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Abstract

Trace element concentrations in magnetite are dictated by the petrogenetic environment and by the physico-chemical condi-
tions during magmatic, hydrothermal, or sedimentary processes. This makes magnetite chemistry a useful tool in the explora-
tion of ore-forming processes. We describe magnetite compositions from Ni-Cu-(PGE)-sulfide mineralized rocks from seven
mafic—ultramafic intrusions peripheral to the Mesoproterozoic AMCG (anorthosite-mangerite-charnockite-granite) suite of
the Kunene Complex of Angola and Namibia to investigate metallogenic processes through the geochemical characteriza-
tion of Fe-oxides, which were analyzed in-situ via Electron Probe Microanalysis (EPMA), and Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS). We identified magmatic magnetite, segregated from both a silicate
liquid and an immiscible sulfide liquid. Elements like Cr, Co and V suggest that the sulfide-related magnetite segregated
from a relatively primitive Fe-rich monosulfide solid solution (MSS). Secondary Cr-rich magnetite appears in intrusions
with abundant chromite or Cr-spinel. Two types of hydrothermal magnetite were identified, related to the pervasive replace-
ment of sulfides and a late-stage, low-T fluid circulation event. Magnetite replacing sulfides is associated with serpentinized
ultramafic rocks and is preferentially observed in the intrusions with the highest base and precious metal tenors. The high
concentration of Ni, Co, Cu, Pd, As and Sb in these grains is corroborated by the identification of micron-size PGE mineral
inclusions. We infer that serpentinization during hydrothermal fluid circulation was accompanied by desulphurization of
sulfides with metal remobilization and reconcentration to generate magnetite carrying Pd microinclusions. We suggest that
the highly serpentinized ultramafic rocks in the Kunene Complex region may become a possible target for economic Ni-
Cu-(PGE) mineralization.
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in the crystallization of primary magnetite, both in the early-
stage Fe-rich monosulfide solid solution (MSS) and in the
later, lower temperature, Cu-rich intermediate solid solution
(ISS) (e.g., Dare et al. 2012). Primary magmatic magnetite
can therefore form both via fractional crystallization of a
silicate magma and a sulfide liquid (e.g., Duran et al. 2020).
Furthermore, post-magmatic hydrothermal oxidation pro-
cesses can affect the primary sulfide mineralization, and pre-
cipitate secondary, low-temperature magnetite (e.g., Evans
2008; Konnunaho et al. 2013; Nadoll et al. 2014; Yang et al.
2018; Beinlich et al. 2020).

Magnetite is one of the most abundant oxide minerals
in the continental crust, easily preserved due to its resist-
ance to weathering and erosion. It commonly contains trace
elements that will partition differently according to param-
eters like temperature, oxygen fugacity, and magma/fluid
composition (Dupuis and Beaudoin 2011; Dare et al. 2012).
The properties of magnetite make this mineral a success-
ful indicator in early-stage metal exploration, capable to
constrain petrogenetic environments (Dupuis and Beaudoin
2011; Nadoll et al. 2014; Boutroy et al. 2014; Dare et al.
2014; Liu et al. 2015; Zhao and Zhou 2015; Duran et al.
2016a; Ward et al. 2018; Jiao et al. 2019; Moilanen et al.
2020), deposit types (Dupuis and Beaudoin 2011), and to
discriminate between mineralized and barren rocks (Pisiak
et al. 2017; Ward et al. 2018).

In this paper, we present results of magnetite geochem-
istry associated with mafic—ultramafic intrusions peripheral
to the Mesoproterozoic Kunene AMCG (anorthosite-man-
gerite-charnockite-granite) Complex (KC) of Angola and
Namibia. The KC, dated between 1.50 and 1.35 Ga, has
an exposure exceeding 20,000 km?, and is one of the larg-
est known AMCG suites on Earth (Bybee et al. 2019, and
references therein; Milani et al. 2022). On its western and
southern margins, the KC is flanked by a series of relatively
small (~ 10 km?) mafic—ultramafic intrusions, which may be
genetically related to the KC, and where previous explora-
tion revealed the occasional presence of Ni-Cu-(PGE) min-
eralization (e.g., Maier et al. 2013).

The focus of this paper is not on the economic poten-
tial of individual intrusions, which would require a study
of oxides of all the lithologies of each intrusion, but on the
recognition of metallogenic processes through textural and
geochemical characterization of Fe-oxides. Thin sections
from seven mafic—ultramafic intrusions located near the KC
were observed, and different magnetite types were identified
according to size, shape, texture and mineral associations.
Magnetite was analyzed via electron probe microanalysis
(EPMA), and Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS).

We distinguish magmatic and hydrothermal magnetite
according to texture, phase relations and geochemistry. Pri-
mary magmatic magnetite is associated with silicate and
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sulfide liquids, with degree of sulfide liquid fractionation
indicated by the oxide chemistry of primary magnetite. Sec-
ondary hydrothermal magnetite fingerprints post-crystalliza-
tion processes, suggesting metal enrichment at a later stage.
These findings have implications for the economic potential
of mafic—ultramafic intrusions at the margins of the KC.

Geological setting
The Kunene Complex

The Mesoproterozoic Kunene AMCG Complex (KC) of
southern Angola and northern Namibia (Fig. 1) is hosted by
Paleoproterozoic basement rocks along the south-western
part of the Angolan Shield of the Congo Craton of Cen-
tral Africa (Jelsma et al. 2018). These supracrustal rocks
have been recently divided, from north to south, in Central
Eburnean Zone, Namibe Zone and Epupa Metamorphic
Complex (Ferreira et al. 2024).

In Angola, the KC intruded a volcano-sedimentary
sequence (de Carvalho and Alves 1993), and the Paleo-
proterozoic granitoids of the Regional Granite, dated at
2050-1780 Ma (Pereira et al. 2011; McCourt et al. 2013;
Lehmann et al. 2020; Milani et al. 2022). The Regional
Granite is unconformably overlain by the sedimentary suc-
cession of the Chela Group, forming the Humpata Plateau
(Fig. 1), and dated at 1800-1500 Ma (Ernst et al. 2013;
McCourt et al. 2013). The eastern margin of the KC in
Angola is covered by Kalahari Group sediments, and recent
gravimetric modelling attests to a possible AMCG extension
of up to 42,500 km? (Rey-Moral et al. 2022).

The 1860-1730 Ma migmatites and orthogneisses of
the Epupa Metamorphic Complex (Driippel et al. 2007;
Kroner et al. 2010, 2015) are the host rocks to the KC
in northern Namibia, and were affected by pre-, syn-,
and post-Kunene metamorphism (Seth et al. 2003, 2005;
Brandt et al. 2021) (Fig. 1).

The KC mainly consists of large bodies of anorthosite
sensu stricto, leucotroctolite, leuconorite and leucogab-
bronorite (Ashwal and Twist 1994; Driippel et al. 2007;
Bybee et al. 2019). In northern Namibia, the complex
forms a broadly E-W-trending antiform known as the Zebra
Lobe, composed of layers of olivine-bearing and pyroxene-
bearing anorthositic rocks (Maier et al. 2013). The MCG
component of the KC is mainly represented by the Red
Granite Suite, an A-type granitoid consisting of granite
porphyry, and minor mangerite, charnockite, granodior-
ite, syenite, and monzonite, in magmatic contact with the
anorthosite suite (Milani et al. 2022).

Recent ID-TIMS U-Pb zircon and baddeleyite dates for
the KC anorthosite suite in Angola are bracketed between
1440 and 1375 Ma, but evolved pegmatoidal mineralized
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Fig.1 The locations of the seven studied mineralized intrusions
peripheral to the Kunene AMCG Complex in southern Angola and
northern Namibia. The Oheuwa and Oncécua boundaries are inferred

(purple dashed lines). The labels of the 14 thin sections object of
the study are also reported. The inset shows the total extent of the
exposed KC (after Ferreira et al. 2024)
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pods in anorthosite yield an older age at ca. 1500 Ma (Bybee
et al. 2019, and unpublished data). The age of the Red Gran-
ite Suite has been constrained between 1450 and 1360 Ma
(Lehmann et al. 2020; Milani et al. 2022). In Namibia, there
are few constraints on the age of the anorthosite suite, with
only one U-Pb baddeleyite date of 1363 + 17 Ma for the
olivine-bearing anorthosite (Maier et al. 2013). The overall
ages for the KC attest to a prolonged timescale of emplace-
ment, possibly exceeding 140 Myr (Bybee et al. 2019;
Milani et al. 2022).

The magmatism of the KC has been associated with a
period of extensional tectonics during the breakup of the
Columbia supercontinent (Mayer et al. 2004; Evans 2013).
The timing of KC magmatism is similar to the ‘Kibaran’
magmatic event, 2100 km to the northeast (Tack et al. 2010)
and has led to the suggestion that they are both related to
a single Large Igneous Province (LIP) along the margins
of the Congo Craton, with magmatism peaking at 1.38 Ga
(Ernst et al. 2013; Mikitie et al. 2014; Blanchard et al.
2017). However, magmatic and ductile deformational
structures were observed by Lehmann et al. (2020) in KC
anorthosite rocks, Red Granite and their basement rocks
along the southwestern margin of the KC in Angola, with
evidence of E-W contraction between 1400 and 1380 Ma.
Together with other petrological, geochemical and geochro-
nological evidence (Brower 2017; Bybee et al. 2019; Milani
et al. 2022; Ferreira et al. 2024), a convergent continental
margin during regional shortening is our preferred tectonic
setting for the KC.

Mafic/ultramafic intrusions

Several small (< 10 km?) mafic—ultramafic intrusions have
been documented along the western and southern mar-
gins of the KC in Namibia and Angola, all located within
40 km of the anorthosite suite (Fig. 1; Simpson et al. 1970;
Maier et al. 2008, 2013). They have been inferred to rep-
resent satellite bodies to the KC (Simpson et al. 1970).
However, the age and genetic relations between these
intrusions and the KC are still poorly constrained. Some
of the intrusions are lithologically complex, ranging from
dunite to harzburgite, troctolite, pyroxenite, gabbro, and
anorthosite, whereas others are made up predominantly of
a single lithology (Maier et al. 2008).

Preliminary exploration revealing copper and nickel
mineralization was conducted in the 1970s on some of
the peripheral mafic—ultramafic intrusions in Angola and
in Namibia. The economic potential of mafic—ultramafic
intrusions in association with Proterozoic massif-type
anorthosites was boosted after the discovery in 1993 of the
Voisey’s Bay Ni-Cu-Co sulfide deposit in the Nain Plutonic
Suite, Canada (Ryan et al. 1995; Naldrett 1997; Li and
Naldrett 1999; Kerr and Smith 1997; Ryan 2000; Scoates
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and Mitchell 2000). Investigations and drilling in Namibia
and Angola identified approximately 50 mafic—ultramafic
peripheral intrusions (Maier et al. 2013, and references
therein). At the moment, active exploration is ongoing both
to the west and to the east of the KC, the latter covered by
Kalahari sands.

This work is focused on the intrusions of Ohamaremba,
Oheuwa, Ombuku North, Ombuku South, Ongoro and
Onyokohe in Namibia, and Oncdcua in Angola (Fig. 1).
These intrusions commonly host Ni-Cu sulfides (chalcopy-
rite and pentlandite associated with predominant pyrrhotite).
By combining petrography with high-resolution elemental
analysis on Fe-oxides (magnetite and Cr-rich magnetite), we
aim to constrain the degree of sulfide liquid fractionation
and to identify petrogenetic indicators and vectors to Ni-Cu-
PGE mineralization.

Lithostratigraphy of the studied intrusions
Ohamaremba

The Ohamaremba intrusion crops out as an elongated
ESE-WNW body approximately 1-2 km south of the Zebra
Lobe (Fig. 1) and is hosted by the migmatites of the Epupa
Metamorphic Complex. It extends for about 10 km along
strike, with a width not exceeding 400 m and an estimated
thickness of at least 750 m (Maier et al. 2013). The litholo-
gies are mainly troctolite with minor olivine gabbronorite
and anorthosite (Maier et al. 2013). The contact with the
host rocks is inferred to be tectonic, following a system of
reverse and strike-slip faults broadly oriented WNW-ESE
(Hornsey et al. 2009; Maier et al. 2013).

Ombuku North and Ombuku South

Ombuku North crops out as an elongated NNE-SSW body
at the western margin of the Zebra Lobe, with a strike length
of 1600 m, width of 550 m, and a thickness of 350—400 m
(Fig. 1, Hornsey et al. 2009). To the east, Ombuku North is
flanked by Kunene anorthosite and leucotroctolite. Migma-
titic amphibolitic gneiss of the Epupa Metamorphic Com-
plex crops out at the western side of Ombuku North (Maier
et al. 2013). Ultramafic rocks are prevalent at Ombuku North
as altered dunite (serpentinite), harzburgite and pyroxenite,
with minor norite and websterite. Both olivine and pyroxene
are commonly replaced by either serpentine (plus magnetite)
or actinolite-anthophyllite-talc-chlorite aggregates.
Ombuku South is an elongated NE-SW body with a strike
length of 6-8 km, a width of ~3.5 km, and a thickness of at
least 600 m. Gravity measurements suggest it is connected
to Ombuku North (Selfe 2009). To the southwest, Ombuku
South is dominated by dunite and olivine harzburgite, with
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minor orthopyroxenite and numerous lenses of banded chro-
mitite that can be up to 2 m in thickness. The eastern side
of the intrusion is more composite and mafic in composi-
tion, with gabbro, mottled anorthosite and troctolite (Maier
et al. 2013). The host rocks are mainly banded amphibolite
and amphibolite gneiss of the Epupa Metamorphic Complex
(Maier et al. 2013), whereas to the southwest the intrusion
is overlain by the Neoproterozoic metasedimentary rocks of
the Nosib Group of the Damara Supergroup.

Onyokohe

The intrusion crops out as an elongated NE-SW body
approximately 5 km north of Ombuku North (Fig. 1), with
a strike length of ~6 km, a width of ~ 1 km, and a thickness
of ~400 m. The contacts with the host rock are not exposed,
but the intrusion boundaries are characterized by the pres-
ence of intense faulting and common cataclasite zones, and a
system of crosscutting NE-SW- and NW-SE-striking faults.
The predominant lithologies are norite, troctolite, harzbur-
gite, olivine gabbronorite, and minor pyroxenite.

Oheuwa

Oheuwa represents an E-W-trending body approximately
20 km north-west of the Zebra Lobe. It has an estimated
length of 5 km, a width of ~ 1 km, and a thickness of at least
400 m (Fig. 1). The intrusion comprises olivine pyroxenite,
anorthosite, troctolite and dunite, with minor harzburgite
and norite. According to unpublished mapping and reports,
the intrusion is hosted mainly by Kunene anorthositic rocks,
whereas, to the south, drill cores show that the host rocks are
orthogneiss of the Epupa Metamorphic Complex.

Ongoro

The Ongoro intrusion follows a fault system and crops out
as an elongated NW-SE-trending body on the northwestern
margin of the Zebra Lobe. The body is surrounded by KC
anorthosite and has a length of ~4 km, a width of ~ 1 km,
and a thickness of less than 100 m (Fig. 1). At the surface,
the lithologies are represented by olivine norite and troc-
tolite to leucotroctolite. At depth, pyroxenite, anorthosite
and norite rocks become predominant and are commonly
mylonitized, with the development of intense chlorite and
epidote alteration.

Oncécua

The intrusion is located in Angola on the western margin
of the KC, approximately 45 km north of the Zebra Lobe
(Fig. 1), at the contact between Paleoproterozoic schists and
granitoids and the KC anorthosite suite. The intrusion is

poorly exposed and was detected mainly through soil geo-
chemistry and electromagnetic geophysics, which revealed
a 7.5 km-long NW-SE-striking anomaly, with a thickness
of 200 m. Drilling indicates that the Oncécua intrusion is
predominantly made up of medium- to coarse-grained apa-
tite-orthopyroxenite, with up to 30% apatite, commonly as
macrocrysts. Phlogopite is also common. Minor anorthosite
and norite have also been intersected (Maier et al. 2013).

Sampling and analytical techniques

The seven mafic—ultramafic intrusions are representative
of Ni-Cu mineralized intrusions along the exposed margins
of the KC. Rock samples were selected from mineralized
intervals in the 65 available boreholes drilled in the period
1999-2014 and from surface samples collected between
2015 and 2021. Fourteen polished thin sections representa-
tive of the different associations and textures of magnetite
(+ilmenite) were examined through microscopy and scan-
ning electron microscopy (SEM). Back-scattered electron
(BSE) images and semi-quantitative analyses of the miner-
als are in Table 1. Details on the instrumental settings are
in ESM 1. The full dataset of EPMA analyses is in ESM2.
The measures used to monitor the quality of the data are in
ESM 3, and a complete dataset of LA-ICP-MS analyses is
in ESM 4.

Results
Petrography

Ohamaremba. Troctolite samples KSAT310-125 and
KSAT280-152 (Fig. 2a, b) are characterized by an uneven
distribution of cumulus olivine aggregates and tabular
plagioclase, with olivine progressively altered to serpen-
tine, which occurs in dark-brown oxide-rich microveinlets
cross-cutting the olivine grains. Plagioclase is labradorite-
bytownite in composition (based on the extinction angle of
twin lamellae), and rare clinopyroxene oikocrysts have been
observed. Sulfides, mainly disseminated, occur as anhedral
associations with oxides, with dominant pyrrhotite and
minor pentlandite and chalcopyrite (Fig. 3a, b, d, e). A sec-
ondary generation of sulfides includes chalcopyrite as fine-
grained disseminations or in association with veined mag-
netite (Fig. 3e). Magnetite crystallized in interstitial spaces
between cumulus olivine and plagioclase (sideronitic tex-
ture), as discrete grains, and as late-stage veinlets (Fig. 3a-e).
Ilmenite is commonly intergrown with magnetite, or occurs
as exsolutions (Fig. 3a, ¢, d, e).

Ombuku North. Serpentinite KSAT280-159 (Fig. 2¢)
is characterized by coarse pseudomorphs of serpentine
after cumulus olivine, in places bordered by fine-grained
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Table 1 Summary of the location and petrographic data for the
samples analyzed in this study. Abbreviations: Amph=amphibole,
Ap=apatite, Ccp=chalcopyrite, Chl=chlorite, Cpx =clinopyrox-

ene, Cr-Sp=Chromium-spinel, Cub=cubanite, Ep=epidote, Fer-

ritchr = ferritchromite, Ilm=ilmenite, Mt=magnetite, Ol =olivine,
Opqg=opaque, Opx=orthopyroxene, Pn=pentlandite, Pl=plagio-
clase, Po=pyrrhotite, Serp =serpentine, Sp=spinel

Sample Provenance  Location Depth (m) Rock type Magnetite Magnetite Mag- Mineral Main Opaques
modal (%) type net.ite phases (%)
Veinlets
Ohamaremba
KSAT310- Surface 17.46086°S - Troctolite 15 3,5 Yes P1(55), Ol Mt, Cr-Mt,
125 sample 13.38966°E (30), Opq Ferritchr,
(15) IIm, Po
KSAT280- Drill core 17.460039°S -339 Troctolite 20 1 Yes Ol (40), P1 Mt, Ilm, Po,
152 KNAD002  13.388763°E (35),0pq  Ccp, Pn, Cub
(25)
Ombuku N
6-133,2 Drill core 17.247571°S -133 Troctolite 15 2,5 Yes Serp (70), Mt, Ilm, Po,
KNBD006  13.322646°E Opq (15), Cep, Pn, Cub
Amph (5),
01 (10)
KSAT280- Drill core 17.248231°S -235 Serpentinite 10 4 Yes Serp (70), Mt, Ferritchr,
159 KNBD003  13.319490°E Opq (30) Po, Cep, Pn
Ombuku S
KSAT340 Surface 17.286915°S - Serpentinite 5 3 Yes Serp (60), Cr-Sp, Fer-
sample 13.261229°E Opq (40) ritchr, Ilm,
KSAT280- Drill core 17.300829°S -550 Harzburgite 10 3 No Serp (70), Ferritchr, Po,
149 KNCDOOI  13.253771°E Opq (30) Cep
Onyokohe
KSAT280- Drill core 17.119012°S -103 Harzburgite 20 4,5 Yes Serp (55), Mt, Po
140 KNV004 13.206603°E Opx (25),
Opq (20)
KSAT280- Drill core 17.179741°S -161 Norite 40 2 No Serp (60), Mt, Ilm, Sp, Po
145 KNV006 13.323239°E Opq (40)
Oheuwa
KSAT280- Drill core 17.118408°S -57 Olivine norite 10 2 No P1(50), Opq Mt, Ilm, Po, Pn
143 KNV003 13.209804°E (20), 01
(20), Opx
(10)
KSAT280- Drill core 17.118408°S -231 Websterite 20 1 No Opx (50), Mt, Sp, Ilm,
144 KNV003 13.209804°E Opq (30),  Po, Cep, Pn
Cpx (10),
01 (10)
Ongoro
KSAT280- Drill core 17.148773°S -75 Pyroxenite 10 1 No Opq (70), Mt, Ilm, Po,
127 KNV008 13.381791°E Opx (20), ~ Ccp
KSAT280- Drill core 17.148773°S -78 Pyroxenite 5 1 No FSI; (), Chl Mt, Ilm, Po,
131 KNV008 13.381791°E Cep
Oncécua
ONC1-17 Drill core 16.713089°S -96 Apatite Orthopy- 20 1 No Opx (50), O1  IIm, Po, Opn,
ONC 1 13.441456°E roxenite (20), Opq Ccp, Cub
ONC1-27 Drill core 16.713089°S -99 Apatite'Orthopy- 15 1 No gg;’ Ap Mt, Ilm, Po,
ONC 1 13.441456°E roxenite CCp, Pn, Cub
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pyroxene as coronitic rims, with rare discrete orthopyroxene
grains almost completely replaced by actinolite-anthophyl-
lite. Sulfides are present as discrete anhedral grains or string-
ers of pentlandite and chalcopyrite with minor pyrrhotite
and are intensively replaced by magnetite (Fig. 2c, 3f, g).
Chromium-spinel is common as subhedral grains in associa-
tion with magnetite and sulfides (Fig. 3g). Troctolite 6-133,2
(Fig. 2d) shows an uneven distribution of cumulus olivine
in plagioclase. Brown iddingsite alteration is present and
typically bordered by spinel and kaersutite, and plagioclase
is locally deformed with the development of kink bands
(Fig. 2d). Opaque minerals are a minor component (5% vol.),
with sulfides mainly as pyrite and pyrrhotite as small blebs
and stringers. Fe-Ti-oxides form aggregates, with ilmenite
co-crystallized with magnetite (Fig. 3h). Late-stage hydro-
thermal magnetite in veinlets is common.

Ombuku South. Harzburgite KSAT280-149 (Fig. 2e) is
a medium-grained rock with olivine and pyroxene intensely
altered to talc, with anthophyllite, actinolite and chlorite.
Sulfides are as lenses and band-like segregations of pyrite
within the talc groundmass. Disseminated pyrrhotite, with
small inclusions or veinlets of chalcopyrite, is also present
(Fig. 31, j). Serpentinite 340 (Fig. 2f) shows large and highly
serpentinized olivine clusters, and abundant oxides as mas-
sive lenses, as well as with a sideronitic texture. Cr-spinel is
common, typically replaced by Cr-rich magnetite (Cr-mag-
netite and ferritchromite) in patches (Fig. 3i, j) or as rims
(Fig. 3k). Ilmenite is minor and mostly present as euhedral to
subhedral grains co-crystallized with magnetite (Fig. 3i, j).

Onyokohe. KSAT280-140 (Fig. 2g) is a harzburgite with
idiomorphic cumulus olivine and coarse-grained orthopy-
roxene. Olivine crystals are largely replaced by serpentine
and fractures are filled with iddingsite veinlets, whereas
orthopyroxene is replaced by chlorite and actinolite. Pla-
gioclase is intensively saussuritized. Norite KSAT280-
145 (Fig. 2h) shows large clinopyroxene crystals, partially
altered and rimmed by green actinolite and chlorite. Plagio-
clase is rare and is intensively saussuritized and rimmed by
epidote. In both samples, pyrrhotite and pyrite are the main
sulfides, occurring as fine disseminations and blebs as inclu-
sions in magnetite (Fig. 31), or as individual laths (pyrite).
Only rare chalcopyrite has been observed. In KSAT280-140,
the oxides occur as subhedral primary magnetite grains and
secondary late-stage veinlets (Fig. 31), whereas the norite
sample (KSAT280-145) is characterized by large subhedral
magnetite grains co-crystallized with ilmenite. Magnetite
shows cloth microtexture and fine spinel exsolution (pleon-
aste). A few large spinel crystals are also present (Fig. 4a).

Oheuwa. KSAT280-143 is an olivine norite with cumulus
orthopyroxene aggregates in plagioclase (Fig. 2i), kaersutite
and partially serpentinized olivine. KSAT280-144 (Fig. 2j)
is a medium-grained websterite with orthopyroxene glom-
erocrysts. Micron-scale parallel exsolution lamellae of

Cr-magnetite in orthopyroxene are responsible for the brown
tint. Subhedral olivine is mostly replaced by serpentine, with
rare relicts. In both thin sections, sulfides are mainly pyr-
rhotite, with minor chalcopyrite and pentlandite. Magnet-
ite ranges from euhedral to anhedral and is characterized
by ilmenite trellis exsolution and spinel micro-inclusions
(pleonaste, Fig. 4b). Discrete euhedral ilmenite grains are
typically intergrown with magnetite, with grain bounda-
ries commonly occurring as spinel-lined serrated margins
(Fig. 4b-d).

Ongoro. The two pyroxenite samples (KAC280-127 and
KAC280-131) represent coarse-grained, locally pegmatoi-
dal, pyroxenite rocks that host most of the Ni-Cu mineraliza-
tion in this intrusion. Both samples (Fig. 2k, 1) are character-
ized by large (mm-size) orthopyroxene crystals altered to
serpentine, with the development of thin marginal kaersu-
tite, and surrounded by a corona of actinolite and chlorite.
Sulfides are pyrrhotite-dominated, but stringers, dissemina-
tions and veinlets of chalcopyrite and pentlandite are com-
mon (Fig. 4e, f). Individual grains of euhedral magnetite,
within or in contact with pyrrhotite, are typically associ-
ated with ilmenite (Fig. 4e, f), and can include disseminated
pentlandite (Fig. 4f). Ilmenite is also commonly present as
elongated laths exsolved in magnetite (Fig. 4e-g). Spinel
microgranules line the serrated margins between magnetite
and ilmenite (Fig. 4f).

Oncdcua. The selected samples (Onc1-17 and Onc1-27)
are characterized by large oikocrysts (2—5 mm) of orthopy-
roxene, euhedral to subhedral apatite, minor olivine (partly
serpentinized), plus opaque minerals (Fig. 2m, n). Orthopy-
roxene shows oxide exsolution lamellae, whereas apatite is
present as single mm-size crystals, or as large aggregates.
Opaque minerals make up 25% of the phases. Sulfides are
present as net-textured or blebs of pyrrhotite, with lesser
chalcopyrite, cubanite, pyrite and pentlandite, and are asso-
ciated with the oxides, consisting of large (up to mm-size)
magnetite/ilmenite aggregate pairs interstitial to orthopyrox-
ene (Fig. 4h-k), or as stockwork veinlets, representing both
primary and late-stage products. Ilmenite is also common as
exsolution in magnetite (Fig. 4i-k), and as discrete primary
crystals.

Oxide chemistry by electron microprobe (EPMA)

A total of 223 spots on Fe-oxides were analyzed by EPMA.
Although less precise than LA-ICP-MS, this technique
allowed us to investigate grains only a few microns in size,
such as microcrystals and micron-wide veinlets. Analyses
obtained from a small beam size are also advantageous
as they are closer to the real oxide composition, as mixed
results due to exsolution or microinclusions can be avoided.
The EPMA data were therefore used for the Fe-oxide clas-
sification. Most of the magnetite grains plot at the magnetite
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«Fig.2 Transmitted and reflected light photomicrographs of the
fourteen samples examined in this study (split plane- and cross-
polarized transmitted light images in a, d, e, m, and split transmitted
and reflected light images in c). a, b: Troctolite KSAT310-125 and
KSAT280-152 showing large partially serpentinized cumulus olivine
grains and laths of sausurritized plagioclase. ¢: Serpentinized dunite
KSAT280-159 with chalcopyrite largely replaced by magnetite. d:
Troctolite 6-133,2 with aggregates of cumulus olivine intersected by
veinlets of iddingsite and rimmed by spinel and kaersutite. e: Harz-
burgite KSAT280-149 characterized by talc-altered mafic minerals.
f: Dunite 340 intensely altered to phyllosilicates and chlorite with
interstitial oxides. g: Idiomorphic and serpentinized cumulus olivine
grains and interstitial orthopyroxene in harzburgite KSAT280-140. h:
Large clinopyroxene rimmed by green actinolite and chlorite at the
contact with massive oxide (magnetite/ilmenite) in norite KSAT280-
145. i: Aggregates of cumulus orthopyroxene partially replaced by
brown kaersutite and relatively unaltered plagioclase in olivine norite
KSAT280-143. j: Orthopyroxene, serpentinized olivine, partially
chloritized plagioclase and opaque minerals (mainly pyrrhotite and
magnetite) in websterite KSAT280-144. k: Orthopyroxene altered
to actinolite and chlorite characterise pyroxenite KSAT280-127. L:
Large orthopyroxene grain partially altered to actinolite and brown
kaersutite in pyroxenite KSAT280-131. m, n: Apatite-orthopyrox-
enites of Oncl-17 and Oncl-27 are characterized by large orthopy-
roxene oikocrysts and mm-size euhedral to subhedral apatite grains.
Opaque minerals (sulfides and oxides) are mainly interstitial to
orthopyroxene. Abbreviations: Ant=anthophyllite, Ccp=chalcopy-
rite; Chl=chlorite, Cpx=clinopyroxene, Kr=Xkaersutite, Mt=mag-
netite, Ol=olivine, Opx =orthopyroxene, Pl=plagioclase, Srp=ser-
pentine, Tlc=talc

end of the magnetite-ulvospinel solid solution line, with
maximum TiO, at 21 wt% (Fig. 5a), with only a small num-
ber of analyses deviating towards the ulvéspinel endmem-
ber. The plot of the trivalent cations AI**, Cr**, and Fe’*
differentiates among the Cr-Fe-spinels (Fig. 5b), and the
criteria proposed by Barnes and Roeder (2001) and Hodel
et al. (2020) were adopted to define the compositional fields
of magnetite sensu stricto (Cr,0; 0-6 wt%), Cr-magnetite
(Cr,05 6-13 wt%) and ferritchromite (Cr,0;> 13 wt%).
The complete dataset of analyses, including for spinel, is in
ESM2, whereas Table 2 reports the average compositions of
magnetite (including the microveinlets), Cr-magnetite and
ferritchromite.

The EPMA data show notable variability among the
seven intrusions, but also within each intrusion. Most of the
data correspond to magnetite, typically as nearly pure Fe-
oxide. Magnetite as thin veinlets is typically indistinguish-
able from discrete crystals (see troctolite KSAT310-125,
harzburgite KSAT280-140 and websterite KSAT280-144
in ESM 2), suggesting that the two morphologies derive
from the same crystallising fluid. The only microveinlets
geochemically distinct from discrete magnetite grains are
in troctolite KSAT280-152, where the stockwork of micron-
wide veins is characterized by negligible Al, Cr and V. The
relatively high Si and Mg (commonly > 1 wt%) in these
veins is likely due to the incorporation of silicate phases
during analysis. Magnetite at Onc6cua (Onc1-27 and 1-27)

shows the highest Ti (average 14,000 ppm), Al (9000 ppm),
V (5000 ppm), and Zn (470 ppm). The presence of Cr in
Cr-magnetite and ferritchromite is normally accompanied
by relatively high Ti, Al, V, Mn, Ni and Zn. Cr-magnetite
was recognized at Ohamaremba (troctolite KSAT310-125),
where ferritchromite was also detected. Ferritchromite char-
acterises most of the Fe-oxides analysed at Ombuku South,
occurring as patches, single crystals or rims replacing large
primary Cr-spinel oxides (Fig. 3k).

A comparison of the EPMA magnetite data between
mafic and ultramafic rocks (4 and 8 samples, respectively)
does not show any correlation with rock type or degree of
fractionation, as spikes and depletions in element content
seem randomly distributed and not driven by any geochemi-
cal signature of the whole rock.

Oxide chemistry by LA-ICP-MS

A total of 250 analyses were performed via LA-ICP-MS
on magnetite, and on some Cr-magnetite and ferritch-
romite. The larger spot size than the EPMA implies that
some analyses may have been affected by the incorporation
of sulfide microinclusions. This explains the locally high
chalcophile content in magnetite in some analyses at Oham-
aremba (KSAT280-152) and Oncécua (Oncl-17) for Zn,
and at Ombuku North (KSAT280-159) for Ni and Cu. The
high Mg, Al and Mn recorded in other analyses suggest the
incorporation of ilmenite or spinel during ablation, while the
locally high silica may reflect the involvement of silicates.
In order to reduce the impact of possible contaminants, 31
analyses with Si>3 wt%, and/or Ni> 0.5 wt%, Cu> 0.3 wt%
or Zn> 0.3 wt%, have been excluded from the discussion.
A summary with the average compositions of the elements
for each oxide type is shown in Table 3, while a full dataset,
including analyses high in Ni, Cu, Zn, is in ESM 4.

The LA-ICP-MS data confirm a variable trace element
content among, and within, the samples (see ESM 4). Mag-
netite from the Oheuwa olivine norite (KSAT280-143)
shows the highest Cr, in the range 8000-27000 ppm, and
is accompanied by high Ti (up to 40,000 ppm) and V (up
to 8200 ppm). Low Cr, Ti and V (a few tens of ppm) are
found in most of the magnetite of Ombuku North, Oham-
aremba troctolite KSAT310-125, and Onyokohe harzbur-
gite KSAT280-140. With the exception of serpentinite
KSAT280-159 (Ombuku North), the low Cr, Ti and V are
paired with relatively high Mg (mostly >20,000 ppm). The
chalcophile element contents (Mn, Ni, Co, Cu, Pb, Zn, Mo,
Sn, As, Sb) can be affected by the incorporation of sulfide
microinclusions. In the absence of sulfide microinclusions,
we expect negligible chalcophile element contents in primary
magnetite crystallized from a sulfide liquid, as such elements
preferentially partition into the sulfide phase. In particular,
high Ni, Zn and Cu were recorded in some analyses from
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Fig.3 BSE and reflected light photomicrographs of the main oxide
and sulfide minerals of studied samples. a-e: Troctolite KSAT310-
125 and KSAT280-152 (Ohamaremba) showing xenomorphic crys-
tallization of interstitial Fe-Ti-oxide and sulfide between cumu-
lus olivine (a, b), discrete euhedral magnetite with ilmenite (c) and
intergrown Fe-Ti-oxides and sulfides (d, e). Magnetite also occurs as
veinlets (a, ¢, d) and chalcopyrite as micrograins (e). f-g: Second-
ary magnetite that has replaced sulfide and magnetite in veinlets in
altered dunite KSAT280-159 (Ombuku North). h: Adjacent magnet-
ite and ilmenite in troctolite 6—-133,2 (Ombuku North). i, j: Cr-spinel,

Ohamaremba troctolite KSAT280-152 and Oncécua apa-
tite-orthopyroxenite Onc1-17, Onc1-27 (Zn> 7800 ppm),
in Ombuku North serpentinite KSAT280-159 and Onyo-
kohe harzburgite KSAT280-140 (Ni> 26,000 ppm), and in
Onyokohe harzburgite KSAT280-140 and Ombuku North
serpentinite KSAT280-159 (Cu> 4200 ppm, see ESM4).
Cobalt in magnetite is high in Ombuku North serpentinite
KSAT280-159 (Co>900 ppm), in Ohamaremba troctolite
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with discrete inclusions of subhedral ilmenite grains, replaced by
magnetite in harzburgite KSAT280-149 (Ombuku South). Sulfides
are represented by anhedral pyrrhotite with minor chalcopyrite inclu-
sions. k: Serpentinite sample 340 (Ombuku South), characterized by
large primary Cr-spinel rimmed by Cr-magnetite and ferritchromite.
I: Harzburgite KSAT280-140 (Onyokohe), with anhedral magnetite
including pyrrhotite blebs and magnetite in veinlets. Abbreviations:
Ccp=chalcopyrite; Cr-mt=Cr-magnetite, Cr-sp=Cr-spinel, Fer-
ritchr =ferritchromite; Ilm=ilmenite, Mt=magnetite, Ol=olivine,
Pn=pentlandite, Po=pyrrhotite, Srp =serpentine

KSAT280-125 (Co> 500 ppm), and in Onyokohe norite
KSAT280-145 (Co> 300 ppm). However, there is no cor-
relation between olivine-rich rocks and Ni-Co in magnetite,
and Fe-oxides in other olivine-bearing samples (for example,
troctolite KSAT280-152) retain relatively low Ni and Co.
Harzburgite KSAT280-140 (Onyokohe), where only late-
stage magnetite has been analyzed, shows consistently high
As and Sb contents (a few ppm), whereas these elements in
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primary magnetite are commonly below the detection limit.
Interestingly, magnetite that replaces sulfide in serpentinite
KSAT280-159 at Ombuku North (e.g., Fig. 3f, g) is remark-
ably different from the other samples as most of the analyzed
magnetite grains are depleted in lithophile elements Cr, Ti,
V, Mg and Al, but are enriched in chalcophile elements Ni,
Cu, Co, Pb, As and Sb. PGE in magnetite are commonly
below the detection limit, but in this sample 9 of 17 grains
contain appreciable Pd (max. 48 ppm), while elsewhere
only low Pt (max. 0.19 ppm) and Pd (max. 0.74 ppm) were
measured. This suggests the occasional presence of PGE
microinclusions in magnetite.

The concentration of HFSE (Y, Zr, Nb, Hf, Ta) in mag-
netite is usually below the detection limit, with an exception
being the Ohamaremba troctolites, where many magnetite
grains are moderately Nb-enriched (up to 1.7 ppm). The
rare earth element (REE) content of magnetite is negligible,
confirming that magnetite is a minor host for these elements.

The few Cr-magnetites in troctolite KSAT310-125
(Ohamaremba) are enriched in Ti (up to 31,300 ppm), V
(up to 6100 ppm), but also in Ni (up to 1300 ppm), Co (up
to 530 ppm) and Zn (up to 14,300 ppm). The ferritchro-
mites from harzburgite KSAT280-149 (Ombuku S) show
high Ti (up to 24,000 ppm), V (up to 3600 ppm), Ni (up to
1400 ppm), Zn (up to 3400 ppm), and Nb (up to 0.14 ppm).

Discussion
Magnetite types

Magnetite in sulfide-bearing rocks can be formed in multiple
ways. An immiscible sulfide liquid segregating from a silicate
melt may contain significant amounts of dissolved oxygen,
and therefore magnetite can fractionate with MSS (mono-
sulfide solid solution) and ISS (intermediate solid solution)
phases (e.g., Naldrett 2004; Dare et al. 2012; Boutroy et al.
2014; Duran et al. 2016b; Ward et al. 2018). This means that
in a sulfide-mineralized rock we can expect primary mag-
netite (Fe,0;), sometimes variably Cr-enriched, which crys-
tallized from the silicate and/or the sulfide melt. Moreover,
post-magmatic hydrothermal alteration at different tempera-
tures can affect the iron oxide content of a sulfide deposit,
causing desulphurization and progressive replacement of
sulfides by secondary magnetite (e.g., Konnunaho et al. 2013;
Yang et al. 2018; Moilanen et al. 2020), or introducing late-
stage, low-temperature magnetite in fractures and microvein-
lets (e.g., Dare et al. 2014; Nadoll et al. 2014; Milani et al.
2017; Huang et al. 2019; Duran et al. 2020).

Magnetite is present in our samples in various morpholo-
gies, sizes and textures and has varying mineral associa-
tions. Magnetite textures are disseminated, net-textured and
massive, or in veins of various thicknesses (typically below

1 mm). Based on textural criteria, we could define five types
of magnetite. Type 1 magnetite is either in contact with or
hosted within sulfide grains, or as massive mineralized
zones, and is therefore inferred to have formed from the
direct fractionation of a sulfide liquid (e.g., Fig. 3e). This
type is present at Ohamaremba (KSAT280-152), Oheuwa
(KSAT280-144) Ongoro (KSAT280-127 and KSAT280-
131), and at Oncoécua (Oncl-17 and Oncl-27, see Table 1).
Type 2 magnetite is characterized by single or aggregated
grains that typically contain ilmenite as discrete crystals
or exsolution lamellae. Magnetite is unrelated to sulfides,
which in these rocks are generally minor or absent (e.g.,
Fig. 3c). We therefore interpret Type 2 magnetite to have
formed by segregation from silicate liquid. Type 2 is present
at Ombuku North (6-133,2), Onyokohe (KSAT280-145) and
Oheuwa (KSAT280-143). Type 3 magnetite replaces Cr-spi-
nel, and is therefore inferred to form indirectly from a silicate
liquid. It occurs sporadically at Ohamaremba (KSAT310-
125) and characterises Ombuku South (KSAT280-149, 340)
(e.g., Fig. 3i-k). Type 4 magnetite partially replaces sulfide
around fractures or forms selvedges around large blebs of
sulfide, and it also occurs as irregular patches within sulfides
(e.g., Fig. 3f) or as coronitic rims around sulfides. This type
is characteristic of the highly altered (serpentinized) rocks
at Ombuku North (KSAT280-159), and to a lesser extent at
Onyokohe (KSAT280-140). Type 5 magnetite is represented
by stockworks and oriented swarms of veinlets that are
typically a few microns thick (e.g., Fig. 31, where the large
magnetite grain is Type 1) and is present at Ohamaremba
(KSAT310-125), Ombuku North (6-133,2), and Onyokohe
(KSAT280-140). We relate Type 4 and Type 5 magnetite to
late-stage hydrothermal fluid circulation rather than mag-
matic crystallization. A summary of the main geochemical
features of the five types is presented in Fig. 6.

Magmatic magnetite: sulfide liquid- (Type 1)
and silicate liquid-related (Type 2)

Geochemical affinities and/or discriminants among magnet-
ite types are affected by variations in the chemistry of the
parental magmas, the degree of fractionation, the rate of
cooling, the sequence of crystallization from a sulfide liquid,
and the oxygen fugacity (Dare et al. 2012; Liu et al. 2015).

The textures we have documented indicate that Type 1
magnetite is related to the crystallization of a sulfide lig-
uid and Type 2 magnetite is related to the crystallization
of a silicate liquid. Both Type 1 and Type 2 magnetite are
enriched in V and Cr compared to bulk continental crust, and
depleted in Si, Ca, Y, Pb, Zr, Hf, Nb, Ta and Mg (Fig. 7a).
Robust geochemical discriminants between Type 1 and Type
2 magnetite are represented by Ni and Co, which are higher
in the magnetite crystallized from a silicate liquid (Fig. 8).
Numerous studies have been published on the metal-silicate
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partitioning coefficients of Ni and Co, and on the distribution
of Ni between olivine, pyroxene and silicate melt (Mysen
1978; Hirschmann and Ghiorso 1994; Sobolev et al. 2005;
Kegler et al. 2008; Li and Ripley 2010; Dare et al. 2012;
Matzen et al. 2013). The production of high-Ni melts and
the availability of free Ni (and Co) in a silicate liquid, which
can partition into magnetite, depend on factors like the com-
position of the melt (olivine-bearing or olivine-free), meta-
somatism, temperature, pressure and oxygen fugacity (e.g.,
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Mysen and Kushiro 1979; Kinzler et al. 1990; Hirschmann
and Ghiorso 1994; Matzen et al. 2013). The siderophile
behaviour of Ni and Co and the mechanisms by which these
elements enter the Fe-oxide crystal structure are beyond the
scope of this work. However, what is relevant is that our data
show that Type 1 magnetite is relatively depleted in Ni-Co
(Fig. 7a). Considering the high to moderate sulfide/silicate
liquid partition coefficients for Ni and Co, which will pref-
erentially partition the elements into the sulfide liquid (e.g.,
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«Fig.4 BSE and reflected light photomicrographs of the main oxide
and sulfide minerals of studied samples. a: Large grains of magnetite,
ilmenite and spinel in norite KSAT280-145 (Onyokohe). Also visible
are spineliferous serrated margins at the magnetite—ilmenite contact,
as well as pleonaste spinel and ilmenite exsolution lamellae in mag-
netite. b, ¢: Magnetite intergrown with euhedral ilmenite in olivine
norite KSAT280-143 (Oheuwa), with serrated spinel-lined margins.
Magnetite is punctuated by pleonaste spinel micro-inclusions and
shows cloth texture and trellis-type ilmenite exsolution. d: Fe-Ti-
oxide and sulfide pyrrhotite association in websterite KSAT280-144
(Oheuwa). e—g: Discrete euhedral oxy-exsolved magnetite grains in
pyrrhotite in pyroxenite KSAT280-127 and KAST280-131 (Ongoro).
Exsolved ilmenite lamellae are common along the [111] of magnetite,
and the Mt/Ilm boundary is marked by spinel micro-grain chains as
serrated margins (r). h-j: Magnetite—ilmenite exsolution, intergrown
with (h), or in close association with (i, j), pyrrhotite (+chalcopyrite
and pentlandite) and interstitial to orthopyroxene in apatite-orthopy-
roxenites of Oncl-17 and Oncl-27 (Oncécua). Ilmenite is visible as
elongated sectors or thin trellis lamellae in magnetite. k: fringed reac-
tion boundary between ilmenite and magnetite in apatite-orthopyrox-
enite Oncl-27. I-o: from Ombuku North (samples not in table list), I:
elongated sperrilyte (PtAs,) flakes up to 40 ym embedded in altered
dunite (serpentinite). m-o: um-size sperrylite, stibiopalladinite
(PdsSb,), and moncheite (PtPd(TeBi),) in Type 4 magnetite. Abbre-
viations: Ap=apatite, Ccp=chalcopyrite; Ilm=ilmenite, Mt=mag-
netite, Monch=moncheite, Opx=orthopyroxene, Pn=pentlandite,
Po=pyrrhotite, Sperr=sperrylite, Srp=serpentine, Stpdn=stibio-
palladinite

MacLean and Shimakazi 1976; Gaetani and Grove 1997;
Lee et al. 2012; Li and Audétat 2012), this suggests that
the low Ni-Co content of Type 1 magnetite is due to these
elements being sequestered in sulfides (in particular pent-
landite) co-crystallising with Fe-oxides.

Sulfide liquid fractionation

Type 1 magnetite shows a relatively wide range of Mo, Sn,
Ti, Co, Ni, and Cr relative to bulk continental crust, with
many Type 1 magnetite grains having lower concentrations
of these elements compared to Type 2 magnetite (Fig. 7a).
This could be ascribed to the degree of fractionation of the
sulfide liquid, or to chemical heterogeneity in the magma
prior to the segregation of the immiscible sulfide or silicate
liquids.

During the crystallization of a sulfide melt, the lithophile
elements (including Ti and Cr) are strongly compatible
with magnetite and tend to concentrate in early Fe-oxides
in the MSS, leading to their depletion in the remaining Cu-
enriched ISS (e.g., Dare et al. 2012, 2014). Type 1 mag-
netite shows positive spikes in Cr, V and, although less
pronounced, in Ti (Fig. 7a). The chalcophile elements (Pb,
Cu, Mo, Sn, Mn, Zn, Co, Ni) will be sequestered by the
crystallising sulfide liquid so that magnetite will be depleted
in these elements, with concentrations typically below the
detection limits. Copper, Pb, and Sn are compatible with
the Cu-rich ISS, whilst Ni, Co and Mo tend to concentrate
in the Fe-rich MSS, and the latter elements will therefore

be depleted in magnetite crystallized from MSS (Dare et al.
2012). The remaining Ni, Co, and Mo in the sulfide melt
during the segregation of the ISS behave incompatibly with
the crystallising sulfides, and therefore magnetite crystallis-
ing from the late-stage ISS will be enriched in the elements
(Dare et al. 2012). The behaviour of chalcophile elements in
Type 1 magnetite does not necessarily follow a theoretical
behaviour: Pb and Cu are commonly depleted compared to
the continental crust, but Mo, Sn, Mn, and Zn are quite vari-
able, ranging from sub-crustal values to tenths of continental
crust units. Zinc concentration ranges from below 1 ppm
to thousands of ppm, suggesting the presence of possible
microinclusions in magnetite (Fig. 7a). Type 1 magnetite
also shows depletion in HFSE (Nb, Ta, Zr, Hf), and vari-
able Ti, with contents of > 1-2 wt% in apatite-pyroxenite at
Oncdécua but mostly < 0.5 wt% at Ohamaremba and Ongoro
(see ESM 4). These variations in HFSE-Ti are likely due
to the timing of ilmenite crystallization, as these elements
(along with Mg, Sc, W) will preferentially partition into
ilmenite when it co-crystallises with magnetite, such as for
example in the Lac des Tles intrusion of Canada (Duran et al.
2016b). The relatively low Ni and Co contents of Type 1
magnetite, besides providing a discriminant between the two
magmatic types (Fig. 8), suggest that the sulfide liquid in
all the mafic—ultramafic intrusions was likely to have com-
prised predominantly unfractionated MSS. This conclusion
is supported by the binary plots in Fig. 9a, b, where the
high Cr, V and Ti contents of Type 1 magnetite indicate
that it crystallized from a primitive MSS (Dare et al. 2012;
Boutroy et al. 2014). This is not unusual: among some of
the world-class Ni-Cu-PGE sulfide deposits (e.g., Sudbury,
Voisey’s Bay and Lac des Iles in Canada, Noril’sk-Talnakh
in Russia, Munali in Zambia, the Fennoscandian deposits
in Finland), magnetite preserves a record of crystallization
from MSS with a lack of extensive fractional crystallization
of the sulfide liquid towards ISS compositions (e.g., Duran
et al. 2020, and references therein; Moilanen et al. 2020).

Type 3 magnetite: High-T replacement of Cr-spinel

Cr-spinel (chromite) and Cr-rich magnetite (ferritchromite,
Cr-magnetite) may crystallise from a silicate melt or as
primary phases from a sulfide liquid (Frost and Groves
1989; Fonseca et al. 2008; Moilanen et al. 2020). Second-
ary Cr-rich oxides are also common and may result from
metamorphic events spanning a wide range of conditions
that combine solid-state and hydrothermal processes (e.g.,
Merlini et al. 2009; Ahmed and Surour 2016; Hodel et al.
2020, and references therein; Moilanen et al. 2020). Chro-
mite, here defined as chromium-spinel, has been docu-
mented in the cumulates of the Ombuku North and South
intrusions, and occurs as xenomorphic crystals, as discrete
grains or in association with sulfides (e.g., Fig. 3g, 1, j, k).
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Fig.5 a. Ternary plot of the ‘magnetite series’ solid solution array
between magnetite (Fe**Fe,>*0,), magnesioferrite (MgFe,0O,) and
ulvospinel (Fe,TiO,). b. Ternary plot of the Cr-Al-Fe.** cation end-

At Ombuku South, massive chromite is present in lenses
up to a few meters thick (Naumov 2008; Maier et al. 2013).
In our samples, Cr-magnetite and ferritchromite were ana-
lyzed in harzburgite from Ombuku South (KSAT280-149)
and troctolite from Ohamaremba (KSAT310-125) (Fig. 5,
Table 3, ESM4). Ferritchromite and Cr-magnetite are pre-
sent as patches in Cr-spinel or as replacement rims around
Cr-spinel (Fig. 3i-k). This textural relationship suggests
that the Cr-rich magnetite formed by the alteration of pri-
mary magmatic Cr-spinel.

The trace elements of Type 3 magnetite show variable
contents of Cu, Mo and Co, and enrichment in Sn, Ni, and
especially Zn, relative to bulk continental crust (Fig. 7b).
Enrichment in Zn supports the hypothesis that the Type
3 magnetite formed by the alteration of Cr-spinel (e.g.,
Barnes 2000). Mn, Ti, V, and Cr are enriched, whereas Hf,
Zr, Nb, Ta, Ga, and Mg are notably depleted. As for the
conditions responsible for the alteration and development
of Cr-rich magnetite, the presence of wide Fe-rich altera-
tion rims (Fig. 3k) may suggest relatively high-temperature
fluids (500-600 °C or higher; Mellini et al. 2005; Gonzélez-
Jiménez et al. 2009; Ahmed and Surour 2016). Moreover,
Cr-magnetite from lower-T hydrothermal environments typi-
cally does not contain Ti as high as 2000 ppm, while in our
case the Ti content in the Ohamaremba Cr-magnetite is 10
times higher (see ESM4) and so we suggest that a secondary
high-T event may be responsible for the Type 3 magnet-
ite. However, this remains a controversial topic, as diffuse
patchy textures in chromite (Fig. 3i), as well as zonation,
have typically been attributed to low-metamorphic and low-
temperature processes (e.g., Marques et al. 2007; Saumur
and Hattori 2013; Barra et al. 2014; Hodel et al. 2017). A

@ Springer

members for spinel with the compositions of magnetite, Cr-magnetite
and ferritchromite from the sampled intrusions. The compositional
fields are from Barnes and Roeder (2001)

more detailed microtextural study may be useful to clarify
the paragenesis of Type 3 magnetite.

Magmatic vs. hydrothermal magnetite

Two distinct types of hydrothermal magnetite have been
observed: Type 4, formed by the progressive replacement
of sulfides (Fig. 3f), and Type 5, which forms tiny crystals
and veinlets (Fig. 31) and appears to be the product of low-T
hydrothermal fluids at a late stage. Both Type 4 and Type 5
magnetite show strong depletion in Al, Ti, Cr and V (Fig. 7c)
compared to the magmatic magnetite types (Fig. 7a). The
partitioning behaviour and concentrations of some of these
elements in magnetite (e.g., Ti, V, Cr), as well as Ni, has
been used as a discriminant between magmatic and hydro-
thermal environments (Nadoll et al. 2014) and dedicated
diagrams to assess the relative roles of these processes have
been developed (e.g., Ni/Cr vs Ti of Dare et al. 2014). In
hydrothermal fluids, Ni is likely more soluble than Cr (e.g.,
Dare et al. 2014) therefore Ni/Cr is one of the most robust
parameters to identify low-temperature magnetite. The
magmatic (Types 1 and 2) and high-T replacement (Type
3) magnetite show greater concentrations of Ti at relatively
lower Ni/Cr compared to the hydrothermal magnetite (Types
4 and 5), which show lower concentrations of Ti at higher
Ni/Cr (Fig. 10a).

Titanium and V contents of magnetite are also power-
ful tools to fingerprint petrogenetic environments (Dare
et al. 2012; Zhou et al. 2013; Nadoll et al. 2014; Liu et al.
2015). Magmatic magnetite is typically Ti-enriched com-
pared with hydrothermal magnetite, which is commonly
depleted (Ti< <1 wt%), and this may in part be related
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MAGMATIC

Type 2 Mt
Ni-Co-rich

Chalcophile Cu, Pb, Mo, Sn, Zn, Mn, Ni, Co preferentially partition in the sulfide liquid. Their concentration in
magnetite is controlled by degree of fractionation (MSS vs ISS) and crystallizing sulfides. Ni and Co are compatible
in Fe-rich MSS, where the co-crystallized Type 1 magnetite is Ni-Co poor compared to Type 2 magnetite

MAGMATIC or HIGH-T EVENT (?)
Fe-eQrichment Type 3

St

Type 3 reflects progressive Fe-enrichment (from Cr-spinel to ferritchromite,
Cr-magnetite, magnetite) characterized by:

- high chalcophile Ni, Zn, Sn;

- high lithophile Ti, V, Cr, Mn;

- low HFSE Nb, Ta, Hf, Zr

HYDROTHERMAL
Type 4

Type 4 magnetite is low in Ti, V, Cr and occasionally rich in Cu, Ni, Pt, Pd. Type 5 magnetite is low in Ti, V, Cr.
Compared to magmatic magnetite, hydrothermal magnetite has higher Ni/Cr, and lower Ti, V, Al+Mn.Type 4 magnetite
shows lower Ti+V than Type 5.

Fig.6 Schematic representation of the five magnetite types with main distinctive geochemical features. Abbreviations as in Fig. 2 - 4

towthe progressive decrease of fO, during magma evolu-  Vanadium content in magnetite seems to correlate with
tion (e.g., Haggerty 1991). In the case of V, its concentra-  temperature (e.g., Dare et al. 2014; Milani et al. 2017).
tion in magnetite is mainly in the form V3% and, to alesser ~ Oxygen fugacity also plays a relevant role in V partition-
extent, V¥ (Toplis and Carroll 1995; Bordage et al. 2011).  ing between magnetite and silicate melt, and a peak of V
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Fig.7 Bulk continental crust- 1000
nz:wmr EE;ZE) Ci’ trl?;giz_eeir:er?étite orange = Type 1: magmatic Mt (sulfide lig.) a
p gne 100 blue = Type 2: magmatic Mt (silicate lig.)
types (Type 1 and Type 2 in a, -
Type 3 in b, Type 4 and Type 5 e
. .. —
in ¢). Compositions were deter- O 10
mined via LA-ICP-MS. The S
order of elements is according 5
to increasing compatibility with £ 1
magnetite in silicate systems s
(Dare et al. 2014). Normaliza- MY
tion factors are from Rudnick E
and Gao (2003) =
= o001
0.001 |
0.0001 ‘ — ‘ ‘ — ‘
SiCayY P Pb Zr Hf Al Ge Sc Ta Nb CuMo Sn GaMn Mg Ti Zn Co V Ni Cr
1000
Type 3: Cr-Mt and ferritchromite replacing Cr-spinel b
100 /
> ) /,\i:/
o 10 =
© j I\
£ 1
S
]
o
~ 0.1
=]
S \Vd
= 001 \&
=
0.001 \
oooot L . . . .. .
Si CaY P Pb Zr Hf Al Ge Sc Ta Nb CuMo Sn GaMnMg Ti Zn Co V Ni Cr
1000
green = Type 4: hydrothermal Mt replacing sulfides C
100 red = Type 5: low-T hydrothermal Mt
@
2
o 10
IS
@
£ 1
€
[}
o
Xx 0.1 N /
=]
el N J/
= A\
= o001 PV
0.001 -
0.0001

SiCaY P Pb Zr Hf Al Ge Sc Ta Nb Cu Mo Sn Ga MnMg Ti Zn Co V Ni Cr

@ Springer



Mineralium Deposita (2025) 60:551-580

573

1000
Type 1 o silicate lig.-related Mt
Type2 m =
Bm
L.
— 100 - é
E S
a o8 o
o
N
o
(@)
10
sulfide lig.-related Mt
1 + +
10 100 1000 10000

Ni (ppm)

Fig.8 Binary plot of Ni vs. Co, discriminating between magnetite
segregated from sulfide (Type 1) and silicate (Type 2) liquids

in magnetite is reached at the nickel-nickel-oxide (NNO)
buffer (Leeman et al. 1978; Toplis and Corgne 2002).
In Fig. 10b, a partial overlap exists for Ti between mag-
matic and hydrothermal magnetite, which suggests that
the lower-T processes were not necessarily affected by a
decrease in fO,. As for V, it discriminates between mag-
matic (1000-10000 ppm) and hydrothermal (<200 ppm)
magnetite. The same distinction is visible in the Ti+V vs
Al+Mn diagram in Fig. 10c (Nadoll et al. 2014), where
the MSS field of Noril’sk-Talnakh district is also reported
for comparison purposes (Duran et al. 2020).

100000

a
Type 1 magnetite -
- \
10000 - = 1
Noril'sk-Talnakh -
Ni-Cu-PGE e MSS
= _/\ - i
- lf \ -
—~ 1000 | < Ny -
IS 27 R —
a evolved Fe-rich
o /7 7
N— 1 < 4
> 100 A Ty )
s 4 4
’ 7/
’ \ ’
e \ ’ .
L7 v 7 Pechenga Ni-Cu
10 + ~ ’ =
/
7
7/
ISS (Cu-rich)
7/
1 t t t t
1 10 100 1000 10000 100000
Cr (ppm)

Fig.9 (a) Cr vs. V and (b) Cr vs. Ti plotted with dashed fields rep-
resenting trends of sulfide fractionation at Sudbury (data from Dare
et al. 2012). Magnetite associated with MSS from other world-class
Ni-Cu deposits is also shown. Primitive and evolved Fe-rich MSS

As mentioned, the two types of hydrothermal magnetite
(Types 4 and 5) have been defined on the basis of their pecu-
liar textural characteristics (replacement texture and stock-
work microveinlets), and correspond to different mecha-
nisms, although both are related to hydrothermal events, i.e.,
progressive replacement of sulfides (Type 4) and deposition
of late-stage, low-T magnetite from Fe-rich fluid circulation
(Type 5). A comparison between the two types in Fig. 7c
shows relative enrichment in Cu, Ni, and Cr in Type 4 mag-
netite. It is known that copper does not readily partition into
magnetite, and therefore the high Cu content (which can
be > 4000 ppm) in Type 4 magnetite testifies to unavoidable
incorporation of Cu minerals in the ablated material dur-
ing LA-ICP-MS analysis. Type 5 magnetite is enriched in
both Si and Mg compared to Type 4 magnetite (Fig. 7c and
ESM4), which may suggest the incorporation of silicates
(the host material in this case) in the ablated material. The
representative time-signal diagrams in Fig. 11 confirm the
involvement in some of the analyses of microinclusions of
Cu—Zn sulfides, sometimes Pd-bearing, and silicates.

A different composition of the fluids responsible for the
two types is probably the reason for the overall depletion of
Zr, Ni, Cr, and Cu in Type 5 magnetite compared to Type 4
magnetite (Fig. 7c).

Magnetite as a vector to Ni-Cu mineralization
in the Kunene region

The geochemistry of the magmatic sulfide-related magnet-
ite (Type 1) indicates that, after the separation of a sulfide
liquid from a silicate magma, the fractionation of sulfides
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data from Duran et al. (2020); Fe-rich MSS of Voisey’s Bay (Ovoid
deposit) from Boutroy et al. (2014)
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(mostly pyrrhotite but also pentlandite and chalcopyrite)
occurred at the MSS stage. The presence of ISS-related
mineralization was not detected, suggesting that this stage
may have occurred when the residual sulfide liquid had
migrated and was trapped elsewhere.

The seven intrusions have been relatively well investi-
gated by exploration companies, with more than 60 cores
drilled and over 3000 whole-rock geochemical assays with
a range of elements (including Pt and Pd). Preliminary
assessments suggest that the highest tenors in Ni-Cu, as
well as PGE anomalies, are in the highly altered (serpen-
tinized) ultramafic rocks, in particular at Ombuku North
(van Zyl 2022). This suggests that post-magmatic serpen-
tinization related to circulating hydrothermal fluids trig-
gered sulfide remobilization and the preferential recon-
centration of Ni-Cu-PGE metals. Intense serpentinization
of olivine (and pyroxene) is an unequivocal indication
of a low-temperature silicate alteration process induced
by fluid-rock interaction, and iddingsite is indicative of
alteration under oxidising conditions (Kendrick and Jamie-
son 2016). Hydrothermal fluid circulation can easily alter
magmatic sulfides, leading to the development of second-
ary S-rich phases. If the fO, increases, a correspondingly
low £S, in the aqueous fluids will lead to progressive des-
ulphurization and the replacement of sulfide by magnetite,
with iron released mostly by olivine and pyroxene during
serpentinization (e.g., Li et al. 2004; Klein et al. 2014;
Konnunaho et al. 2013; Beinlich et al. 2020). The presence
of abundant magnetite replacing sulfides, in association
with extensive serpentinization, is therefore an unequivo-
cal indication of fluid circulation and, potentially, metal
reconcentration. The temperature range for the formation
of this type of magnetite is between 150 °C and 550 °C
(Murata et al. 2009), and this replacement process was
documented in many magmatic sulfide ore deposits,
including Noril’sk-Talnakh (Duran et al. 2017, 2020), Lac
des Tles (Duran et al. 2015), the Bushveld Complex (Li
et al. 2004; Kawohl and Frimmel 2016; Kinnaird et al.
2017; Klemd et al. 2017) and the Great Dyke (Pifia et al.
2016).

The mobility of PGE under post-magmatic, hydrothermal
conditions, can lead to a marked upgrading of metal tenors
(Mogessie et al. 1991, 2000; Pan and Wood 1994; Gal et al.
2013; Benko et al. 2015; Holwell et al. 2017; McCreesh
et al. 2018; Beinlich et al. 2020). It has also been shown that
PGE (and Au) can be transferred as bisulfide (acidic-neutral/
reducing to oxidising conditions) or chloride (acidic/oxidis-
ing conditions) complexes (Sassani and Shock 1990, 1998;
Gammons et al. 1992; Boudreau 1993; Pan and Wood 1994;
Seward and Barnes 1997; Barnes and Liu 2012; Liu et al.
2016; Sullivan et al. 2022a, b). Besides pH, the oxidation
state and fluid salinity also impact the solubility of Pt and
Pd (e.g., Barnes and Liu 2012). Experimental data show that
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Pt—Pd complexes can form at temperatures as low as 300 °C
(Gammons et al. 1992; Barnes and Liu 2012; Liu et al. 2016,
and references therein).

The trace elements in magnetite can be used to further
assess possible late-stage PGE enrichment of some of the
serpentinized parts of mafic—ultramafic intrusions sur-
rounding the Kunene Complex. Type 4 magnetite is present
mostly in serpentinized ultramafic rocks, and, in this study,
in serpentinized dunite (KSAT280-159) at Ombuku North
and in serpentinized harzburgite (KSAT280-140) at Onyo-
kohe. The geochemistry of Type 4 magnetite shows relative
depletion in the lithophile elements Ti (15-314 ppm), Cr
(b.d.1. =560 ppm), V (0.5-67 ppm), Al (b.d.1. =202 ppm),
Mg (202-2486 ppm, with one outlier at 1.1 wt%), Mn
(328-582 ppm) and Ga (0.05-0.34 ppm). Among the chal-
cophile elements, Zn (mostly < 10 ppm) is depleted, whereas
those that are enriched include Ni (up to 4916 ppm), Co
(up to 173 ppm) and Cu (up to 2841 ppm) (see ESM4).
Magnetite analyses with Ni up to 5000 ppm and Cu up to
3000 ppm are commonly reported in literature (e.g., Dare
et al. 2012; Boutroy et al. 2014; Nadoll et al. 2014; Jiao
et al. 2019; Duran et al. 2020; La Cruz et al. 2020; Moilanen
et al. 2020; Frank et al. 2022), and suggest minor ablation of
sulfide phases present as microinclusions. For Type 4, partial
contamination by sulfides is compatible with the nature of
this type of magnetite as it formed by the replacement of

2 0
Sample time (s)

Ombuku North sample KSAT280-159; ¢) clean magnetite signal in
Ombuku North sample KSAT280-159; d) involvement of Cu—Zn
sulfide inclusions in Oncocua sample Oncl-17. Note the high Si
background in b, c, d

sulfide. High base metal tenors have been observed in ser-
pentinized ultramafic rocks in some of these intrusions (van
Zyl 2022), and the association of Type 4 with these altered
rocks reinforces the role of this magnetite as an indicator of
mineralization.

Moreover, the frequent anomalous contents of As (max
0.89 ppm), Sb (max 8.80 ppm), and Pd (max 34.6 ppm) in
Type 4 magnetite are intriguing. No arsenides and antimon-
ides have previously been documented in these rocks, and in
most of the other magnetite types, Pd is below the detection
limit (max. 0.74 ppm in Type 1 magnetite, Ohamaremba
troctolite KSAT280-152).

An investigation using scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS)
was performed on some of the thin sections where high Pt
and Pd had been found in whole-rock analyses. In various
thin sections of serpentinite from Ombuku North (including
KSAT280-159), micron-scale PGE minerals (antimonides,
tellurides, bismuthinides, arsenides) were observed as 5-50
micron-size anhedral flakes in contact with serpentine (sper-
rilyte PtAs, in Fig. 41), or associated with Type 4 magnet-
ite as microinclusions (sperrylite, stibiopalladinite PdsSb,,
moncheite PtPd(TeBi), in Fig. 4m-o0). No Pt anomalies were
detected in the magnetite grains in sample KSAT280-159
from Ombuku North, but several grains show appreciable
Pd, and the whole-rock assay data confirm the presence of
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both Pt and Pd (273 and 301 ppb, respectively) in the ser-
pentinized dunites of this intrusion (van Zyl 2022). A prefer-
ential enrichment in Pd over Pt in magnetite could be tenta-
tively explained by the presence of Sb, which is a Pd carrier
in post-magmatic oxidising fluids as a hydroxide complex
(Sb(OH);) (Zotov et al. 2003; Obolensky et al. 2007). The
diffuse alteration, combined with the high contents of As,
Sb, and Pd in magnetite, and with the presence of PGE min-
erals as inclusions in magnetite, suggest that oxidized des-
ulphurising fluids favoured the remobilization of primary
PGE in these rocks during serpentinization. These findings,
supported by the preliminary SEM study of PGE minerals
in these intrusions, suggest that the primary source for PGE
was magmatic sulfides, with a possible minor contribution
from Cr-spinel during its alteration to ferritchromite (or
Cr-magnetite).

Conclusions

Magnetite geochemistry from seven Ni-Cu-sulfide-miner-
alized mafic/ultramafic intrusions peripheral to the Kunene
Complex has been analyzed via EPMA and LA-ICP-MS.
Petrographic observations and geochemistry allow the iden-
tification of five generations of magnetite: two magmatic
types, fractionated from silicate and sulfide liquids, a Cr-rich
magnetite product of high-T replacement of Cr-spinel (or
chromite), and two hydrothermal types: as sulfide replace-
ment, and as late-stage, low-T disseminations and veinlets.

The classification based on textural features and mineral
associations is supported by the trace element geochemistry,
where the two in-situ analytical methods are complementary.
Nickel and Co contents help to discriminate between the
magmatic types. The magnetite geochemistry also docu-
ments the evolution of the sulfide system: elements like
Cr, Co and V, whose content varies during fractionation of
the sulfide liquid, suggest that most of the sulfide-related
magnetite crystallized from a relatively primitive Fe-rich
monosulfide solid solution (MSS). Hydrothermal processes
crystallized two morphological varieties of secondary mag-
netite. Low trace element contents, in particular of Ni, Cr,
Ti, V, Al and Mn, characterise these grains and also help to
discriminate between the two hydrothermal types.

Magnetite replacing sulfides is common in serpentinized
ultramafic rocks, as in Ombuku North, and is characterized
by high Ni, Co, As, Sb, and, occasionally, anomalous Cu
and Pd. Since Fe-oxides should have lower Cu-Pd partition
coefficients than the co-existing sulfides, this suggests that
these cations are present in magnetite as submicroscopic
inclusions. This has been confirmed by the identification
of micron-size PGE minerals as antimonides, bismuthi-
nides, arsenides and tellurides using a scanning electron
microscope.

@ Springer

The Ni-Cu-PGE endowment in altered (serpentinized)
ultramafic rocks, the widespread desulphurization of pyr-
rhotite and pentlandite to magnetite rich in Pd microinclu-
sions, and the identification of micron-sized PGE minerals
associated with magnetite and serpentine, suggest metal
remobilization and enrichment due to hydrothermal fluid
circulation at T <300 °C. The results of this study indicate
the serpentinized ultramafic rocks as a possible target for
Ni-Cu-(PGE) mineralization. This could apply to the entire
system of intrusions peripheral to the KC, irrespective of the
age, and can be seen as a potential condition to verify when
exploring mafic/ultramafic intrusions for base metals +PGE
sulfides.
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