEAO055. Spot SEM-EDS analyses indicated by the numbers in the images. Spectra are shown in Fig. 8.
Abbreviations: Chl — chlorite; Ilm — ilmenite; Sme — smectite.

Smectite-related Ni mineralization occurs essentially in peridotite/pyroxenite- and gabbro-
derived profiles. In addition to occurring with chlorite in the lower saprolite, smectite is intergrown, in
the ferruginous saprolite, with Fe and Mn oxides (Fig. 6h) that contain high levels of Ni (Fig. 18a).
More rarely, biotite occurred with contents of up to 2.4% of Ni in the ferruginous saprolite of the
gabbro-derived profile (Fig. 20). EDS maps show that this mineral also hosts Ti in large amounts (Fig.
20c).
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Fig. 18. a, b) Backscattered electron (BSE) image of a representative ferruginous saprolite sample in the
pyroxenite profile with overlapping SEM-EDS map for Ni. c, d, e, f) SEM-EDS maps for Al, Mg and Fe. Sample
CEAO063. Spot SEM-EDS analyses indicated by the numbers in the spectra images are shown in Figs. 7 and 8.
Abbreviations: Chr — chromite; FeO/OH - Fe oxyhydroxide; Gth — goethite; MnO/OH - Mn oxyhydroxide; Sme
— smectite.
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Fig. 19. a) Backscattered electron (BSE) image of a representative ocher saprolite sample in the dunite profile
with overlapping SEM-EDS map for Ni. b, ¢, d, e, f) SEM-EDS maps for Ni, Mg, Fe, Si and Al. g, h) Spectra of
spot analyses indicated by the numbers in the images. Sample CEA069. Abbreviations: Chl — chlorite; Chr —

chromite; Gth — goethite; Sme — smectite.
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250 um

Fig. 20. a) Backscattered electron (BSE) image of a representative lower saprolite sample of the gabbro profile
with overlapping SEM-EDS map for Ni. b, c, d, e, f) SEM-EDS maps for Ni, Ti, Mg, Fe and Al. Spot SEM-EDS
analyses indicated by the numbers in the images. Spectra are shown in Fig. 9. Sample CEA055. Abbreviations:
Bt — biotite; Qz - quartz.
4.5.2 Ni-bearing oxyhydroxides

Oxyhydroxide-related mineralization occurs mostly in the oxide domain, represented by
ferruginous saprolite and ocher saprolite. However, they are also found in the silicate domain; they are
present in the lower saprolite. Fe and Mn oxyhydroxides are the main components of this type of
mineralization, although chromite-related concentrations also occur.



48

In the lower saprolite of the dunite profile, there are small concentrations of Ni in association
with goethite (Fig. 16a). In the ocher saprolite (Fig. 19), Ni occurs together with goethite or with
ferruginous plasma that composes the regolith matrix.

In the pyroxenitic profile, oxyhydroxides are part of important concentrations of Ni (Fig. 21).
These mineralized zones fill micro fractures and voids in the matrix between grains. In addition to Ni,
Mn oxyhydroxides also contain high levels of Co. In Morro do Engenho, the composition of Mn
oxyhydroxides, as found in the spot SEM-EDS analyses, indicates the dominant presence of asbolane
with small amounts of romanechite. There were Ni contents of up to 14.68% associated with Mn
oxyhydroxides, together with Co contents of up to 5.83%. There were other less important occurrences

together with ilmenite and chromite (Fig. 16a; 17a).
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Fig. 21. a, c¢) Backscattered electron photomicrograph (BSE) of a representative lower saprolite sample in the
pyroxenitic profile with overlapping SEM-EDS map for Ni. ¢, d) SEM-EDS maps for Mn. Sample CEA062.
Spot SEM-EDS analyses indicated by numbers. Spectra are shown in Fig. 8. Abbreviations: Asb — asbolane; Chl
— chlorite; FeO/OH - Fe oxyhydroxide; Mag — magnetite; Sme — smectite; Srp - serpentine.
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5. Discussions

5.1 Geomorphological features, climate and relief

The geomorphological evolution of the Morro do Engenho lateritic Ni deposit plays a
fundamental role in the current configuration of the deposit, as well as its mineralization.

According to Golightly (2010), the region of the Morro do Engenho deposit is part of a scenario
referred to as “Dry to Wet”. In this scenario, high peneplanes that characterize the paleorelief remnants
are commonly generated. This configuration favors enrichment in the lower saprolite zone along with
Co and Mn rich zones.

According to Scherer (2000), from the Permian to the Mesozoic, the central portion of the South
American platform was covered by extensive deposits of acolian sands that formed the Botucatu
desert, under an arid climate scenario. In this context, the advance of active erosive processes during
the South American cycle, in the Paleogene, occurred in parallel to an increase in rainfall volume,
which justifies the classification adopted by Golightly (2010).

As demonstrated by Freyssinet et al. (2005), deposits formed in humid savanna environments,
when subjected to changes caused by tectonic uplift, undergo changes in their water regime, which
directly affects the type of mineralization produced. Under a new phreatic level, Ni is then carried to
the base of the profile, promoting enrichments in the lower saprolite horizon and forming silicate
mineralization.

The change from dry to humid climate certainly caused variations in the water regime of Morro
do Engenho. However, according to Thorne et al. (2012), lateritic Ni deposits develop in regions
where rainfall exceeds 1000 mm/year and average monthly temperatures range from 22 to 31 °C in
summer and 15 to 27 °C in winter. In this context, it can be assumed that the advance of the alteration
front in Morro do Engenho started after the increase in regional precipitation, with a strong influence
of pH variations caused by the infiltration of tropical acid rain water with an average pH of 5. 6
(Myagkiy et al., 2017).

5.2 Ni mineralization phases

The findings in this study show that the Ni mineralization of the Morro do Engenho deposit is not
restricted to just one mineral phase, i.e., it can be present in both silicate and oxide phases.

Among the silicate phases, the concentrations of Ni associated with the serpentine represent the
predominant mineralization in the region of the dunite core. According to Freyssinet et al. (2005), Ni
is accommodated in the serpentine structure through Mg substitution. The correlation graph in Fig.
13d shows a negative correlation between Ni and Mg in the domain with high Mg content up to the
lower saprolite limit; from this point onwards, it shows a positive correlation. This effect demonstrates
the initial presence of Ni in Mg minerals, with low Ni contents and high Mg contents; after Ni is
replaced with Mg in these minerals, there is an increase in Ni contents and a decrease in Mg contents.
The positive correlation between Ni and Mg is found to occur in the domain with low Mg contents,
together with the horizons of the oxide domain of the lateritic profile, represented by Fe (Mn)
oxyhydroxides.

The presence of Ni-rich serpentine suggests the formation of (1:1) garnierite, forming
hydrosilicate minerals through the lizardite — nepouite series (Brindley and Hang, 1973; Brindley and
Maksimovic, 1974; Wells et al., 2009; Gali et al., 2012; Villanova-de-Benavent et al., 2014;
Cathelineau et al.,, 2017). This type of mineralization typically occurs in tectonically active
environments, where concentrations are controlled by fractures, faults, or shear zones. However, in the
Morro do Engenho deposit, there is no evidence of important structures that could accommodate
garnierite mineralization. Golightly (1981) demonstrates that fully serpentinized rocks are less
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susceptible to weathering and fracturing and, thus, do not favor garnierite accumulation. Given the
high degree of serpentinization of the dunite in Morro do Engenho, it can be assumed that this
characteristic represents a determining factor for the low level of garnieritic mineralization found in
this study. A similar situation was described by Machado et al. (2021) in the Santa Fé deposit. The
authors suggested that the scarcity of faults or deep structures in the parent rock would be the main
reason for the absence of substantial garnierite mineralization, concentrated in fracture zones or fault
planes.

The mineralized silicate phases present in the peridotite/pyroxenite and gabbro zones are
represented by chlorite and smectite, which make up clay minerals (Butt & Cluzel, 2013). According
to Oliveira and Melfi (1979), the generation of smectite is favored by the greater presence of pyroxene
in the parent rocks. For Colin et al. (1990), the composition of smectites is affected by groundwater
movement through the regolith, which in turn is controlled by the degree of fracturing.

Table 1 shows that the gabbro parent rock is richer in Al,O; than other lithologies of the zoned
body. The lithogeochemical profile shows that the Al,O; content is continuously increased towards the
top of the profile. It can be assumed that the supergene alteration of the primary minerals of the gabbro
parent rock provided enough Al,O; to generate large amounts of smectite and chlorite in this profile.
In addition, one should also consider the presence of primary chlorite, which could have been
reworked in the regolith. The occurrence of chlorite containing high levels of Ni also in the
ferruginous saprolite and ocher saprolite coincides with increases in levels in the pyroxenite and dunite
profiles.

The oxide mineralized phases are concentrated in Fe and Mn oxyhydroxides, especially asbolane
and goethite. This type of mineralization is mostly present in the ferruginous saprolite and ocher
saprolite, and may also occur in the lower saprolite when cracks are filled. As suggested by Golightly
(2010) in the Santa Fé deposit, mineralization in the limonite domain of Morro do Engenho can be
associated with vertical fluctuations in the water table that are influenced by a similar type of climate
to the current one, i.e., there is a wet season and a dry season.

Myagkiy et al. (2017) demonstrated that type of mineralization (silicate or oxide) is influenced by
the alteration front in the lateritic profile over time and on the basis of rainfall. As rainwater with
acidic pH infiltrates the profile, the boundary between the oxide and silicate domains migrates
downwards vertically. The advance of the more acidic pH front causes goethite precipitation, favoring
the oxide mineralization; also, it affects the precipitation/dissolution of newly-formed silicates and
regulates the transport of elements in the lateritic profile.

Weathering of olivine and serpentine leads to the formation of goethite and silico-ferruginous
plasma residues in the oxide horizons. The association between Ni and goethite was summarized by
Myagkiy et al. (2017), who described three possibilities for this type of mineralization, namely
through isomorphic replacement of Fe with Ni in the mineral structure, association of Ni with poorly
crystallized phases or adsorption of Ni to the surface of goethite.

It is noteworthy that the transformation of goethite into hematite promotes the release by
dehydration of Ni present in goethite. According to (Nahon & Tardy, 1992; Machado et al., 2021), the
limited ability of hematite to retain Ni allows the metal to be carried through solutions to the base of
the profile, further enriching the lower saprolite.

Mineralogical associations with oxyhydroxides and Mn have been widely discussed by Ostwald,
(1984) and Putzolu et al. (2018) in their studies of laterite deposits from Australia. According to the
authors, Ni, as well as Co, can replace Al in the lithiophorite structure. This replacement, when
complete, causes the transformation of lithophorite into asbolane. Putzolu et al., (2021) described the
presence of three mineral species of Mn oxyhydroxides in the Santa Fé deposit, with asbolane being
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the most Ni-rich variety. In the Morro do Engenho deposit, there is a dominant presence of asbolane
with very small amounts of romanechite.

5.3 Hydrodynamic and Mechanical Transport Factors

The per descensum lateritic model of fluid circulation is commonly used in an attempt to explain
the geometry and distribution of mineralization of Ni laterite deposits (Trescases, 1975; Cathelineau et
al., 2016; Quesnel et al., 2017). In this model, Mg, Si and Ni, among other mobile elements, are
transported vertically and concentrated in deep zones of the saprolite.

Myagkiy et al. (2019) demonstrated, through simulations in 2-D models, the role of
hydrodynamic factors in the remobilization of Ni. In contrast to the per descensum model, the tested
model shows the concentration of Ni in topographically low regions. According to the authors, the
remobilization of Ni is particularly due to the dissolution of Ni-bearing secondary silicates in saprolite
and the dissolution of olivines partially preserved in the saprock/bedrock. pH plays a fundamental role
in the dissolution and precipitation of silicates, and their migration is shaped by topography. The
remobilization of Ni through the dissolution of goethite, present in lateritic covers, plays an
insignificant role in the nickel reconcentration process.

The concentration of the highest Ni enrichments in a topographically depressed zone, as seen in
the map in Figure 22, demonstrates that the processes that form the Morro do Engenho deposit are
compatible with the model for Ni remobilization through hydrodynamic factors. The geomorphology
of the deposit suggests two major lateral flow directions, one in the SE direction and one in the SW
direction, which would have converged to the lowest zone between the two elevations (Fig. 22a). The
dissolution/precipitation of Ni-bearing silicates in the bedrock/saprock/lower saprolite of the
serpentinized dunite could then have caused the remobilization of Ni, through the migration of the pH
towards the topography, favoring the enrichment of the lower saprolite in the flat areca between the
elevations and producing concentrations of up to 3.0% Ni.

The geometry of the Morro do Engenho deposit shows that lateral redistribution through
hydrodynamic factors could also explain the mineralization of areas peripheral to the dunite core,
composed of pyroxenite- and gabbro-derived lateritic profiles (Fig. 22b). Regional groundwater flow
direction, strongly influenced by topography, would be an important factor in the remobilization of Ni
dissolved in the saprolite horizons of the dunite zone, for precipitation in the lower saprolite of the
peripheral region of Ni-enriched silicates, which are mostly composed of chlorite and smectite.

Several studies (Trescases, 1975; Cathelineau et al., 2016) have reported that Ni-mineralized
areas are not always spatially associated with the main Ni source rock. Colin et al. (1990) proposed
that in the Jacuba deposit, in Niquelandia, the action of groundwater would have transported Ni in
solution from dunite, positioned at higher levels, to pyroxenite located topographically below, thus
producing mineralization in the lateritic profile developed on this lithology. A similar process was
described by Machado et al. (2021) in the Santa Fe deposit. According to the authors, lateral migration
of Ni from a dunite source promoted enrichments in peripheral pyroxenites, in which smectite and
serpentine are the main Ni-bearing minerals. In the Vermelho deposit, in Carajas, unlike what happens
in Niquelandia, Silva & Oliveira (1995) suggested that migration of enriched solutions would have
occurred only vertically and, for this reason, pyroxenite would not have been mineralized, remaining
sterile.

Additionally, Quesnel et al. (2017) proposed that the mechanical transport of lateritic materials in
slope zones can also produce local enrichments in the saprolite zone. This possibility is supported by
whole-rock chemical data (Tables 1, 2, 3), which show evidence of mechanical transport, particularly
in samples from higher horizons. In these samples, anomalous values in TiO, and Al,O;, suggest some
contribution of allochthonous lateritic materials. Thus, it is likely that the mechanical transport of
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lateritic materials also played a role in the mineralization of gabbro- and pyroxenite-derived profiles,
favoring the concentration of Ni in the alteration products of these rocks.
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Fig. 22. a) Probable flow directions of the Ni-enriched solutions, responsible for the concentration of the metal in
the depressed zone between the two topographic elevations, where the greatest Ni enrichments are present.
Abbreviations: DNT — Dunite zone; PRD/PRX - peridotite/pyroxenite zone; GBR — gabbro zone; SNT - syenite-
nepheline zone; SDT — sandstone. B) Cross-section A-A' schematically showing the lateral Ni remobilization
flows and probable directions of mechanical transport of lateritic materials. The dissolution/precipitation of Ni-
bearing silicates in the bedrock/saprock/lower saprolite zone of the serpentinized dunite is interpreted as being
responsible for the remobilization of Ni, through the migration of the pH towards the topography, favoring the
enrichment of lower saprolite in the flat area between the elevations, as well as in the peripheral zones,
composed of gabbro- and pyroxenite-derived profiles.

5.4 Deposit classification

The classification of lateritic Ni deposits is based on the mineralogy bearing the dominant
mineralization (Brand et al., 1998; Gleeson et al., 2003; Golyghtly, 2010; Butt & Cluzel, 2013;



53

Freyssinet et al., 2005). According to Butt & Cluzel (2013), this definition has important implications
for the economic use of the deposit, especially in terms of the type of ore processing to be adopted.
However, Ni laterite deposits rarely show only one type of mineralization; therefore, knowledge of the
mineralogy and chemistry of the mineralized phases is required to determine the best ore processing
routes (Putzolu et al., 2020).

Morro do Engenho has been historically classified as a silicate deposit (Chaban et al., 1975).
However, the results of this study show that mineralization is also present in oxide phases, which
encourages a broader analysis of the mineralization characteristics of Morro do Engenho.

There is a similar scenario in the Santa F¢é deposit, where Machado et al. (2021) reported the
difficulty in classifying the deposit into one of the three conventional types existing in the literature. In
this case, the authors considered the presence of nickel-bearing chlorites in association with Fe
oxyhydroxides as a fundamental factor, which allowed classifying the deposit as an oxide type. Such
characteristics are also found in Morro do Engenho, particularly with regard to the presence of chlorite
with high levels of Ni in the oxide domain. However, in terms of thickness, the silicate horizon,
represented by lower saprolite, is significantly thicker than oxide horizons, which generally reflects a
higher volume of silicate ore compared to the oxide ore. This aspect is extremely relevant from the
point of view of using the ore from Morro do Engenho and broadens the understanding of the
dominant mineralization. Thus, the data analyzed in this study favor the classification of the Morro do
Engenho as a predominantly silicate deposit with relevant occurrence of oxide mineralization.

6. Conclusions

e Lateritic Ni mineralization in the Morro do Engenho deposit is present in the alteration profiles
derived from the dunite core and peripheral rocks formed by peridotites, pyroxenites and
gabbros.

e Mass balance shows that Ni presents enrichments in relation to the parent rock, especially in the
lower saprolite of the dunite-derived profile, where it reaches up to 40% and in the lower
saprolite of the gabbro profile, with values of up to 1%.

e The correlation diagrams show that Ni levels are positively correlated with UMIA, that is, with
increasing degree of lateritization, except for DRCR, where Ni levels are reduced. Ni is
positively correlated with Mg in the domain of its low levels, while it has a negative correlation
at the high levels of MgO.

e Cobalt shows a strong positive correlation with UMIA, indicating an increase in contents as
lateritization progresses. The highest values of Co are present in the oxide domain, especially in
the ocher saprolite, plasma zone and duricrust. The correlation between Co and MnO is positive
and very significant, which highlights its connection with Mn minerals, usually oxyhydroxides
(asbolane).

e The REE contents show a gradual increase together with an increase in the degree of
lateritization. The increase in the contents from the bedrock reaches the apex in the horizons of
the oxide domain, especially ferruginous saprolite, ocher saprolite and duricrust. In general, the
dunitic rock shows a lower initial REE content than the pyroxenitic and gabbroic rocks. On
average, the lateritic horizon that contains the largest levels of REE is the ferruginous saprolite.

e The main silicate minerals that host Ni are serpentine, chlorite and smectite. The Ni-rich
serpentine is found more abundantly in the lower saprolite horizon of the profile derived from
the serpentinized dunite and - to a lesser extent - in the profile derived from the
peridotite/pyroxenite zone. Mineralization associated with chlorite is more common in the
gabbro-derived profile, where it occurs abundantly in the lower saprolite with contents up to
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3.7% Ni. In the peridotite/pyroxenite-derived profile, chlorite is responsible for important
concentrations, especially in the ferruginous saprolite horizon, exhibiting Ni contents of up to
4.8%. Smectite also composes a mineralized phase in this horizon with contents of up to 3.27%
of Ni. In the ocher saprolite horizon, chlorite associated with smectite and Fe and Mn
oxyhydroxides has Ni contents of up to 4.65%.

e Oxyhydroxide mineralization occurs preferably in the oxide domain, represented by ferruginous
saprolite and ocher saprolite. However, oxyhydroxides are also found in the silicate domain,
with the presence of Mn oxyhydroxides (Fe) that fill micro fractures and matrix voids. Goethite,
asbolane and, secondarily, romanechite are the main Ni minerals of this type of mineralization.

e The change from dry to humid climate caused variations in the water regime of Morro do
Engenho; however, it can be assumed that the advance of the alteration front in Morro do
Engenho started after an increase in regional rainfall rates, with a strong influence of variations
in pH caused by the infiltration of acidic tropical rainwater with acidic pH.

e The concentration of the highest Ni enrichments in a topographically depressed zone
demonstrates that the processes that form the Morro do Engenho deposit are compatible with the
model for remobilization ofNi through hydrodynamic factors. The geomorphological features of
the deposit suggest two main lateral flow directions: one in the SE direction and one in the SW
direction, which would have converged to the lowest zone between the two topographic
elevations.

e The geometric characterization of the Morro do Engenho deposit shows that lateral
redistribution through hydrodynamic factors could also account for the mineralization of areas
peripheral to the dunite core, composed of lateritic pyroxenite- and gabbro-derived profiles.
Regional groundwater flow direction, strongly influenced by topography, would be an important
factor in the remobilization of Ni dissolved in the saprolite horizons of the dunite zone, for
precipitation in the lower saprolite of the peripheral region of Ni-enriched silicates, which are
mostly composed of chlorite and smectite.

o It is likely that the mechanical transport of lateritic materials also played a role in the
mineralization of the profiles derived from gabbro and pyroxenite, favoring the concentration of
Ni in the alteration products of these rocks.

e The data analyzed in this study favor the classification of Morro do Engenho as a predominantly
silicate deposit with an important presence of oxide-type mineralization.
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CAPITULO 3
CONCLUSOES

Dentre os principais apontamentos que este estudo forneceu, pode-se destacar alguns topicos
principais que caracterizam as principais conclusdes obtidas diante dos resultados apresentados.

e A mineralizagdo de Ni lateritico do depdsito de Morro do Engenho esta presente nos perfis de
alterac@o derivados do nucleo dunitico e rochas periféricas formadas por peridotitos, piroxenitos
e gabros.

¢ O balanco de massa mostra que o Ni apresenta enriquecimentos em relagdo a rocha parental,
principalmente no saprolito inferior do perfil derivado do dunito, aonde chega até 40% e no
saprolito inferior do perfil gabroico, com valores de até 1%.

e Os diagramas de correlacdo mostram que os teores de Ni se correlacionam positivamente com
UMIA, ou seja, com o0 aumento do grau da lateritizacdo, com excecdo na DRCR, onde os teores
de Ni sao reduzidos. Ni correlaciona-se positivamente com Mg no dominio de seus baixos
teores, enquanto apresenta correlacdo negativa nos altos teores de MgO.

e Cobalto mostra forte correlagdo positiva com UMIA, indicando o aumento dos teores a medida
com que a lateritizagdo avanca. Os valores mais elevados de Co estdo presentes no dominio
oxido, principalmente no saprolito ocre, zona plasmatica e duricrosta. A correlagdo entre Co e
MnO ¢ positiva e muito significativa, ressaltando a sua ligagdo com os minerais de Mn, em
geral oxi-hidroxidos (asbolana).

e Os teores de REE exibem um aumento gradual juntamente com o aumento do grau de
lateritizagdo. O avango dos teores desde o bedrock atinge o apice nos horizontes do dominio
oxido, principalmente saproélito ferruginoso, saprolito ocre e duricrosta. De modo geral, a rocha
dunitica mostra-se com conteudo inicial de REE menor que as rochas piroxenitica e gabroica.
Em média, o horizonte lateritico que contém os maiores de REE ¢ o saprdlito ferruginoso.

e Os principais minerais silicaticos que hospedam o Ni s@o serpentina, clorita e esmectita. A
serpentina rica em Ni € observada com maior abundéancia no horizonte do saprolito inferior do
perfil derivado do dunito serpentinizado e em menor expressdo no perfil derivado da zona
peridotito/piroxenitica. A mineralizagdo associada a clorita ¢ mais comum no perfil derivado de
gabro, onde ocorre em abundancia no saproélito inferior com teores de até 3,7% de Ni. No perfil
derivado de peridotito/piroxenito, a clorita forma concentragdes importantes, principalmente no
horizonte de saprolito ferruginoso, exibindo teores de Ni de até 4,8%. Esmectita também
compde fase mineralizada neste horizonte com teores de até 3,27% de Ni. No saprolito ocre,
clorita associada com esmectita ¢ oxi-hidroxidos de Fe e Mn apresenta teores de Ni de até
4,65%.

e A mineralizacdo relacionada a oxi-hidroxidos ocorre, preferencialmente, no dominio 6xido,
representado pelo saprolito ferruginoso e saprolito ocre. Contudo, também estdo presentes no
dominio silicatico, com presenga de oxi-hidroxidos de Mn (Fe) no preenchimentos de micro
fraturas e intersticios da matriz. Goethita, asbolana e, secundariamente, romanechita sdo os
principais minerais de Ni deste tipo de mineralizagdo

e A passagem do clima seco para imido provocou variagdes no regime hidrico de Morro do
Engenho, entretanto, é possivel supor que o avanco do front de alteragdo em Morro do Engenho
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tenha sido iniciado a partir do aumento da precipitacdo regional, com forte influéncia das
variagdes de pH ocasionadas pela infiltracdo de aguas de chuva tropical acida com pH acido.

A concentragdo dos maiores enriquecimentos em Ni em uma zona deprimida topograficamente
demonstra que os processos formadores do deposito Morro do Engenho sdo compativeis com o
modelo de remobilizagdo de Ni através de fatores hidrodindmicos. A geomorfologia do deposito
permite sugerir duas dire¢des principais de fluxo lateral, uma no sentido SE e outra no sentido
SW, que teriam convergido para a zona mais baixa entre as duas elevacdes topograficas.

A geometria do depdsito Morro do Engenho mostra que a redistribuicdo lateral através dos
fatores hidrodindmicos poderia também explicar a mineraliza¢do de areas periféricas ao nucleo
dunitico, compostas por perfis lateriticos derivados de piroxenito e gabro. A direcdo do fluxo
regional de aguas subterraneas, influenciada fortemente pela topografia, seria um fator
importante na remobilizagdo do Ni dissolvido nos horizontes saproliticos da zona dunitica, para
a precipitacdo no saprolito inferior da regido periférica de silicatos enriquecidos em Ni,
compostos principalmente por clorita e esmectita.

E provavel que o transporte mecanico de materiais lateriticos também tenha exercido algum
papel na mineralizacdo dos perfis derivados de gabro e piroxenito, favorecendo a concentragdo
de Ni nos produtos de alteragdo destas rochas.

Os dados analisados neste estudo favorecem a classificagcdo do deposito de Morro do Engenho
como do tipo dominantemente silicatico com participa¢do importante de mineralizagao do tipo
oxido.
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