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Abstract: We evaluated the mobility of a wide suite of economic metals (Ni, Co, REE, Sc, PGE)
in Ni-laterites with different maturities, developed in the unconventional humid/hyper-humid
Mediterranean climate. An embryonic Ni-laterite was identified at Los Reales in southern Spain,
where a saprolite profile of ~1.5 m thick was formed at the expense of peridotites of the subcontinental
lithospheric mantle. In contrast, a more mature laterite was reported from Caman in south-central
Chile, where the thicker (~7 m) weathering profile contains well-developed lower and upper oxide
horizons. This comparative study reveals that both embryonic and mature laterites can form outside
the typical (sub)-tropical climate conditions expected for lateritic soils, while demonstrating a similar
chemical evolution in terms of major (MgO, Fe;O3, and Al,O3), minor (Ni, Mn, Co, Ti, Cr), and
trace (REE, Y, Sc, PGE, Au) element concentrations. We show that, even in the earliest stages of
laterization, the metal remobilization from primary minerals can already result in uneconomic

concentration values.

Keywords: PGE; REE; Sc; Co; Ni-rich serpentinite; Mn-oxyhydroxides; laterite

1. Introduction

Ni-Co laterite deposits account for about 60% of world’s land-based Ni resources [1]
and mineable resources of Co and Sc. Furthermore, laterites are steadily gaining ground as
potential sources of other critical metals like rare earth elements (REE) and platinum-group
elements (PGE) [2,3]. Ni-Co laterites are regoliths formed through the weathering of mafic-
to-ultramafic bedrocks under tropical and subtropical (i.e., hot and humid) climates, where
high rates of annual average rainfall (>1000 mm/yr) and high temperatures (15-31 °C) are
common [4]. In fact, most modern laterites are located at tropical latitudes (£23° Lat.),
where these specific conditions are met [5] (Figure 1). Nevertheless, the observation of
laterites out of the tropic suggests the existence of paleo-laterites displaced from their
original location by tectonic drift, as well as suggesting that other interacting factors,
besides temperature and rainfall, also play a role in their genesis, i.e., the lithology of the
parental rock, drainage, topography, and the abundance of organic matter [6,7].

Despite the existence of good knowledge about laterite formation, there is still un-
certainty about the mechanisms operating when the ultramafic rock is first transformed
into an embryonic laterite. In particular, how metals of economic interest behave at these
initial stages in the formation of the weathering profile is mostly unknown. This is mainly
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because most laterite profiles in tropical systems are very evolved, and the initial stages of
alteration are usually obliterated.

O Miocene to ® Pre-Miocene
present laterites laterites

I Equatorial  [7] Monsoon I Oceanic [ Arid I Mountain
[1 Tropical [ Mediterranean [ Chinese [ Continental [__] Polar

Figure 1. Locations of Los Reales and Caman weathering profiles (green stars) and major Ni-Co
laterite districts [5] in the context of the global present-day distribution of climate zones.

This paper aims to fill this gap in knowledge by providing insights on the behavior of
economic metals (i.e., Ni, Co, REE, Sc, PGE) in weathering profiles that display contrasting
geological settings and alteration histories, while being exposed to an unusual climate
regime for laterite formation, i.e., sub-tropical, semi-oceanic, humid/hyper-humid Mediter-
ranean climate (Figure 1). Other researchers [6] have shown that this climate regime is the
most optimal for evaluating the initial-to-intermediate stages of the formation of supergene
profiles on ultramafic rocks leading to the concentration of economic metals. For this
study, we selected: (1) a laterite profile developed from the alteration of ultramafic rocks
of the subcontinental lithospheric mantle (SCLM) units exposed in Los Reales, Serrania
de Ronda, in the Malaga province of Spain [8]; and (2) a laterite profile formed from the
weathering of oceanic lithospheric mantle (OLM) peridotites exposed in Caman, Coastal
Cordillera, in the Valdivia province of Chile [9-11]. The mantle peridotites of Ronda are
products of partial melting and kilometric scale refertilization by asthenospheric melts
in the SCLM [12] and were hydrated at low P-T conditions [13], whereas those from the
Coastal Cordillera of Chile originated in an oceanic setting and were later hydrated at
higher P-T conditions during subduction [14]. Our study revealed that, outside the typical
climate conditions expected for laterization, embryonic-to-proto laterites might also form,
and economic metals may be already mobilized to certain degree of intensity.

2. Geology, Climate Setting, and Field Characteristics of the Weathering Profiles

We selected two weathering profiles developed on ultramafic rocks of contrasting
origins but exposed to similar humid/hyper humid Mediterranean climate regimes. Their
locations as they pertain to climate and regional geology are shown in Figures 1-3.

2.1. The Los Reales Range, Serrania de Ronda, in Southwestern Spain

The first weathering profile is located in the Los Reales range at the highest altitude
of Sierra Bermeja, in the westernmost part of the Mdlaga province in SW Spain (Figure 2).
The geology of this area is dominated by the Ronda ultramafic massif, which is the largest
outcrop of SCLM peridotites exposed on Earth (~300 km?). Dated as Proterozoic, this SCLM
was emplaced into the continental crust in the early Miocene, likely during the development
of a back-arc basin in a suprasubduction setting behind the Betic-Rif orogenic wedge [15].
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The Ronda massif mainly consists of lherzolites and harzburgites, with minor dunites and
pyroxenite layers (usually <10%). These rocks are arranged in a kilometric-scale petrologi-
cal and structural zoning, consisting, from the top to the bottom of the mantle section, of
the following domains (Figure 2): (1) spinel (+garnet) tectonite consisting of foliated spinel
tectonites, bounded by garnet-spinel mylonites in direct contact with the crustal units and
corresponding to the exhumed SCLM roots (~2 GPa-900 °C; [16]); (2) granular peridotite
formed through the heating and melting of pre-existing spinel (£garnet) tectonite due to
the upwelling of the asthenosphere during unroofing (~1.5 GPa-1250 °C; [16]); and (3) pla-
gioclase tectonite corresponding to shear zones, originated shortly before or jointly to the
crustal emplacement (<1 GPa-1000 °C; [16]). A narrow (ca. 200-400 m wide) and continuous
(ca. 20 km long in the Ronda massif) transitional zone, referred to as the recrystallization
front, separates the spinel tectonites from the granular peridotite domain. The circulation
of fluids through the fracture network produced intensive hydrothermal alteration and the
formation of serpentines and deposits of talc, asbestos, and vermiculite [17].

Iberian foreland
| 38°N

Los Reales

African foreland [==] Garnet-spinel mylonite

|4OW [ spinel tectonite

[ Recrystallization front
[] Granular peridotite
[[] Plagioclase tectonite

15°15'W

Figure 2. Main geological domains of the SW portion of the Ronda peridotite massif (after [12]) in
the western portion of the Betic-Rifean orogenic belt, showing the location of the Los Reales profile.

The Los Reales weathering profile developed under a unique climatic area of the
Gibraltar strait. Here, a rainfall regime exceeding 2000 mm per year is controlled by the
reliefs of the strait, where flows of humidity from the Atlantic Ocean penetrate through
the Gulf of Cadiz in topographic depressions. The Los Reales range faces this humid-
ity to the west and experiences average annual temperatures close to 10 °C at altitudes
>1000 m asl [18]. These general climatic features, along with its geological and edaphic
singularities, make Sierra Bermeja a paleoecological refuge for an endemic floristic element,
i.e., the Spanish fir (Abies pinsapo Boiss) [19].

2.2. The Caman Ultramafic Body, Chilean Coastal Cordillera

This weathering profile developed on the Caman ultramafic body, which is located
27 km southeast of the city of Valdivia in Chile (Figure 3). This is one of the largest
known occurrences of ultramafic rocks of oceanic origin preserved in the Late Paleozoic
accretionary prism of the Coastal Cordillera of south-central Chile. The latter is a paired
metamorphic belt comprising two parallel N-S-trending metamorphic units known as the
Western and the Eastern Series, which are characterized by different metamorphic grades
and rock assemblages.

The Eastern Series consists of slightly deformed meta-sedimentary rocks (metagreywackes
and metapelites), which experienced high-T and low-tointermediate-P metamorphism by the
intrusion of the Coastal Batholith ca. 320-300 Ma ago [20,21]. In contrast, the Western Series
consists of metapelites and metapsammites of continental origin that locally host metamorphic
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rocks of oceanic affinity (greenschists, blueschists, amphibolites, metasediments, metavolcanics,
metagabbros, and metaperidotites). All of these rocks were affected by high-pressure and low-
temperature (HP-LT) metamorphism under greenschist and blueschist facies with maximums
of 2.0-2.5 GPa and <600 °C recorded in serpentinitic rocks [22]. One study [14] investigated the
geochemistry and mineralogy of the Caman ultramafic body and showed that it is a portion
of Iherzolitic upper oceanic mantle affected by antigoritization at medium P-T conditions in a
subduction channel.

SOUTH T
MERICA

36°S

37°5

38°S -

39°S -

preu B Laterite

41°S

100

3

]

Puerto Montt E
|M |

200
K

m

Bariloche

!

1
74W  73W 72°W

71°W  70°W

[ western Series [JJJJ] Eastern Series [ Paleozoic Granitoids

Figure 3. Main geological domains of the Coastal Cordillera (after [22]) of south-central Chile,
showing the location of the Caman laterite.

The climate of the Coastal Cordillera at 40° S is characterized by a mean annual
temperature of 11 °C and an average annual precipitation above 2000 mm per year in
coastal areas and lowlands [23]. Precipitation is more intense during the fall and winter
seasons (March—August). This cold and humid climate supports the growth of abundant
vegetation in native forests (i.e., the Valdivian rainforest) and patches of exotic anthropic
plantation of Pinnus radiata and Eucalyptus. In this region, relatively thick weathering
profiles have been developed on the metamorphic rocks, mainly on ultramafic peridotites.

2.3. Local Geology of the Studied Weathering Profiles

The weathering profile at Los Reales covers an area of a few tens of m? and is best
exposed in the road trench along a segment of ~10 m. Considering the road as a baseline,
the soil profile reaches here up to 2 m in thickness and consists, from bottom to top, of
floating blocks of the parent bedrock (i.e., partially serpentinized peridotite) of up to 0.5 m
high and saprolite of up to ~1.5 m thick (Figure 4).
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Figure 4. Field relationships of the studied weathering profiles. (a) Saprolite profile derived from the
SCLM peridotites exposed at Los Reales in Spain (2 m length of measuring tape as scale). (b) Laterite
profile of Caman from the weathering of oceanic peridotites cropping out in the Coastal Cordillera
of Chile.

The weathering profile at Caman in south-central Chile covers an area of approxi-
mately 5 km? and is well recognized along a segment of ~60 m in a road trench of Route
206 from Valdivia to Paillaco (Figure 4). Considering the road as a baseline, the soil profile
here reaches up to 7 m in thickness and consists, from bottom to top, of isolated blocks of
the parent rock (i.e., serpentinite) of up to 2 m high; a lower oxide zone (up to ~5 m high),
containing floating blocks of serpentinite; and an upper oxide zone (~1-5 m thick) (Figure 4).
These are distinguished in the field by their greenish, pale-yellow, and reddish-yellow
colors, respectively.

3. Materials and Methods
3.1. Sampling

A total of five samples, including one from bedrock (Sample 0) and four of saprolite
(from Samples 1 to 4 upward), were collected from the weathering profile of Los Reales in
southwestern Spain, while two from the bedrock (Samples 0 and 1) and five from oxide
zone (from Samples 2 to 6 upward) were collected from the weathering profile of Caman in
south-central Chile.

Polypropylene cilindric tubes were hand-drilled through each horizon of the selected
weathering profiles. Each one of the samples weighted 1.5-3 kg and was the composite of
two centimeter-sized borehole samples extracted within a single horizon. The extraction
sites were selected on the basis of changes in the macroscopic appearance of the soil material,
taking into account color, texture, and the degree of aggregation. The samples were
dried at 60 °C over 48 h, then crushed and pulverized for geochemical and mineralogical
characterization. Aliquots were also employed to obtain several thin sections, polished thin
sections, and cylindrical polished Epoxy® mounts.

3.2. Geochemistry of Major, Minor, and Trace Elements
3.2.1. Major, Minor, and Trace Elements

Bulk major, minor, and trace elements were analyzed using ICP-OES or ICP-MS at
Actlabs (Ancaster, ON, Canada). Sample dissolution was performed using a lithium metab-
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orate/tetraborate fusion, and molten beads were digested in a 5% nitric acid solution.
For Cu and Zn, digestion was performed using multiacid solutions (HF-HNO3-HCIOy).
Element concentrations were determined through external calibration with certified inter-
national standards. The compositions of reference materials DNC-1, SY-4, BIR-1a, BCR-2,
W-2, OREAS-101b, USZ-25, and ZW-C were analyzed as unknowns during the analytical
runs and showed good agreement with the working values of these international standards.
Bulk major, minor, and trace element data are reported in the Supplementary Material
(Table S1).

3.2.2. Platinum-Group Elements and Gold

Concentrations of platinum-group elements (Ir, Ru, Rh, Pt, and Pd) and gold in bulk
rocks and soils were also determined at Actlabs. Noble metals were measured in 30 g
of sample by NiS fire assay (NiS-FA) and ICP-MS. A nickel sulfide bead collected noble
metals, which were then dissolved in HCI and re-dissolved in aqua regia prior to ICP-MS
analysis. Detection limits in this study were 1 ppb for each noble metal. The analyses of the
OREAS 13b-certified reference material compared well with the published values of these
standards. Table S1 in the Supplementary Material shows the concentrations of PGE and
Au in the analyzed weathering profiles. More details on the analytical methods for PGE
and Au at Actlabs have been reported by [24].

3.3. Mineralogy
3.3.1. X-ray Powder Diffraction (XRPD)

Powdered samples from Los Reales were analyzed in a Bruker D8 Advance diffrac-
tometer with Cu-Ka radiation at 40 kV and 30 mA at the Universidad Complutense de
Madrid (Spain). Randomly oriented powders were scanned from 5 to 55° (20) at a scanning
rate of 2.0°/min. To confirm the presence of expandable clay silicates in the samples, the
<2 um fraction was separated from the coarse sample by ultrasonic dispersion and centrifu-
gation. Oriented aggregate samples were prepared by mounting the suspended solution of
the <2 um fraction on glass slides and drying at room temperature. These oriented samples
were solvated with ethylene glycol vapor in a desiccator for 24 h and heated in an oven
for one hour at a temperature of 500 °C. The patterns of samples on oriented mounts were
obtained by XRPD (model Bruker D8 Advanced) analysis with Cu-K« radiation at 30 kV
and 20 mA. The samples were scanned from 2 to 30° (20) at a scanning rate of 0.02°/s.

The powdered samples from Caman were analyzed in a PANalytical X'Pert PRO MPD
Alphal diffractometer in a Bragg-Brentano h/2h geometry with a 240 mm radius and
nickel filtered Cu K« radiation (k = 1.5418 A), at 45 kV and 40 mA, at the Scientific and
Technological Centers of the Universitat de Barcelona (CCiT-UB, Barcelona, Spain). During
analysis, the randomly oriented powder sample was spun at 2 revolutions per second, a
variable divergence slit kept an area illuminated constant (10 mm), and a mask was used
to limit the length of the beam (12 mm). Axial divergence Soller slits of 0.04 radians were
used. Powdered samples were scanned from 4 to 80° 26 with a step size of 0.017° and a
measuring time of 50 s per step, using a X'Celerator detector (active length = 2.122°). The
mineral identification of all samples was obtained using the XPert HSP software. Phase
identification was performed using the PDF-2 database.

3.3.2. Scanning Electron Microscope and Electron Micro Probe Analyzer

Polished Epoxy® mounts of laterites and the thin sections of protolith were exam-
ined by means of transmitted and reflected light petrographic microscopy at the Depar-
tament de Mineralogia, Petrologia i Geologia Aplicada de la Facultat de Ciencies de la
Terra (Universitat de Barcelona, Spain). They were later carbon coated and studied using
two field emission scanning electron microscopes (FESEM), the Quanta 200 FEI and the
XTE 325/D8395, along with an INCA energy dispersive spectrometer (EDS) microanalysis
system and a Jeol JSM-7100 equipped with an INCA Energy 250 EDS, at 20 kV and 5 nA,
at the CCiT-UB. Chemical analyses were obtained in an electron probe microanalyzer
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(EPMA) at the CCiT-UB using a JEOL JXA-8230 electron microprobe, equipped with five
wavelength-dispersive spectrometers and an energy-dispersive spectrometer. The operat-
ing conditions were 20 kV accelerating voltage, 15 nA beam current, 2 um beam diameter,
and a counting time of 20 s per element. The calibration standards used were wollastonite
(51, Ca), corundum (Al), orthoclase (K), hematite (Fe), periclase (Mg), rhodonite (Mn), NiO
(N1i), metallic Co (Co), Cr,O3 (Cr), and barite (Ba).

4. Results
4.1. Los Reales
4.1.1. Geochemistry

The SiO; and MgO contents decreased from bedrock (from ~42 to ~35 wt.% and from
37.41 wt.% to 17 wt.%, respectively) to the saprolite (Figure 5). This trend anticorrelated
with the parallel increases in Al;O3 (~2 to 8.5 wt.%), Fe;O3 (from 8.5 to 26.7 wt.%), CrpOs3,
TiO,, and MnO (<1.5 wt.%). Cobalt (from 105 ppm to 301 ppm), Cu (from ~16 to ~47 ppm),
Zn (from ~38 to ~96 ppm), and V (from 63 to 166 ppm) also normally increased upwards
in the profile, while Ni increased from the bedrock to Sample 2 from the saprolite unit
(2680 ppm to 5370 ppm) and then decreased closer to the top (Figure 5; Table S1).

wt.% wt.% ppm
0 10 20 30 40 50 60 0 0.5 1 1.5 0 1500 3000 4550 6000 7500
Forest Soil r T T T T T 1 T T T 1 f T T T T 1

. l

Saprolite

1 m+

Serpeontinite
Bedrock

1.7 m-

—@- ALO; —@— Fe,0;;, —@— Mg0 Sio, Ti0O, —@— MnO —@— Cr,0; —® Co ~@— Ni

Figure 5. Schematic weathering profile at Los Reales, showing variations of selected major and minor
elements. Numbers 0-4 indicate location of the studied samples.

The contents of REE were <40 ppm (Table S1), with light rare earth elements (LREE:
La + Ce + Pr + Nd + Sm) more abundant than heavy rare earth elements (HREE: Ho + Er +
Tm + Yb + Lu) (Figure 6). Both LREE and HREE experienced a steady enrichment from
bottom to top in the profile (Figure 6). Yttrium and Sc also increased from the parent bedrock
to the top of the profile (from 1 to 8 ppm and from 13 to 32 ppm, respectively; Figure 6).
The concentrations of noble metals were very low, with total PGE (Ir + Ru + Rh + Pt + Pd)
ranging from 30 to 55 ppb and Au < 3 ppb (Figure 6). The partially serpentinized bedrock
had the lowest PGE contents, while the highest concentrations were detected in the upper
middle portion of the profile (Sample 3; Figure 6), which correlated with the Pt/Pd ratios
decreasing from 0.70 to 0.23. The Au content remained negligible and almost constant
across the weathering profile.

4.1.2. Mineralogy

The parent bedrock at Los Reales was a partially serpentinized lherzolite with olivine,
orthopyroxene, and clinopyroxene. Olivine was altered to lizardite with a mesh texture
and to magnetite; orthopyroxene was replaced by “bastite” lizardite pseudomorphs. All
of them were crosscut by post-dating veinlets of lizardite and/or chrysotile (Figure 7a—d).
Chromium spinel, often with alteration rims enriched in Fe and/or magnetite, was the
most common accessory mineral.
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Figure 6. Schematic weathering profile at Los Reales, showing the location of samples and variation
in LREE, HREE, Y, Sc, PGE, and Au contents. Numbers 0-4 indicate location of the studied samples.

Figure 7. Optical photomicrographs of the typical mineralogy and fabric of the lherzolite parent
bedrock of the Los Reales weathering profile. This rock, shown in images (a-d), consists of olivine
(Ql), partially replaced by mesh-textured serpentine (lizardite; Lz) coexisting with porphyroblastic
orthopyroxene (Opx) and clinopyroxene (Cpx). (a,c) are plane-polarized light images, whereas
(b,d) are the corresponding cross-polarized micrographs.

The X-ray diffraction patterns of the four samples from the Los Reales profile confirmed
that the main relict magmatic minerals were forsterite, enstatite, chromium spinel, and
diopside, whereas actinolite, goethite, chlorite, and quartz were the main phases of a
secondary (i.e., hydrothermal to supergene) origin (Figure 8). The presence of chlorite as a
major clay component was conformed through XRD on clay aggregates (Figure S1).

A combination of optical microscopy, FESEM, and EPMA revealed a fine-grained
groundmass of goethite enveloping the relict grains of partially altered olivine, pyroxenes,
amphibole, and chromium spinel (Figure 9). Relict olivine was replaced by serpentine
(Figure 9a,e,i,m), whereas orthopyroxene and clinopyroxene grains were partially altered
along their rims into complex, fine-grained intergrowths of Mg-phyllosilicates as smectite
and/or chlorite (Figure 9b,{,j,n).
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Figure 8. X-ray diffraction patterns of the four analyzed samples collected from the Los Reales weath-
ering profile. Key: Fo: forsterite; En: enstatite; Chr: Chromium spinel; Dio: diopside; Act: actinolite;
Gth: goethite; Chl: chlorite; Qtz: quartz. Numbers 0-4 indicate location of the studied samples.

e B

Figure 9. Backscattered scanning electron images (SEM-BSE) showing the textures of minerals of the
Los Reales weathering profile. (a-d) Sample 1, (e-h) Sample 2, (i-1) Sample 3, and (m—p) Sample 4.
Key: Ol: olivine; Opx (orthopyroxene); Cpx (clinopyroxene); Chl: chlorite; Serp: serpentine; Cr-sp:
chromium spinel; Cr-Mgt: Cr-magnetite; Fe-Mn-Oxy-hy: Fe-Mn-oxy-hydroxides; Gth: goethite; Hmt:
hematite; Mxt: mixture of silicate and oxides.

Chromium spinel grains with Cr-magnetite plus chlorite alteration rims were common
at the bottom of the profile close to the parent bedrock, whereas in the uppermost section
of the laterite, relict chromium spinel was more rounded and exhibited coatings of chlorite
and/or fine-grained mixtures of chlorite with Fe-oxy-hydroxides and Fe-oxides (goethite
and hematite; (Figure 9¢,g k,0). Fe- and Mn-oxy-hydroxides were very common across the
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whole profile, and they were found as pseudomorphs after olivine or irregular concretional
aggregates (Figure 9d,h,j,p).

Serpentine had variable NiO contents (0.47-1 wt.%) that were higher than the parental
olivine (<0.45 wt.%) and pyroxene (<0.12 wt.%) (Figure 10; Table S2). The average struc-
tural formula of Serpentine is Mg2.49Fe3+0.30Ni0.03(Si1.99A10,0205)(OH)4. Olivine is typl-
cally magnesian (Fogg_91), and pyroxenes consist of enstatite (average structural formula:
Mg 72Fep 18 Alp.09Cro.01(Si1.01 Al 05)Og; Enggo1) and diopside (average structural formula:
Cap 87Mgo.91Fe0 08 Alo.0sCr0.03(Si1.92Al009)O6; Dig1-93).

Figure 10. Quantitative (wt.%) wavelength-dispersive spectrometry (WDS) X-ray elemental maps of
the mesh-serpentine replacing olivine in the Los Reales weathering profile.

Chromium spinel bore trace amounts of MnO (up to 0.11 wt.%), NiO (up to 0.36 wt.%),
and CoO (up to 0.1 wt.%), and larger amounts of Cr,O3 (up to 23.59 wt.%) than the
aforementioned silicates. Its structural formula is (Mg?* o 72Fe?*(24)(Al1%*1 53Cr3*(.37)Oy4,
with Cr# (Cr/Cr + Al) ranging from 1.38 to 1.67 and Mg# (Mg/(Mg + Fe?")) from 0.69
to 0.76.

Goethite showed significant contents of MnO (up to 7.4 wt.%), NiO (up to 2.04 wt.%),
Cry03 (up to 0.44 wt.%), and CoO (up to 0.40 wt.%), as well as conspicuous amounts of
SiO; (up to 9.43 wt.%) and AlL,O3 (up to 6.4 wt.%); the latter were very likely related with
secondary silica intergrowths (Table S2).

The Fe- and Mn-oxy-hydroxides are fine-grained and poorly crystalline phases, dif-
ficult to identify by EMPA and/or X-ray powder diffraction. The volume analyzed by
electron microprobe represented a mixture (at least two phases) that contained high Ni
(2.97-10.4 wt.%) and Co (1.49-3.18 wt.%) contents (Table S2).

4.2. Camdn
4.2.1. Geochemistry

Si0; and MgO in Caman strongly decreased upwards from the serpentinite bedrock
to the lower oxide zone (from ~40 wt.% to ~15 wt.% and from ~38 wt.% to ~1 wt.%,
respectively). A further loss in silica occurred at the transition between the upper and lower
oxide zones (~5 wt.%), whereas Al,O3 and especially Fe,O3 increased from the parent
bedrock to the lower and upper oxide zones (Al;O3 from ~1 to ~14 wt.% and Fe,Os(t) from
~8 to ~50 wt.%) (Figure 11).

Cr,O3 decreased while MnO and TiO, increased from the parent bedrock upwards,
with overall contents of < 3 wt.% (Figure 11). Nickel mirrored the distribution of MnO
and was more enriched in the upper oxide zone (up to 6860 ppm) relative to the lower
oxide zone (~3500 ppm). A similar increase from the bedrock to upper oxide zone was
also observed for Co (from 113 to 890 ppm), Cu (from ~9 to 180 ppm), and Zn (from ~40 to
400 ppm) (Table S1).
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Figure 11. Schematic weathering profile in Caman, showing the location of samples and variations in
selected major and minor elements. Numbers 0-6 indicate location of the studied samples.

The REE had total contents of < 240 ppm and showed an overall enrichment in LREE
(up to 162 ppm) compared to HREE (up to 31 ppm). Abundances of LREE, HREE, and Y
displayed identical distributions within the profile and increased from the bottom to the
top, singularly close to the transition between the lower and upper oxide zones (Sample
3) (Figure 12). It is noteworthy that Sc mirrored the distribution pattern of Fe;O3, with
a sharp increase from the bedrock (~10 ppm) to lower and upper oxide zones (~70 ppm)
(Figures 11 and 12).

ppm ppb
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Bedrock

Figure 12. Schematic weathering profile in Camén, showing the locations of samples and variations
of LREE, HREE, Y, Sc, PGE and Au contents. Numbers 0-6 indicate location of the studied samples.

The concentrations of noble metals were strongly variable throughout the soil profile,
with total PGE = 23-165 ppb and Au = 1-8 ppb, which were higher than the respective
figures from the Los Reales profiles (Table S1). The lowest PGE contents were in the
serpentinite bedrock (~25 ppb; Pt/Pd =1.1-3.5), and there was a general trend of enrichment
upwards through the lower oxide zone (73-113 ppb; Pt/Pd = 1.5-2.3) and upper oxide
zone (120-165 ppb; Pt/Pd = 2.3-1.5) (Figure 12). Gold also increased in content from the
serpentinite bedrock (~1 ppb) upwards to the oxide zones (up to 8 ppb) (Figure 12).

4.2.2. Mineralogy

The parent bedrock of the Camadn profile was a serpentinite, consisting of randomly
oriented and interlocking short, blade-shaped crystals of antigorite (Figure 13a,b), often
crosscut by chrysotile veinlets. This rock preserved ghost clinopyroxene morphologies
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(Figure 13c,d), accessory chromium spinel partly altered to magnetite, and minor amounts
of rutile and ilmenite.

Figure 13. Optical micrographs of the typical mineralogy and fabric of the serpentinite parent rock in
the Caman weathering profile. This rock, shown in images (a—d), consists of antigorite blade-shaped
crystals and clinopyroxene phantoms. (a,c) are plane-polarized light images whereas (b,d) are the
corresponding cross-polarized micrographs. Key: Atg: antigorite; Cpx: clinopyroxene phantom.

The XRPD analyses of the two representative bedrock samples (0 and 1) confirmed
the presence of antigorite and, to a lesser extent, chrysotile (Figure 52). Conversely, the
lower and upper oxide zones almost completely consisted of goethite, with trace amounts
of serpentine at the bottom of the profile (Figure 14).
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Figure 14. X-ray diffraction patterns of the four analyzed samples collected from the Caman weather-
ing profile. Key: Atg: antigorite; Ctl: chrysotile; Gth: Goethite; Srp: serpentine. Numbers 0-6 indicate
location of the studied samples.

Goethite in the upper and lower oxide zones was found as variably crystalline pisolitic
and spheroidal aggregates (Figure 15). Other mineral species included chromium spinel,
Cr-rich magnetite, zircon, and ilmenite. They had rounded morphologies with partially
corroded outlines, locally coated by goethite (e.g., Figure 15¢). These relict minerals were
progressively less frequent higher in the upper oxide horizon, being replaced by the
more abundant Mn-rich oxy-hydroxides of the asbolane-lithiophorite intermediates and
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minor amounts of Mg-phyllosilicates (chlorite >> smectite+talc). Chlorite and smectite
formed fine-grained coatings on Cr- or Ti-rich oxide grains (Cr-rich magnetite and ilmenite;
e.g., Figure 15g) and/or Fe- and Mn-rich oxy-hydroxides and oxides (goethite, hematite,
asbolane-lithiophorite; e.g., Figure 150). The Mn-rich oxy-hydroxides also appeared in
flaky aggregates of a few micrometers, coexisting with Fe-rich oxy-hydroxides and talc;
they may have also formed colloform to botryoidal aggregates of parallel and/or radial
fibrous crystals that were tens to a hundreds of micrometers in diameter (Figure 15p).

oo |

| o

Figure 15. Backscattered electron images (SEM-BSE) showing the textures of minerals in the Caman
weathering profile. Samples 2 and 3 from the lower oxide zone are shown in (a—d), whereas Samples
4,5, and 6 from the upper oxide zone are shown in (e-h), (i-1), and (m—p), respectively. Key: Chl:
chlorite; Serp: serpentine; Smc: smectite; Tlc: talc; Cr-sp: Chromium spinel; Cr-Mgt: Cr-magnetite;
Mgt: magnetite; Ilm: ilmenite; ALI: asbolane-lithiophorite intermediates; Gth: goethite; Hmt:
hematite; Zr: zircon.

Goethite had detectable contents of MnO (up to 2.1 wt.%), NiO (1.9 wt.%), Cr,O3 (up
to 0.73 wt.%), and CoO (up to 0.44 wt.%), as well as high amounts of 5iO, (up to 9.78 wt.%)
and Al,O3 (up to 8.73 wt.%), indicative of secondary silica intergrowths (Table S2).

The asbolane-lithiophorite intermediates had the highest contents of NiO
(0.6-14.14 wt.%) and CoO (0.56-9.13 wt.%) and bore variable amounts of MnO (23.64
to 43.5 wt.%), Al,O3 (4.08 to 15.5 wt.%), and FeO (1.4 to 23.48 wt.%, with most analy-
ses being above 10 wt.%). They also had subordinate SiO; (3.3 wt.% on average, with
a maximum of 6.53 wt.%) and MgO contents (below 2.73 wt.%). Manganese, Fe, Al, Ni,
and Co in the asbolane-lithiophorite from Caman displayed the same correlations as the
Fe-Mn-oxy-hydroxides from Los Reales but contained remarkably more Mn, Ni, Co, and
Al, and less Fe (Figure 16).
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Figure 16. Co-Ni-Al ternary plot (cationic composition wt.%) displaying the mineral chemistry
of the lithiophorite-asbolane intermediates from the Caman weathering profile. Compositional
fields of other localities worldwide are shown for comparison: Moa Bay, Cuba [25]; Nkamouna, SE
Cameroon [26]; New Caledonia [27] and Wingellina, W Australia [28].

5. Discussion
5.1. Maturity of the Ni-Laterite Profiles

In the two studied weathering profiles, Si and Mg decreased whereas Fe, Al, Ni, and
Cr increased as the samples approached the top (Figures 5 and 11). However, the intensity
of these weathering-related trends differed between the studied profiles. Specifically, these
compositional changes can be quantified by using the ultramafic index of alteration (UMIA)
proposed by [2]:

UMIA =100 X [(Al2O3 + Fe;O31))/(SiO2 + MgO + Al,O3 + FepO3))] (in molar ratios)

This geochemical index considers MgO and SiO, to be the dominant components in
the parental rock, while CaO, NayO, and K;O are present in negligible amounts, which
is consistent with the compositions of the bedrocks analyzed here (Table S1). According
to the UMIA index, a weak weathering rate was envisaged at Los Reales, while a deeper
weathering took place at Camdn, particularly towards the uppermost part of the profile
(Figure 17a).

The parent rocks from the two studied profiles both had an UMIA index of 4. This
index reached values between 11 and 18 in Los Reales, whilst it was much higher in the
lower (53-60) and upper (73-83) oxide zones of Caman, respectively (Figure 17b; Table S1).
The low UMIA values in the Los Reales profile are characteristic of saprolite originating
during early laterization. In contrast, the strong Fe enrichment and higher UMIA values
in Caman were akin to a more developed laterite produced by a more intense weathering
of ultramafic rocks (Figure 17b,c). In the latter profile, the identification of chemically
zoned horizons (i.e., lower and upper oxide zones) highlights a differential degree of
maturity within the profile itself, like those in oxide-type Ni-laterite deposits dominated by
Fe-oxy-hydroxides [29].
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LOS REALES (RONDA MASSIF, SPAIN) CAMAN (COASTAL CORDILLERA, CHILE)

Si0, SiO,
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% Bedrock

A0, % Fe,O5 A0, % Fe,03
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MgO % Sio, MgO % Sio,
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Figure 17. SiOy—-Fe;O3-Al,03-MgO (bulk-rock geochemistry in wt.%) ternary plots showing the
weathering trends of Los Reales (left) and Caman (right). (a) Ternary SiO,-Fe,O3-Al,03 diagram
illustrating the degree of weathering in relation with decreasing SiO5. (b) Ternary Fe,O3+Al,O3—
5i0,-MgO diagram displaying the increase in the UMIA [2] with increasing Fe,O3 and Al;Os3.
(c) Ternary Al,O3-Fe;O3-5i0, + MgO diagram showing the increase in the UMIA with increasing
Fep O3 (laterization) or Al,O3 (bauxitization).

The low UMIA of the Los Reales saprolite (Figure 17b,c; Table S1) supports the presence
of abundant mineral relicts (altered olivine, pyroxenes, and chromium spinel) from the
partially serpentinized peridotite bedrock. The angular outlines of the broken fragments
of orthopyroxene (e.g., Figure 9f) and chromium spinel (e.g., Figure 9¢,g k,0) evidence the
residual origin of these grains, resulting from the weathering of the parent rock during
incipient laterization. The high resistance of spinel to alteration was very likely due to its
relatively slow dissolution kinetics in comparison to other primary phases such as olivine
or pyroxene [2,6,30].

Moreover, in the lower portion of the Los Reales profile, Ni-rich serpentine with a
mesh texture and “bastite” pseudomorphs, as well as the hydrothermal replacement of
chromium spinel by chlorite and/or Cr-magnetite, were preserved. This is also consistent
with an incomplete degradation during the early stages of weathering and, to a lesser
extent, with mass loss and regolith collapse. In contrast, the observation of fine-grained
mixtures of phyllosilicates and oxides coating grains higher up the profile (e.g., Figure 9j—k
from Sample 3 and n-o from Sample 4) may have been caused by a more advanced stage
of laterization. This transition marks the shift from the pure physical processes of the
disaggregation of the parent rock towards more in situ weathering and mass changes
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involving differential elemental mobility. In this frame, pseudomorphs of secondary Fe-
and Mn-oxy-hydroxides and smectite after olivine (£serpentine) (Figure 9d,j,p) likely
formed through acid hydrolysis that partially to completely dissolved the parental rock,
according to the equation below [31]:

2(Mg,Fe)35SipO5(0OH)4 + 3H,0 =

Serpentine

Mg5Sis010(OH),4H,0 + 2Mg?* + FeO(OH) + 30H 1)

smectite goethite

The serpentine-to-smectite transformation highlighted by Reaction (1) implies a sub-
stantial volumetric increase which, in turn, increases porosity. Following this process, a
portion of Fe?* structurally founded in olivine and/or serpentinite can be released and
easily transported by oxidizing seeping pore waters, being eventually fixed as Fe* in Fe-
oxy-hydroxide-forming, open-space-filling textures (e.g., Figure 9p). Through this reaction,
Mg?* was likely leached out of the profile, whereas the Ni released from olivine and /or
serpentine could be enriched in the profile through fixation by goethite, thus explaining
the slight enrichment in this metal higher up the profile (Figure 5; e.g., [32,33]).

The identification of boxwork Fe-Mn-oxy-hydroxides after olivine grains (Figure 9d,1)
indicated the neoformation of these minerals during a very early stage of laterization by
the direct replacement of olivine, or as newly formed phases in open fractures.

On the other hand, in the Caman profile, relict minerals (primary silicates and Cr-
Ti-Fe oxides) were mainly restricted to the bottom of the lower oxide horizon, whereas
higher up, the more abundant minerals were the secondary Fe- and Mn-oxy-hydroxides
(goethite >> hematite & asbolane-lithiophorite), Mg-phyllosilicates (chlorite >> smectite +
talc), and quartz (Figure 15a—p). The colloform and/or botryoidal textures of some Fe- and
Mn-oxy-hydroxides (e.g., Figure 15p) suggest that neoformation is the main minerogenetic
process, thus explaining the pronounced Fe and Mn gains at the transition between the
bedrock and the lower oxide horizon, as well as from the upper portion of the lower oxide
zone upwards. The progressive enrichment in Fe and Mn is coupled with a loss in Si and
Mg (i.e., the “Mg-discontinuity”; [29]), which could reflect the transition from more acidic
conditions at the top towards the bottom of the weathering profiles.

5.2. Mineralogical Siting of Economic Metals: Clues on Enrichment Mechanisms
5.2.1. Nickel and Cobalt

Overall, both studied profiles experienced a Ni enrichment from the bedrock upwards.
However, several differences regarding the distribution and enrichment mechanism of
economic metals can be outlined. In the Los Reales profile, Ni increased from the bedrock
to the overlying saprolite (Samples 1 and 2) and decreased again at the top of the profile
(Figure 5), whereas in the Caman profile, Ni was steadily enriched from the bedrock to the
overlying lower and upper oxide horizons (Figure 11).

In the Los Reales saprolite, serpentine was the main Ni repository, with concentra-
tions of up to 1 wt.% NiO. This is typical of saprolites derived from ultramafic rocks
worldwide [30,34,35]. However, it must be noted that goethite and Mn-oxy-hydroxides
showed much higher Ni grades, with concentrations of up to 2.04 wt.% NiO and 10.4 wt.%
NiO, respectively. This is coherent with the Ni incorporation in goethite being faster or
starting at earlier stages than the Ni enrichment in serpentine. Goethite may capture
remarkable amounts of Ni%*, either by adsorption onto their surfaces of by substitution
for Fe3* [36-38]. In Mn-oxy-hydroxides, Ni enrichment may be due to the replacement of
Al in the gibbsite-like octahedral sites of lithiophorite-like structures, which consequently
triggers the development of an asbolane-type layer when Al is entirely replaced [39]. In
another study [40], it was suggested that in Al-rich systems with pH > 6, Ni is rapidly
incorporated into lithiophorite due to the development of AI-Ni precipitates in the form
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of gibbsite-like layers. In contrast, if the system is Al-free with a neutral pH, Ni should
enter the structure of a Mn-oxide type layer, occupying vacancies [25,41,42]. The chemistry
of the asbolane-lithiophorite intermediates in Caman overlapped that of the asbolane—
lithophorite intermediates that originated in Al-rich systems with pH > 6 (e.g., type IV
intermediates reported by [28] in Wingellina, Australia; Figure 16). It is worth noting that
the asbolane-lithiophorite intermediates from Caman have the highest Ni grades in the
profile (up to 14.14 wt.% NiO), higher than the more abundant goethite (1.9 wt.% NiO).

The maximum bulk-rock MnO and Co contents of the parent rocks in the two studied
profiles were essentially identical: 0.12 wt.% and 105 ppm in Los Reales saprolite, and
0.14 wt.% and 116 ppm in Caman. However, there was a great difference in the enrichment
observed in these two elements between the two weathering profiles, with lower average
values in Los Reales (MnO 0.30 wt.% and Co up to 269 ppm) than in Caméan (MnO up to
0.90 wt.% and Co up to 649 ppm). This suggests that, as observed for Ni, the primary Co
and Mn enrichment of the protoliths has a lesser influence than weathering rates.

In the Los Reales saprolite, Mn and Co exhibited identical bulk-rock distribution
patterns, characterized by weak enrichment upwards (Figure 5). Their distribution was also
similar to those displayed by Al,O3 and Cr,;O3, which were mostly hosted by spinel occur-
ring in the weathering profile. Considering that this oxide contains hundreds to thousands
of ppm of both Mn and Co (Table S1), the Mn-Co geochemical signature of the profile is
somehow controlled by chromium spinel. Much like the latter, olivine and/or orthopyrox-
ene (or serpentines derived from them) from the peridotite parent rock contained hundreds
to thousands of ppm of both Mn and Co (Table S2). During laterization, the olivine dis-
solution through interaction with acid to neutral fluids is the main process accounting
for the Co?* and Mn?* remobilization and uptaking in Fe-Mn-oxy-hydroxides forming
pseudomorphs after olivine (e.g., Figure 9d) and/or botryoidal aggregates (Figure 9h). In
these neoformed oxides, Co** would be adsorbed on the surface of the low-crystalline,
Mn-rich oxy-hydroxides via its oxidation to Co®* by Mn** vacancies and the subsequent
replacement of Mn®* in the crystal lattice by Co®*, owing to the acidic nature of the solu-
tions [27,43].

In the Caman laterite, the neoformed Fe- and Mn-oxy-hydroxides were the main
carriers of Mn at the top of the profile, where chromium spinel was practically absent. This
observation confirms previous interpretations that asbolane-lithiophorites formed during
laterization are the main carriers of Mn and Co [27,28].

5.2.2. Behavior of REE, Sc, and PGE

The parent rocks of the two studied profiles yielded almost identical concentrations of
2REE (~3.54 ppm). However, the Los Reales saprolite had much lower 2REE contents
(<50 ppm) than the Caman laterite (up to 230 ppm), which again indicates a strong influence
of the metal enrichment by the degree of maturity of the profile instead of the composition
of the starting bedrock.

The two weathering profiles analyzed here showed a common decoupling between
LREE and HREE, characterized by a noticeable enrichment of the former at the tops of the
profiles. This trend of enrichment was positively correlated with Al,Os3, and especially
MnO. This is consistent with previous reports that REE enrichments are related to Al,O3-
rich zones in the oxide orebodies of the Moa Bay in Cuba [2], and in the Wingellina laterite
deposit in Australia [28]. Such REE-Al,O3 correlation has been ascribed to REE adsorption
onto clays, following an ion-adsorption-type concentration process. In contrast, positive
correlations between REE and MnO suggest an additional remobilization and accumulation
of the lanthanides during chemical weathering into Mn-oxy-hydroxides [2,28,44,45]. This
clearly evidences a dual model of the fixation of remobilized REE during weathering.

Another interesting feature of the REE geochemistry of the Caman laterite was the
significant REE concentration (highest REE of 230 ppm) observed in Sample 3, marking the
transition between the lower and the upper oxide horizons (Figure 12). This abrupt increase
in REE coincided with a positive SiO, spike and the highest contents of Zr (143 ppm) and Hf
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(7 ppm) (Figure 13; Table S1). These observations, along with the identification of detrital
zircon in this sample (Figure 16), suggest the concentration of primary REE minerals. It is
worth noting that Y displayed a similar distribution to total REE in both profiles, suggesting
that its speciation was controlled by the same processes as that of the REE.

On the other hand, the distribution of Sc was identical to that of Fe,Os (Figures 11 and 12).
This element tends to accumulate in the upper portion of the profiles where Mn-oxy-hydroxides
prevail, reaching maximum concentrations of up to 23 ppm in Los Reales and up to 78 ppm
in Caman. Interestingly, other studies [2,46] reported a similar tendency of Sc to concentrate
in the uppermost portion of oxide horizons in well-developed laterites from New Caledonia
and Cuba.

The maximum total PGE + Au contents of the parent rock of the Los Reales (32 ppb)
were similar to those of Caman (25-29 ppb) (Table S1). However, these noble metals were
distinctively more enriched in the profile of Caman (79-171 ppm) than in that of Los Reales
(36-58 ppb). The positive correlation between the PGE+Au and the UMIA in both profiles
(r? = 0.91; Table S1) indicates again the impact of the degree of laterization in the supergene
enrichment of critical metals.

From Figures 6 and 12, it is clear that Rh and Au were the least mobile elements in both
profiles, and there were remarkable variations in the enrichment of the other PGE. Thus,
in Los Reales, Ir, Ru, Pd, and Pt steadily increased across the whole profile, displaying
differential mobility upwards, and all slightly decreased in the uppermost portion. In
contrast, in Caman, changes in these PGEs were more irregular, and they were more
enriched at the top. Altogether, these observations highlight that these PGE were effectively
mobilized in different proportions through the weathering profile, such as reported in other
laterites worldwide [2,6,47,48].

In Los Reales, the PGE+Au distribution resembled those of Cr,O3, Al,O3, MnO, and
TiO,, suggesting that detrital chromium spinel also had a significant role in controlling
the bulk-rock content of noble metals. This could be related to the presence of nanometer-
to-micrometer-sized platinum-group minerals (PGM) and gold that were initially hosted
in chromium spinel and retained in this oxide or eventually released during laterization.
Although we have not yet identified PGM in our profiles, previous studies have shown
that chromium spinel from the Ronda peridotites contain abundant both PGM and gold
particles [49].

The coinciding positive anomalies of noble metals and Cr at the bottom of the Caman
profile, where chromium spinel was relatively abundant (i.e., Sample 2; Figures 11 and 12),
confirm that this mineral controls the PGE signature of the Caman laterite. Relatively high
Ru and Ir contents in the nearby La Cabafia saprolite have been attributed to laurite (RuS,)
and irarsite (IrAsS) hosted in chromium spinel [6], and to laurite and/or Ru-Fe alloys
(e.g., hexaferrum) derived from its alteration in laterites from the Dominican Republic
by [2,50]. Moreover, the residual accumulation of sperrylite (PtAs;) originally hosted in
chromium spinel may explain Ir and Pt enrichments in these aforementioned weathering
profiles. Nonetheless, the progressively increasing concentrations of Pd, Ir, Pt, and overall
Ru upwards in the Caman profile cannot be exclusively attributed to PGM originally
hosted in the residual chromite but can also be explained by the liberation of PGE-rich
Ni-Fe-Cu sulfides from serpentinite [14] and/or the supergene neoformation of PGM from
the migrating fluids [50].

Studies dealing with elemental geochemistry and Cr (**Cr/>*Cr) and Re-Os (1¥’Re/1880s)
isotopes show that PGE are relatively mobile in fluids acting in surficial environments, thus
leading to the enrichment of these metals in laterites [6]. Previous studies have shown that
acidic conditions (pH < 6 and Eh > 0.4) could promote the dissolution of most PGE species,
especially of Pt and Pd. In these conditions, Pt may form aqueous hydroxide species but is
less mobile than Pd in surface environments due to the higher oxidation potential to enter into
solution [51-53]. The relatively soluble behavior of Pd (and to a lesser extent Pt) in near-surface
conditions suggests that Pd may be liberated during the initial stages of weathering from
host minerals (PGM, Fe-Ni sulfides, and native Au) to be incorporated into porewater as,
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e.g., Pd* (OH)y(aq) and then partially mobilized throughout the profile [54-58]. This may
result in Pd (and Pt) being incorporated or trapped onto clay and oxy-hydroxide-rich horizons
or being reduced by Mn or organic matter compounds, due to their high surface area and
highly negatively charged interfaces [2,59-63]. For example, Pt-Ir-Fe-Ni alloys have been
documented as inclusions and packed nanoparticles within pore spaces of Fe- and Mn-oxy-
hydroxides in the nearby La Cabaria saprolite [6] and in many other laterites worldwide, such
as the Loma Peguera Ni-laterite deposit in the Dominican Republic [50,62-64] and the Planeta
Rica Ni-laterite profiles of Northern Colombia [47].

6. Conclusions

For most elements analyzed, protolith rock has a lesser influence on supergene enrich-
ment of these metals than weathering intensity. Thus, despite the similar climate, higher
enrichments of metals are related to higher UMIA rather than higher initial concentrations
in bedrock. The whole-rock geochemical data show that at the earliest stages of lateriza-
tion, metals are already mobilized, but in concentrations below cut-off levels. Therefore,
a relatively high degree of maturity in the profile is necessary for a laterite to achieve
economic interest.
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