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Abstract

Indonesia is one of the largest Ni ore producers in the world and is also
expected to be an important potential source of some critical metals (e.g., Co,
Sc, rare-earth elements, and platinum-group elements). However, few studies
have examined Ni laterite deposits in this country. In this study, we investigate
Ni enrichment and the potential accumulation of critical metals in four laterite
profiles with varying degrees of serpentinization and weathering intensity in
the Soroako and Pomalaa mining areas of Sulawesi, Indonesia. We integrate
geochemical evaluation with a mass-balance approach and mineralogical anal-
ysis to better constrain the geochemical factors influencing the mobilization of
Ni during lateritization. Nickel contents in the saprolite horizon of the profiles
that are strongly weathered and developed over serpentinized peridotite are
higher than those that are weakly weathered and developed over
unserpentinized harzburgite. The bulk Ni contents of saprolite horizons are
related to Ni contents of Ni-bearing Mg-phyllosilicates, which suggests that Ni
remobilization is the main control on Ni enrichment in the profiles. Mass-
balance calculations reveal that the amounts of gained Fe and Ni in the pro-
files are positively correlated. This relationship indicates that the redistribution
of Ni is likely controlled by the aging of Ni-bearing goethite (dissolution/
recrystallization) involving ligand-promoted dissolution by organic matter
and/or reductive dissolution by microbial activity near the surface. Critical
metals show enrichment in specific horizons. Enrichments in Co and rare-
earth elements are strongly influenced by the formation of Mn-oxyhydroxides
in the oxide zone of the profiles. In contrast, Sc, Pt, and Pd show residual
enrichment patterns, with grades influenced mainly by their initial contents in
bedrock. The profiles show a positive correlation between Sc and Fe, as
reported for other Ni laterite deposits. Among the critical metals, Sc, Pt, and
Pd contents in the studied profiles are comparable with values reported from
other Ni laterite deposits worldwide.
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1 | INTRODUCTION
Nickel laterite deposits, which form by intensive chemi-
cal weathering of mafic to ultramafic rocks under tropical
environments, account for over 60% of both the world's
land-based Ni resource and annual global Ni production
(McRae, 2020). During chemical weathering, meteoric
waters interact with ultramafic rocks, leading to the dis-
solution of primary silicates and leaching of soluble ele-
ments (e.g., Si and Mg) as well as the accumulation of
less soluble elements such as Fe as (oxy)hydroxides
(e.g., goethite) in the oxide zone (also known as “limo-
nite” or “laterite”). Nickel that is leached by the dissolu-
tion of silicates and involved in the evolution of
Ni-bearing goethite (dissolution/recrystallization) is
transported downward by the percolation of soil water
and subsequently captured by secondary (Ni)-Mg
phyllosilicates (e.g., serpentine, smectite, and talc-like
minerals) in the saprolite horizon. This supergene pro-
cess, the so-called per descensum process, has been
invoked to explain the formation of economic-grade ores
(e.g., Trescases, 1975; Cluzel and Vigier, 2008), especially
high-grade saprolite ores. However, the distribution of Ni
is strongly influenced by many interacting factors, includ-
ing lithology, tectonic setting, drainage, climate, and the
presence of organic matter (e.g., Golightly, 1981; Gleeson
et al., 2003; Freyssinet et al., 2005; Golightly, 2010;
Thorne et al., 2012; Butt and Cluzel, 2013; Maurizot
et al., 2019). These multiple interacting factors cause spa-
tial heterogeneity in Ni grade, even in a single deposit.
Recently, Ni laterite deposits have also been consid-
ered as potential targets for the exploration of some criti-
cal metals, such as Co, Sc, rare earth elements (REES),
and platinum group elements (PGEs), in response to the
rapid growth in demand for these elements
(Chakhmouradian and Wall, 2012) and improved extrac-
tion via the development of high-pressure acid leaching
for the recovery of important metals as by-products from
low-grade oxide ores or tailings (Wang et al., 2011). Sev-
eral studies have investigated the potential occurrence of
critical metals in Ni laterite deposits in Cuba and the
Dominican Republic (Aiglsperger et al., 2015, 2016),
Australia (Chasse et al., 2017; Putzolu et al., 2018; Chasse
et al., 2019; Putzolu et al., 2019), New Caledonia
(Audet, 2008; Traore et al, 2008a, 2008b; Teitler
et al.,, 2019; Ulrich et al., 2019), and central Africa
(Dzemua et al., 2013).

Many large-scale Ni laterite deposits have been dis-
covered on Sulawesi Island (Indonesia) and are well
developed on peridotites of obducted ophiolite suites sub-
jected to humid and hot climatic conditions. These
deposits have allowed Indonesia to become the world's
major producer of Ni (McRae, 2020). The Soroako and
Pomalaa mining areas, which are located in the central
and southeastern parts of Sulawesi Island, respectively,
are the two largest Ni laterite mining sites in Sulawesi
Island and produce mainly Ni-rich saprolite ore. Despite
their major economic importance, few investigations
have been made into the geochemical characteristics of
Indonesian Ni laterites (Golightly and Arancibia, 1979;
Golightly, 1981; Sufriadin et al., 2011; Ilyas and
Koike, 2012; Fu et al., 2014; Ilyas et al., 2016; Farrokhpay
et al., 2019). There is also a lack of data on the distribu-
tion of critical metals (e.g., Maulana et al., 2016).

In this study, we investigate the geochemistry and
mineralogy of four laterite profiles that show variations
in parent rock-type and degree of weathering in the
Soroako and Pomalaa mining areas, and integrate the
resulting information with mass-balance calculations to
constrain the behavior of Ni in the laterite profiles, par-
ticularly the geochemical factors controlling the
remobilization of Ni during laterization. We also apply
these calculations to Ni laterites located in other tropical
regions and compare the results with those of the studied
Indonesian profiles. Finally, we present an overview of
the distribution of critical metals (Co, Sc, REEs, Pt, and
Pd) through the weathering profiles and infer the geo-
chemical processes involved in their enrichment.

2 | GEOLOGICAL SETTING

Sulawesi Island, in central Indonesia, is located at the
convergent margin of the Eurasian, Pacific-Philippines,
and Indian-Australian plates. It contains four
lithotectonic belts from west to east: the West Sulawesi
Plutono-Volcanic Arc Belt, the Central Sulawesi Meta-
morphic Belt, the East Sulawesi Ophiolite (ESO) Belt,
and continental fragments of the Banggai-Sula islands
and Tukang Besi-Buton platforms (Mubroto et al., 1994;
Hall and Wilson, 2000; Kadarusman et al., 2004; Maulana
et al., 2013; Figure 1a). The ESO is tectonically dismem-
bered and widely distributed from Gorontalo Bay
through the East Arm and central Sulawesi toward the
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Southeast Arm and the islands of Buton and Kabaena
(Mubroto et al, 1994; Hall and Wilson, 2000;
MacPherson and Hall, 2002; Kadarusman et al., 2004). Ni
laterites are located mostly in a complex of Cretaceous
ultramafic rocks in eastern Sulawesi, which was exposed
during Miocene convergence at ~10 Ma (Golightly, 1979;
Suratman, 2000; Kadarusman et al., 2004).

The Soroako mining area in southern Sulawesi prov-
ince and the Pomalaa mining area in southeastern Sula-
wesi province are the two largest Ni laterite mining sites
in Indonesia and are located in the ESO (Figure 1a). In

the Soroako mining area, harzburgite and dunite, which
are cut by pyroxenite and gabbroic dikes, are dominant
over lherzolite (Kadarusman et al., 2004). These perido-
tites have been variably metamorphosed, ranging from
fresh peridotite to serpentinite. Two additional lithologi-
cal units (Quaternary alluvial and lacustrine rocks, and
Cretaceous sedimentary rocks) occur around the ultra-
mafic rocks.

In this study, we investigated three laterite profiles
in the Soroako mining area: Watulabu Hill, Konde Hill,
and a hill in the Petea Block (hereafter “Petea Hill”).
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(a) Geological map of Sulawesi Island in Indonesia, showing the locations of the Soroako and Pomalaa mining areas (after

Kadarusman et al., 2004 and Maulana et al., 2013). (b and c) Satellite maps showing the locations of (b) Watulabu, Konde, and Petea hills in
the Soroako mining area and (c) Willson Hill in the Pomalaa mining area
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The Soroako mining area is divided into several blocks
based on lithology. Watulabu Hill and Konde Hill are
located in the West Block, in the area to the southwest
of Lake Matano, which is characterized geologically by
underlying unserpentinized harzburgite or minor
dunite and topographically by rounded hills, terraces,
and ridges (Figure 1b). In contrast, the Petea Block, in
the area to the southeast of Lake Matano, is developed
on serpentinized harzburgite and is characterized topo-
graphically by steep plateaus and terrace-like morphol-
ogy in the northern part of the block and by graben-like
features or lowland depressions in the southern part
(Figure 1b).

In contrast, ultramafic rocks in the Pomalaa mining
area occur as small irregular-shaped, isolated bodies (van
Leeuwen and Pieters, 2011; Figure 1a). In this area, ultra-
mafic rocks are mostly serpentinized (Simandjuntak
et al., 1991). One profile, that of Willson Hill, located in
the southeastern end of North Area in the northern part
of the mining area, was investigated (Figure 1c). The bed-
rock lithology of Willson Hill is serpentinized
harzburgite, and the terrain is relatively subdued with
gentle slopes.

Figure 2a presents schematic columnar views of the
studied profiles, which show that the thickness of laterite
profiles varies from 8 to 32 m. Petea Hill has the best-
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developed profile with a thickness of 32 m, slightly
thicker than those at Konde Hill (27 m) and Willson Hill
(26 m) and much thicker than that at Watulabu Hill
(8 m). Watulabu and Konde hills, which are developed
on unserpentinized harzburgite, have thicker oxide zones
relative to saprolite zones, whereas Petea and Willson
Hills, which overlie serpentinized harzburgite, have
thicker saprolite zones relative to oxide zones (Figure 2a).
Representative cross-sections showing a thick laterite
horizon at Konde Hill and a thick saprolite horizon at
Petea Hill are presented in Figure 2b,c, respectively. The
laterite profiles observed at the studied sites are divided
from bottom to top into bedrock, saprolite, yellow
laterite, and red laterite. A discontinuous and thin
Mn-oxyhydroxide-rich horizon (hereafter ‘“Mn-oxide
horizon”) is locally present at the bottom of oxide zones
(Figure 2a). These lithological classifications are based
mainly on variations in color, texture, and mineralogy. In
this study, the term “oxide zone” is used for the overall
laterite horizon, whereas “red laterite” and “yellow later-
ite” are used to distinguish the sub-horizons in the
oxide zone.

3 | SAMPLING AND ANALYTICAL
METHODS

Samples of bedrock and laterite were collected from verti-
cal profiles, with at least one sample being obtained from
each horizon, except for Mn-oxide samples, which were
collected only from Watulabu and Petea hills (Table 1,
Figure 2a).

Laterite samples were dried at 40°C, homogenized,
and quartered. Bedrock samples and dried laterite sam-
ples were then pulverized to ~75 pm by using a multi-
bead shocker (PV1001[s], Yasui Kikai) with an agate rod
and polycarbonate tube for subsequent analysis. For
porewater pH measurements, 10 g of pulverized laterite
sample and 25 g of deionized water were placed in 50 ml
centrifuge tubes and shaken for 2 hr at 150 rpm at room
temperature. After centrifuging for 30 min at 2,000 rpm,
pH values of the supernatant solution were measured at
room temperature. Loss on ignition (LOI) was deter-
mined for all samples by calculation of the change in
mass before and after combustion of samples at 1,000°C
for 12 hr in a muffle furnace.

Contents of major elements, some minor elements
(Mn, Co, and Ni), and Sc were determined on fused glass
beads by X-ray fluorescence (XRF; MagiX PRO, Spec-
toris). The glass beads were obtained by fusing the mix-
tures of 0.4 g of post-combustion sample and 4 g of
lithium tetraborate at 1200°C in a Pt crucible using a
high-frequency fusion instrument (TK-4100, Amena

WILEY_L_*

Tech). A small portion (30 mg) of each pulverized sample
was dissolved by heating in a high-pressure stainless
bomb, consisting of a 4 ml PTFE inner vessel and an
outer stainless pressure jacket, with a mixture of 0.5 ml
of concentrated HF (ultrapure grade; Kanto Chemical)
and 0.5 ml of concentrated HNO; (ultrapure grade; Kanto
Chemical) at 180°C for 72 hr. The residues were dried
and redissolved in 1 ml of 6 M HCI (ultrapure grade;
Kanto Chemical), then heated at 180°C for 24 hr. After
drying the solutions, the dried samples were dissolved in
1 ml of 1% HNO,, following which the content of REEs
(La to Lu) was acquired by using inductively coupled
plasma-mass spectroscopy (ICP-MS; iCap Qc, Thermo
Scientific). Pd and Pt contents were obtained at Actlabs
(Ontario, Canada) by ICP-MS (detection limits of 0.1 ppb
for Pd and Pt) after nickel sulfide fire assay collection, fol-
lowing the method described by Hoffman and
Dunn (2002).

X-ray powder diffraction (XRPD; Multi Flex, Rigaku)
analysis was performed with Cu-Ka radiation at 40 kV
and 30 mA with graphite-monochromator to determine
mineralogical compositions. Randomly oriented powder
samples were scanned from 5 to 70° (20) with a scanning
rate of 2.0°/min. Mineral identification was obtained by
using Match! software version 3.0 (Crystal Impact). To
confirm the presence of expandable clay silicates
(e.g., smectite) in the saprolite samples, the <2 pm fraction
was separated from the coarse sample by ultrasonic disper-
sion and centrifugation. Oriented aggregate samples were
prepared by mounting the suspended solution of the
<2 pm fraction on glass slides and drying at room temper-
ature. These oriented samples were then treated under
ethylene glycol saturated conditions at 60°C overnight.
The XRPD patterns of samples on oriented mounts were
obtained by XRPD (RINT 2000, Rigaku) analysis with Cu-
Ko radiation at 30 kV and 20 mA. The samples were
scanned from 2 to 40° (20) at a scanning rate of 0.02°/s.

Mineral phases and textural features were examined
on polished thin sections under a scanning electron
microscope coupled to an energy dispersive spectrometer
(SEM-EDS; JISM-6510LA, JEOL). Field emission—electron
probe microanalyses (FE-EPMA; JXA-8530F, JEOL) were
performed on representative polished thin sections with a
wavelength dispersive X-ray spectrometer to determine
the chemical composition of Ni-bearing minerals in sap-
rolite and bedrock samples. Serpentine and smectite were
identified based on the measured (Mg + Fe + Ni)/Si
ratios compared with the stoichiometric ratios (i.e., 1.5
for serpentine and 0.6-0.8 for smectite). The structural
formulae for serpentine and smectite were calculated for
7 and 11 oxygens, respectively.

To determine the degree of chemical weathering of
ultramafic rocks and laterite samples, a weathering
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index, namely, the ultramafic index of alteration (UMIA),
which was modified for ultramafic rock by Aiglsperger
et al. (2016) following work by Babechuk et al. (2014),
was calculated using Equation (1) and expressed in molar
ratios:

UMIA (%) = [(Al,03 + Fe;O3/r)

/(Si0z + MgO + AL O3 + Fe;03pyy) ] X 100. (1)

The relative loss or gain of elements during chemical
weathering was measured using the element mass trans-
fer coefficient, 7;;, which represents changes in ratios of
elements to immobile elements, relative to bedrock,

and is calculated as follows (e.g., Brimhall and
Dietrich, 1987):
CiwCip
Tij= =" -1 2
T CipCiw @)

where C; is the content of element j (wt%), and C; is the
content of immobile element i (wt%). The subscripts
w and p refer to weathered material and bedrock, respec-
tively. Titanium (Ti) was used as the immobile element
for the calculation of 7;;. Positive or negative z;; values
denote the external addition or loss of element j relative
to bedrock, respectively. If 7;; = 0, then element j is nei-
ther enriched nor depleted, and if 7;; = —1, then element
j has been completely removed from the weathering
profile.

The total mass of a lost or added to the weathered pro-
file per unit landscape area for a mobile element AM,;
(kg/m?*) was obtained for the studied profiles and also for
previously reported laterite profiles from other tropical
regions (West Block and Petea Block, Indonesia: Sufriadin
et al., 2011; Kolonodale, Indonesia: Fu et al., 2014; Punta
Gorda, Cuba, and Loma Caribe and Loma Peguera,
Dominican Republic: Aiglsperger et al., 2016; Tagaung
Taung, Myanmar: Schellmann, 1989) by integrating z;;
over the regolith thickness (Chadwick et al., 1990):

AM; (kg/m*) = C;pp,ziD (3)

where C;, is the content of the mobile element of bed-
rock (kg/ton), p, is the density of bedrock (ton/m?>), t; jis
the element mass transfer coefficient, and D (m) is the
distance between upper and lower samples. For bedrock
density, the values of 2.85 and 2.35 ton/m> reported by
Sufriadin et al. (2011) for harzburgite and serpentinized
harzburgite collected from West Block and Petea Block
were used for fresh peridotite and serpentinized perido-
tite, respectively.

4 | RESULTS
41 | Porewater pH and whole-rock
geochemistry

The pH values of the laterite samples from all of the stud-
ied profiles fall in the range of 5.19-8.94, with the highest
value in the saprolite horizon and the lowest in the red
laterite horizon (Table 1). The pH varies from higher
values in the saprolite horizon (7.05-8.94) to lower values
in the oxide zone (5.19-6.14), indicating that the soil
environment changes from slightly alkaline to acidic
toward the surface.

The major, minor, and critical metal contents for the
studied profiles are given in Table 1. Figures 3 and 4
show the vertical distributions of selected major element
(MgO, SiO,, Fe,0;, Al,O3, and Cr,03), minor element
(NiO, CoO, and MnO), and critical metal (Sc, REEs, Pt,
and Pd) contents for two representative laterite profiles,
Konde and Petea hills. At Konde Hill, which is developed
on harzburgite, bedrock is dominated by Mg (43.6 wt%
MgO) and Si (43.2 wt% SiO,), which show an abrupt
decrease at the transition boundary between the saprolite
horizon and oxide zone (<1.19 wt% MgO, <2.86 wt%
Si0,), whereas upward enrichment is observed for Fe, Al,
and Cr, up to 73.4 wt% Fe,0;, 7.68 wt% Al,0;, and
4.24 wt% Cr,05 (Figure 3). Among the studied profiles,
Konde Hill shows a marked increase in SiO, content
from 52.2 to 70.5 wt% in the saprolite horizon (Figure 3).
Petea Hill, where the bedrock is serpentinized
harzburgite, shows similar trends in major elements to
those of Konde Hill. The bedrock and saprolite at Petea
Hill contain 18.9-38.2 wt% MgO and 34.3-40.3 wt% SiO,,
whereas the oxide zone contains <1.05 wt% MgO and
<8.49 wt% SiO,. This geochemical difference is coupled
with increases in Fe,0;, Al,O3, and Cr,03 contents from
7.96, 0.92, and 0.37 wt% in bedrock up to 75.8, 10.3, and
2.64 wt% at the top of the profile, respectively (Figure 4).
The Watulabu and Willson Hill profiles also show similar
trends with respect to major elements, although the vari-
ations are less than those for the other two hill profiles
(Figures S1 and S2).

The UMIA values are low in bedrock (3-4) and pro-
gressively increase from the saprolite horizon (5-25)
toward the top of each profile (36-93 in the oxide zone),
although local occurrences of quartz in the oxide zone
commonly result in low UMIA values, disrupting the
general weathering trend (Table 1, Figure 5). Samples
from the lower part of the oxide zone at Watulabu and
Willson hills (samples 20-4 and 22-3) have lower UMIA
values (47 and 50, respectively) than those at Konde and
Petea hills (Table 1), suggesting that the profiles of the
former are less weathered than those of the latter
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RESOURCE /

FIGURE 3 Vertical profile for
Konde Hill, showing contents of
major elements, relevant minor
elements, and critical metals. RL,
red laterite; YL, yellow laterite; Sa,
saprolite; BR, bedrock

FIGURE 4 Vertical profile for
Petea Hill, showing contents of
major elements, relevant minor
elements, and critical metals. RL,
red laterite; YL, yellow laterite; MO,
Mn-oxide; Sa, saprolite; BR, bedrock

(i.e., Konde, Petea > Watulabu, Willson). This trend in
the degree of weathering is consistent with that predicted
of the weathering profiles

from the thicknesses
(Figure 2a).

Bedrock from the studied profiles shows similar Ni
contents of 0.21-0.24 wt% that are consistent with those
previously reported for ultramafic rocks from the ESO
(Kadarusman et al., 2004). Nickel contents increase from
the bedrock toward the top of profiles and show the
highest contents in different horizons depending on pro-
file location. At Petea and Willson hills, the saprolite
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horizons show the highest Ni contents, up to 3.66 and
2.97 wt% with mean values of 2.89 and 2.06 wt%, respec-
tively (Figure 4 and Figure S2). In contrast, the saprolite

horizons of Watulabu and Konde hills have lower mean

Ni contents of 1.92 and 0.48 wt%, respectively. The oxide
zones show fairly homogeneous Ni contents at all hills
compared with the saprolite horizons, with mean values
ranging from 1.55 to 2.18 wt%. At Petea Hill, the content
of Ni gradually decreases toward the top of the profile,
whereas in the other profiles it decreases in the upper-
most horizon (Figure 3 and Figure S1).
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FIGURE 5 Molar ternary plot of (Al + Fe)-Si-mg space

showing the weathering trends of ultramafic rocks and their
relationships with UMIA for Watulabu Hill (circles), Konde Hill
(squares), Petea Hill (diamonds), and Willson Hill (triangles). Color
coding: Red laterite (red), yellow laterite (yellow), Mn-oxide
(brown), saprolite (green), and bedrock (blue). The dashed blue line
with arrow shows the predicted weathering trend with initial loss
of MgO followed by loss of SiO, and subsequent enrichment of
Al,O5 and Fe,O5

Mn shows marked enrichment in the Mn-oxide hori-
zons at Watulabu and Petea hills, with up to 28.7 and
7.43 wt% MnO, respectively, contrasting with a mean
MnO content of 0.12 wt% in the bedrock (Figure 4 and
Figure S1). Co contents are low in the bedrock (mean
0.014 wt% CoO), are positively correlated with Mn, and
reach up to 1.20 and 0.74 wt% in the Mn-oxide horizon of
the two profiles. These two elements do not show marked
enrichment in other horizons. At Konde and Willson
hills, the contents of Mn and Co show similar trends with
depth, although the highest contents observed in the yel-
low laterite sub-horizons are one order of magnitude
lower (1.51 and 2.51 wt% MnO, 0.20 and 0.27 wt% CoO)
compared with Watulabu and Petea hills (Figure 3 and
Figure S2).

The Sc content of bedrock ranges from 3 to 15 ppm
and is positively correlated with Al,O3 and CaO contents
(Table 1). In the saprolite horizons, Sc contents increase
from 10 to 42 ppm. In all studied profiles, Sc is enriched
in the oxide zone compared with the bedrock, ranging
from 24 to 81 ppm, with mean contents of 38-64 ppm.
These Sc contents further increase in the oxide zone from
24 to 81 ppm, with mean contents of 38 to 64 ppm. The
highest contents are in the range 49-81 ppm (Figures 3
and 4) and are positively related to Sc contents of the bed-
rock. The vertical distribution of REEs is highly corre-
lated with those of Mn and Co in the studied profiles
(Figures 3 and 4). REE contents show substantial enrich-
ment, reaching up to 11-139 ppm in Mn-oxide horizons,
contrasting with low contents of 0.1-0.2 ppm in bedrocks.

The highest REE content among the studied hills is
observed in the lower Mn-oxide horizon of Watulabu Hill
(139 ppm), and the Mn-enriched sample from the oxide
zone of Willson Hill shows a higher REE content
(68 ppm) than those of Konde (11 ppm) and Petea
(21 ppm). The enrichments in REEs, unlike Sc, show no
clear correlations with bedrock contents. Pd + Pt con-
tents vary from 4.5 to 37.1 ppb in the bedrock, with the
lowest value at Petea Hill and the highest at Watulabu
Hill (Table 1). The bedrock of both Konde and Willson
hills shows Pd + Pt contents of 15.4 ppb, intermediate
between those of the other two hills. Pd + Pt contents
generally show a residual enrichment pattern, with
higher values in the oxide zone with respect to those in
saprolite horizon and bedrock, similar to that observed
for Sc (Figures 3 and 4). The highest contents are
observed at the top of profiles or below the top where Mn
is enriched. Among the studied profiles, the mean con-
tents of Pd + Pt in the oxide zones are 36-66 ppb, with
the highest contents ranging from 47 to 107 ppb. At Petea
Hill, Pd + Pt contents are enriched up to about 19 times
higher than those in the bedrock, whereas the other hills
show enrichments of 3-5 times relative to bedrock
(Table 1).

4.2 | Mass-balance calculations

The calculation results for 7;; and the patterns from bed-
rock to the top of the two representative laterite profiles,
Petea and Konde hills, are presented in Table 1 and Fig-
ures 6 and 7. The total mass losses and gains through the
studied profiles and previously investigated profiles are
given in Table S1. Mg and Si are continuously lost
upward through the profiles, with marked loss shown in
saprolite (up to 7img = —0.86, 71isi = —0.78) then these
elements are completely lost (7;; = —1) at the top of the
profile for all of the studied hills, except for the lower
saprolite horizons of Konde Hill, which show large gains
in Si (zisi up to +2.82) (Figure 6). Other major elements,
such as Ca and K, also show patterns of marked loss from
the bedrock to the top (surface). These values correspond
to mean mass transfers of —6,215 kg/m2 Si, —11,014
kg/m* Mg, and —268 kg/m? Ca in the studied profiles.

In contrast, the ¢ values of Fe, Al, and Cr show
increases from the bedrock toward the surface of the pro-
files and have similar ranges (zrj e = —0.48 to +2.53, ;.
al = —0.42 to +2.85, 71ycr = —0.51 to +3.10), except for
the 71; re values of Petea Hill. Petea Hill shows a greater
gain in Fe up through the profile than those of the other
hills, reaching up to +3.11 in the saprolite horizon and
+8.54 in the yellow laterite sub-horizon (Figure 7). In the
red laterite sub-horizon of Watulabu and Konde hills, Fe



ITO ET AL.

FIGURE 6 Vertical distribution
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shows mass gains of +1.38 and +0.6, respectively (Fig-
ure 6 and Figure S3), whereas at Petea and Willson hills
the red laterite sub-horizon displays a mass loss in Fe
(—0.31 and —0.16, respectively) (Figure 7 and Figure S4).
The order of total mass transfers of Fe upward through
the profiles is as follows: Petea (+10,647 kg/m?*) > Konde
(+6,955 kg/m?) > Watulabu (41,473 kg/m?) > Willson
(+1,349 kg/m?). The pronounced mass gain for Petea Hill
is the highest value among the calculated values, includ-
ing the studied profiles and previously investigated Ni

laterite profiles in tropical regions, which range from
—631 to +6,177 kg/m” (Table S1).

Nickel shows wide ranges of gain upward through
the weathering profiles, particularly in the saprolite
horizon. The saprolite horizon of Petea Hill shows an
extreme gain in Ni (zpin; = +3.94 to +22.1) (Figure 7),
whereas the other hills have moderate gains with a
range of zr; n; from +0.50 to +4.92, except for a low 7p;,
ni value of —0.39 in the upper part of the saprolite at
Willson Hill and a value of +9.41 in the lower part of
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the saprolite at Watulabu Hill (Figures S3 and S4). The
oxide zone also shows gains in Ni, with similar mean
7riNi values ranging from +1.14 to +1.84 in the profiles
at Watulabu, Konde, and Willson hills, and Petea Hill
having a mean 7; n; of +4.00. The red laterite sub-hori-
zon shows losses in Ni, with 71 n; values of —0.65 and
—0.27 at Petea and Willson hills, respectively, whereas
the other two hills show positive 71 n; values (Figure 7
and Figure S4). Ni shows the highest total mass gains
next to those of Fe for the studied profiles (+90 to
+1,208 kg/mz), and these values increase with increas-
ing Fe content. Petea Hill shows the highest total mass
gain of Ni (41,208 kg/m?) of the studied profiles and
other Ni laterite profiles in tropical regions (+27 to
+1,137 kg/m?®) (Table S1).

The mass transfer coefficients for Co (71 c,) and Mn
(tTivn) Show wide-ranging values (Figures 6 and 7), with
substantial gains ranging from +3.89 to +32.2 and from
+1.84 to +92.1 in the lower part of the oxide zone,
respectively. The highest 7 values for both Co and Mn are
observed in the Mn-oxide horizon of Watulabu Hill. With
respect to the total mass gain, Petea Hill shows the
highest values for Co (+47 kg/m?) and Mn (+402 kg/m?),
followed by Watulabu Hill (Co = +14kg/m?
Mn = +304 kg/m?). Konde and Willson hills show
smaller total mass gains in Co (+5 to +9 kg/m?) and Mn
(+29 to +78 kg/ m?) compared with the other two hills.

Sc shows a similar distribution pattern of 7 to that of
Fe in the studied profiles. This element shows low to
moderate gains upward from the saprolite horizon (up to
Trisc = +0.48) to the oxide zone (up to zris. = +1.44),
with the highest 71 5. values at Petea and Willson hills
being in the yellow laterite sub-horizon (Figure 7 and
Figure S4). Contrary, Konde and Watulabu hills show Sc
gains both in the saprolite horizon and oxide zone
(Figure 6 and Figure S3). Higher 7r;5. are observed in
Watulabu Hill (up to 7135 = +2.67 in saprolite horizon,
up to 7risc = +4.79 in oxide zone) than those in other
hills. The values of 71;s. are negative in the red laterite
sub-horizon or at the top of profiles of Konde, Petea, and
Willson hills, ranging from —-0.67 to —0.02, whereas
Watulabu Hill shows a consistent gain of Sc upward
through the profile. REEs generally show a similar verti-
cal pattern of z to those of Mn and Co, and show an
extreme gain in the Mn-oxide horizon or lower part of
the oxide zone (r1irgg = +24.9 to +583), where Mn and
Co are also enriched. The highest gain in REEs is
observed in the Mn-oxide horizon of Watulabu Hill. In
contrast, Pt + Pd show losses throughout the laterite pro-
files, except for Petea Hill and a few samples from Konde
and Willson hills. At Petea and Willson hills, 7 p + pa
values increase from the lower part of the saprolite hori-
zon upward to the bottom of the oxide zone (+0.93 to

+8.17 and —0.31 to +1.19, respectively), from where they
decrease to near the surface (to —0.54 and —0.71, respec-
tively) (Figure 7 and Figure S4).

4.3 | Profile mineralogy

Powder X-ray diffractograms of selected representative
samples from different horizons at Konde and Petea hills
are shown in Figure 8. Figure 9 shows a summary of the
mineralogy for each studied profile based on identifica-
tion by XRPD, as well as SEM-EDS analyses of thin
sections.

Bedrock at Watulabu and Konde hills is dominated by
olivine, orthopyroxene, and minor clinopyroxene and Cr-
spinel (Figure 8a), whereas bedrock at Peta and Willson
hills is dominated by serpentine, followed by olivine,
orthopyroxene, and minor clinopyroxene, Cr-spinel, and
magnetite (Figure 8b). The mineral composition of sapro-
lite horizons varies among the studied profiles, particularly
between Watulabu and Konde hills. At Konde Hill, relicts
of primary silicate (olivine and orthopyroxene) with sec-
ondary quartz are dominant, whereas at Watulabu Hill,
the saprolite horizon is dominated by serpentine, olivine,
quartz, and goethite. The saprolite horizon of Petea Hill is
dominated by serpentine and secondary phases such as
smectite and goethite, as well as quartz. Residual pyrox-
enes and Cr-spinel are also present as minor mineral
phases. Smectite is identified by XRPD analysis on the
basis of its characteristic peak at 14.6 A for a normal sam-
ple and a swelling peak at 17.1 A after EG treatment
(Figure 8c). Smectite has a pronounced peak in the lower
part of the saprolite horizon and decreases toward the
middle to upper part of this horizon. The mineral assem-
blage of the lower part of the saprolite horizon at Willson
Hill is overall similar to that at Petea Hill, although goe-
thite is less dominant. The upper part of the saprolite hori-
zon, the Ni-enriched zone, contains mainly serpentine and
goethite, with minor smectite, quartz, talc, and maghemite
at both Willson and Petea hills.

In contrast to the saprolite horizon, the oxide zone
shows a relatively simple mineral assemblage, consisting
mostly of goethite in all studied profiles. As for other Fe-
rich minerals, hematite is distinguished mainly in the
oxide zones of Watulabu and Konde hills, whereas
maghemite is found at Petea and Willson hills. Hematite
and maghemite are slightly more abundant toward the
upper part of the red laterite sub-horizon, whereas goe-
thite is more dominant in the yellow laterite sub-horizon.
Gibbsite, Mn-oxyhydroxides (lithiophorite and/or
asbolane), and Cr-spinel are present as other oxide min-
erals in the oxide zone. Locally, talc and quartz are pre-
served as relicts in the oxide zone. Talc occurs locally
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FIGURE 8 Powder X-ray diffractograms of representative samples from the different horizons in the laterite profiles of (a) Konde Hill

and (b) Petea Hill, and (c) untreated and glycolated oriented mount X-ray powder diffractograms. RL, red laterite; YL, yellow laterite; Sa,
saprolite; BR, bedrock; Hem, hematite; Gt, goethite; Mgh/Chr, maghemite/Cr-spinel; Tlc, talc; Qz, quartz; Lit/Asb, lithiophorite/asbolane;
Sme, smectite; Srp, serpentine; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene

through the saprolite horizon to the oxide zone and is
more abundant in the latter in the studied profiles. SEM-
EDS analyses show that talc has high Mg (mean 29.7 wt%
MgO) and Si (mean 60.9 wt% SiO,) contents and is
depleted in Ni. These element contents suggest that talc
possibly remains as a residual phase that was originally
formed by serpentinization of pyroxene during hydro-
thermal alteration of the bedrock rather than by replace-
ment of Ni-bearing talc-like minerals (kerolite-pimelite
series), although XRPD data and microscope observations
show that talc formation is not common in the bedrock.
The mineralogy of the studied weathering profiles is

overall similar to that observed in previously investigated
Ni laterite profiles in tropical regions (Golightly, 1981;
Freyssinet et al., 2005; Butt and Cluzel, 2013 and refer-
ences therein) and is consistent with the results of
Sufriadin et al. (2011).

44 |
phases

Mineral chemistry of Ni-bearing

EPMA data for the mineral chemistry of Ni-bearing pri-
mary minerals and weathering phases in the bedrock and
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Summary of identified mineral compounds of laterite profiles of (a) Watulabu Hill, (b) Konde Hill, (c) Petea Hill, and (d)

Willson Hill. Hem, hematite; Gt, goethite; Mgh/Chr, maghemite/Cr-spinel; Tlc, talc; Qz, quartz; Lit/Asb, lithiophorite/asbolane; Sme,
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saprolite horizons of Petea and Willson hills are given in
Table S2.

In the bedrock, mean Ni content is highest in
olivine (0.36 wt% NiO) and slightly lower in serpentine
(0.10 wt%), enstatite (0.10 wt%), and diopside (0.07 wt%).
The chemical compositions of these primary silicates are
essentially homogeneous between Petea and Willson
hills. Primary serpentine found in the bedrock, hereafter
referred to as “serpentine I,” has a mesh-like texture sur-
rounding olivine and pyroxenes (Figure 10a,b). In the
saprolite horizon, the mesh texture of serpentine is well
preserved, although the BSE contrast of surrounding ser-
pentine veins shows the coexistence of different types of
serpentine with variable Ni contents. Serpentine with a
light-gray color in BSE images has a higher Ni content
compared with dark-gray serpentine (Figure 10c,d). On
the basis of its higher Ni contents compared with
serpentine I, the light-gray serpentine is defined as ser-
pentine II. In the present study, the term “serpentine II”
is used for altered primary serpentine (serpentine I) con-
taining higher Ni contents relative to serpentine I and
has been described by previous researchers albeit with
different terminology (Villanova-de-Benavent et al., 2017;
Putzolu et al., 2020). Serpentine II in the sample from the
lower part of the saprolite horizon of Petea Hill (sample
20-25) has fairly uniform Ni contents, with a mean value
of 3.15 wt% NiO. In contrast, serpentine II in the sample

from the middle part of the saprolite horizon of the same
hill (sample 20-24) is characterized by high and variable
Ni contents (2.93-10.2 wt%, mean 5.61 wt% NiO), as well
as high Fe contents (7.85-14.7 wt% Fe,0s). In the middle
of the saprolite horizon of Willson Hill, serpentine II
shows less enrichment in Ni compared with Petea Hill
(sample 22-6; 1.76-4.39 wt%, mean 3.47 wt% NiO),
although the Fe contents are similar (7.90-15.6 wt%
Fe,053).

In the lower part of the saprolite horizon at Petea
Hill, the mesh texture of serpentine is well preserved,
although intra-mesh minerals of serpentine, particularly
olivine, are progressively replaced by aggregates of fine-
grained clay (smectite) (sample 20-25; Figure 10e). These
smectites show fairly homogeneous Ni contents, with a
mean value of 1.44 wt% of NiO, which is slightly
lower than the value for serpentine II. With the progres-
sion of weathering, most smectite has been replaced by
silicified Fe-(oxy)hydroxide aggregates that have low Ni
(<0.12 wt% NiO) in the middle part of the saprolite hori-
zon (Figure 10c,f). The remaining smectite is enriched in
Ni, with mean contents of 4.07 wt% NiO for Willson Hill
(sample 22-6) and 2.19 wt% NiO for Petea Hill (sample
20-24).

In the oxide zone at both Petea and Willson hills, the
original texture has been completely destroyed, and most
of the mineral phases observed in the saprolite horizon
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SEM images of (a) serpentine I containing low Ni in a bedrock sample (20-26) from Petea Hill, (b) serpentine I with low

content of Ni in a bedrock sample (22-8) from Willson Hill, (c) coexistence of low-Ni serpentine I and high-Ni serpentine II, and silicified
Fe-(oxy)hydroxide aggregates altered from olivine in a saprolite sample (20-24) from Petea Hill, (d) coexistence of low-Ni serpentine I and

high-Ni serpentine II, and aggregates of fine-grained smectite altered from olivine in a sample from the middle part of the saprolite (22-6)
from Willson Hill, (e) fine-grained smectite altered from olivine in a sample from the lower part of the saprolite (20-25) from Petea Hill, (f)
smectite replacing a large pyroxene grain and surrounding serpentine II in a saprolite sample (20-24) from Petea Hill, (g) aggregates of

goethite and a large-scale image of tiny needle-like goethite formed in an open-space relict surrounded by relicts of silicates in a sample of
yellow laterite (20-20) from Petea Hill, (h) relicts of Cr-spinel, quartz, gibbsite in goethite matrix in a red laterite sample (20-18) from Petea
Hill, and (i) Mn-oxyhydroxides in a saprolite sample (20-24) from Peta Hill

have been replaced by goethite (sample 20-20, 20-18;
Figure 10g,h). SEM-EDS analyses show that the goethite
matrix has essentially homogeneous Ni contents. The
measured Ni contents lie in a narrow range from 1.20 to
1.91 wt% NiO, with a mean content of 1.42 wt% NiO in
the yellow laterite sub-horizon at Petea Hill (Figure 10g).
Ni contents are slightly lower in the red laterite sub-hori-
zon, ranging from 0.73 to 1.28 wt% NiO, with a mean
content of 0.96 wt% NiO (Figure 10h). In the case of
Willson Hill, the measured Ni contents of goethite are
slightly higher in both the yellow laterite (sample 22-3;
1.06-4.16 wt%, mean 2.73 wt% NiO) and red laterite
(sample 22-1; 0.71-3.44 wt%, mean 1.64 wt% NiO) sub-

horizons. Mn-(oxy)hydroxides locally occur as vein fill-
ings along fractures (Figure 10i) and become more abun-
dant in the lower oxide zone compared with the saprolite
horizon. These phases have very high Ni and Co contents
of up to 19.3 wt% NiO and 5.95 wt% CoO.

EPMA and SEM-EDS data (Figure 11a) reveal a stoi-
chiometric deviation in the direction from serpentine to
talc-like clay minerals (kerolite-pimelite end-member)
with increasing Ni content. A similar trend has been
observed for other Ni laterite deposits in previous studies
(Dominican Republic: Villanova-de-Benavent et al., 2014;
New Caledonia: Fritsch et al., 2016; Indonesia:
Farrokhpay et al., 2019). In contrast, smectite plots in the
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(a) Si-(mg + Fe)-Ni ternary diagram for data from serpentine and smectite determined using SEM-EDS and microprobe.

Ker, kerolite; Pim, pimelite; Lz, lizardite; Nep, nepouite. (b) Diagram of Ni versus Mg contents in serpentine I and serpentine II in bedrock
and saprolite samples from Petea and Willson hills, compared with primary and secondary serpentines from Indonesia of Golightly and
Arancibia (1979) and from the Dominican Republic of Tauler et al. (2017). Srp-1, serpentine I; Srp-II, serpentine II; Sme, smectite. Symbols
show the samples from Petea Hill (20-24, closed diamonds; 20-25 open diamonds) and Willson Hill (22-6, closed triangles). Color coding:
Serpentine I (red), serpentine II (bright green), smectite (yellowish green)

area where the proportion of silica is higher than that of
serpentine. Ni content in serpentine II is negatively
related to Mg content (Figure 11b), which indicates that
the enrichment in Ni is attributed to the substitution of
Mg in octahedral sites. This trend has been observed in
other Ni laterite deposits in both Indonesia and else-
where (e.g., Golightly and Arancibia, 1979; Tauler
et al., 2017; Villanova-de-Benavent et al., 2017).

5 | DISCUSSION
51 | Geochemical and mineralogical
trends along the profiles

The main chemical components of the studied profiles
change from MgO- and SiO,-rich to Fe,Os-rich regolith
units toward the surface. The patterns of Mg and Si are
essentially similar throughout the profiles, whereby MgO
gradually decreases upward from bedrock to saprolite
and shows a marked drop in the saprolite-oxide transi-
tion zone (i.e., the Mg discontinuity; Freyssinet
et al., 2005; Butt and Cluzel, 2013), and SiO, content
shows a more moderate decrease in the saprolite horizon
but with local positive peak values, such as those
observed in the lower part of the saprolite horizon of
Konde Hill. Fe,O; displays opposite trends to those of
MgO and SiO,, being characterized by a slight increase in
the saprolite horizon (from bedrock) and attaining high
contents in the saprolite—oxide transition zone (Figures 3
and 4). These geochemical patterns (evolutions) of the
studied profiles can be visualized in an AF-M-S ternary

plot (a molar Al-Fe-Mg-Si ternary plot) (Figure 5). The
trends of Mg and Si depletion and Fe and Al enrichment
from bedrock toward the surface are consistent with the
weathering trends in laterite profiles found in previous
studies (e.g., Aiglsperger et al., 2016; Putzolu et al., 2019;
Ulrich et al., 2019).

The geochemical evolution upward through the pro-
files can be explained mainly in terms of the breakdown
of primary minerals and subsequently by paragenetic
evolution within the laterite profiles. Olivine and pyrox-
ene are the minerals that underwent earliest alteration in
the laterite profiles of all the studied hills, although more
so for Watulabu and Konde hills than Petea and Willson
hills. During the early weathering stage, olivine may have
been altered to smectite, as supported by petrographic
observations of smectite pseudomorphs after olivine in
the lower part of the saprolite horizon (Figure 10e). With
the progression of weathering, pyroxene has also been
replaced by smectite, as shown by SEM-EDS analysis of
the middle part of the saprolite horizon (Figure 10f). The
low Al contents in olivine pseudomorphs (mean 0.17 wt
%) and high Al contents (mean 2.00 wt% Al,O3) in pyrox-
ene pseudomorphs also support these processes. Pyrox-
ene alteration into smectite has been reported previously
(e.g., Nahon and Colin, 1982; Colin et al., 1990; Tauler
et al., 2017; Putzolu et al., 2020), and smectite may also
form after olivine (e.g., Nahon et al., 1982; Tauler
et al., 2017; Putzolu et al., 2020). Alternatively, olivine
and pyroxene may have been directly altered to quartz
and goethite without undergoing an intermediate stage,
as indicated by XRPD analysis of samples from Watulabu
and Konde hills (Figure 8a and Figure 9a,b).
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The alteration of serpentine generally starts with the
breakdown of olivine and pyroxene (Golightly, 1981).
Microscope observations suggest that Ni-poor serpentine
I has been progressively replaced by Ni- and Fe-rich ser-
pentine II (Figure 11b). Serpentine II may be formed by
ionic exchange of Mg in the octahedral sites of serpentine
I by Ni in percolated water (Elias et al, 1981;
Golightly, 1981; Freyssinet et al., 2005) or by dissolution—
precipitation of serpentine I, accompanied by enrichment
in Ni (Villanova-de-Benavent et al., 2016).

With the progression of chemical weathering, under
an oxidizing and slightly acidic environment, smectite
and serpentine II have been replaced by Fe-(oxy)hydrox-
ides in the oxide zone. This is suggested by the transition
from serpentine- and smectite-dominant to goethite-
dominant mineral assemblages between the saprolite
horizon and the oxide zone (Figure 9a,c,d). In the red lat-
erite sub-horizon, the primary mineral structure has been
destroyed, and some goethite has been transformed into
hematite (Figure 8a,b), which is a more stable phase near
the surface under high-Eh, low-pH conditions (Table 1).
The mineralogy of the saprolite-oxide transition zone is
characterized by the occurrence of Mn-oxyhydroxides
such as lithiophorite, asbolane, and their intermediate
phases (Figure 9a,c). Ni-Co-bearing Mn-oxyhydroxides
are interpreted to form by secondary precipitation under
high-pH and oxidizing conditions (Golightly, 1981;
Manceau et al., 1987). The formation of Mn-
oxyhydroxides depends strongly on the pH and Eh condi-
tions, which are controlled by fluctuations in the water
table, and therefore the distribution of Mn-oxyhydroxides
is heterogeneous.

5.2 | Geochemical behavior of nickel and
critical metals

52.1 | Nickel

The results of whole-rock geochemical analysis show that
the distribution and enrichment of Ni are variable with
depth and complex compared with other elements. The
pattern of enrichment in Ni is strongly influenced by the
development of different facies in the laterite profiles,
which is controlled mainly by bedrock lithology (the
degree of serpentinization). Greater Ni enrichment is
observed in the thick saprolite horizons in those profiles
that are developed on serpentinized harzburgite (mean
2.06-2.89 wt%) compared with the thin saprolite horizons
developed on unserpentinized harzburgite (mean 0.48-
1.92 wt%) (Table 1). The mass-balance calculations show
that Ni displays moderate to extreme gains in the sapro-
lite horizon relative to bedrock, indicating that supergene
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processes played a significant role in the enrichment of
Ni in this horizon. The saprolite horizon of Petea Hill
shows the highest mean Ni content and an extreme gain
in Ni (zin; = +3.94 to +22.1), indicating that additional
Ni has been remobilized from a past eroded layer and
from nearer the surface than the other studied hills. A
similar vertical pattern of Ni content is observed at
Willson Hill, although Ni is less enriched in that profile,
suggesting that Ni enrichment was associated with the
lower degree of weathering of the laterite profile, as indi-
cated by the UMIA (i.e., Petea > Willson).

In contrast, the oxide zone shows low to moderate
gains in Ni, with similar mean zr; ; values ranging from
+1.14 to +1.84 in the profiles at Watulabu, Konde, and
Willson hills, although Petea Hill shows a greater Ni
gain, with a mean 7y \; value of +4.00. The mean Ni con-
tents ranging from 1.55 to 1.93 wt% in the oxide zones
are fairly uniform relative to those in the saprolite hori-
zons. Considering the mineralogy and SEM-EDS data,
goethite is the main Ni-bearing phase in the oxide zones
of the studied profiles. The slightly higher mean Ni con-
tents in the oxide zone observed at Petea and Willson
hills (1.93 and 2.18 wt%, respectively) compared with the
other two hills may indicate that relicts of Ni-bearing sili-
cates are present (Figure 10g), as reported by a previous
study (Ulrich et al., 2019).

5.2.2 | Cobalt

Cobalt and Mn display similar behaviors upward through
the weathering profiles. The very high mass transfer coef-
ficients for Co and Mn (up to +32.2 and +92.1, respec-
tively) indicate that these elements have been
concentrated by supergene enrichment. Co and Mn are
released as Co®* and Mn** from olivine, the main pri-
mary host mineral, and most of these cations have
migrated to the lower part of the weathering profile by
soil water infiltration owing to their high mobility under
slightly acidic conditions (~pH 5) in the oxide zone
(Table 1). From the saprolite—oxide transition zone to the
upper part of the saprolite horizon, pore water pH
increases to slightly alkaline conditions (pH =~ 7-8) by
the dissolution of primary silicate minerals, enhancing
the oxidation of Mn** to Mn** and subsequently their
precipitation as Mn-oxyhydroxides in the saprolite-oxide
transition zone. Co preferentially enters the structure of
low-crystalline Mn-oxyhydroxides by substitution of Mn
(Manceau et al., 1987; Roque-Rosell et al., 2010). The for-
mation of Co-bearing Mn-oxyhydroxides may be strongly
influenced by physicochemical factors such as drainage
conditions, pH, Eh, and O, penetration related to the
depth from the surface of the profile, as the Mn-oxide
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horizon is discontinuous and unevenly distributed in the
weathering profiles at Petea and WWillson hills. The fact
that the highest contents of Co and Mn are found in the
weathering profile at Watulabu Hill suggests that
weathering intensity has a lesser influence on the enrich-
ment of these elements. A comparison of the profiles at
Watulabu and Willson hills suggests that bedrock miner-
alogy, particularly olivine content, is of moderate impor-
tance in the enrichment of Co and Mn, as it is a source
mineral of those elements on account of the higher disso-
lution rate of olivine relative to serpentine. The highest
Co contents observed in the Mn-oxide horizons of
Watulabu and Petea hills (1.20 and 0.74 wt% CoO, respec-
tively) are slightly higher than those reported from other
Ni laterites in tropical regions (e.g., Roque-Rosell
et al., 2010; Aiglsperger et al., 2016; Dublet et al., 2017).

5.2.3 | Scandium

In the studied profiles, Sc shows enrichment, ranging
from 24 to 81 ppm in the oxide zone with mean contents
of 38-64 ppm, which are similar to or slightly lower than
the values reported for other low-grades ore in other
countries (e.g., Cuba and Dominican Republic:
Aiglsperger et al., 2016; Western Australia: Putzolu
et al., 2019; New Caledonia: Ulrich et al., 2019). The verti-
cal profile of Sc shows a residual enrichment pattern that
is enhanced in the saprolite-oxide transition zone, as
observed for Fe at all of the studied hills (Figures 3 and 4;
Figures S1 and S2). This positive relationship between Sc
and Fe has been reported in previous studies
(Audet, 2008; Aiglsperger et al., 2016; Chasse et al., 2017;
Putzolu et al., 2019), indicating that Sc may be enriched
in ferric Fe-(oxy)hydroxides (e.g., goethite) by adsorption
(Chasse et al., 2017, 2019) or substitution of Fe** in the
crystal structure owing to the similar ionic radius of Sc**
during the alteration of primary silicate minerals (Mufioz
et al., 2017; Qin et al., 2020).

Furthermore, the slight negative and positive 7r;gc
values observed in the red laterite horizon and the upper
part of the yellow laterite sub-horizon, respectively
(Figures 6 and 7, Figure S4), suggest that some Sc has
been released by recrystallization of goethite and trans-
ported downward then trapped in relatively newly
formed Fe-(oxy)hydroxides. This inferred process is
supported by the findings of Ulrich et al. (2019), who
investigated the relationship between Sc content and
transformation of goethite to hematite by Raman spec-
troscopy for a New Caledonian laterite and showed that
progressive dissolution of goethite and subsequent crys-
tallization leads to the release of Sc from iron oxides.
Chasse et al. (2019) also proposed the remobilization of

Sc and scavenging by goethite through a laterite profile
in eastern Australia, based on speciation analysis by
X-ray absorption spectroscopy.

The highest Sc content in the oxide zone is roughly
consistent with that in bedrock (i.e., Petea > Konde,
Willson > Watulabu). This can be explained by differences
in the modal abundance of clinopyroxene, as indicated by
the positive correlation between Sc and Ca or Al
(R* = 0.631 and R* = 0.897, respectively), given that cli-
nopyroxene and amphibole, which have high mineral-melt
partition coefficients, are the main Sc-bearing minerals in
ultramafic rocks (Chasse et al., 2019), and amphibole is
uncommon in the studied samples. In this context, the ini-
tial Sc content in the bedrock and the later remobilization
of Sc by the aging of goethite near the surface and the
uptake of Sc into newly formed Fe-(oxy)hydroxides in the
upper or middle parts of the oxide zone are important
influences on Sc enrichment in the studied profiles.

5.24 | Rare-earth elements

REE contents throughout the studied profiles (mean
values of 6-48 ppm) for the oxide zone are too low for
economic exploitation compared with conventional REE
ore deposits (Chakhmouradian and Wall, 2012). How-
ever, the high positive 7; rgg values in the yellow laterite
sub-horizon and Mn-oxide horizons (up to 7rirgg =
+583) suggest that REEs have been redistributed in the
studied profiles during lateritization (Figures 6 and 7).
The similar vertical distributions of REEs and Mn
observed in all profiles suggest that the geochemical
behavior of Mn is an important control on REE mobiliza-
tion. REEs released by the dissolution of primary sili-
cates, mostly pyroxenes, may have been adsorbed onto
poorly crystallized Fe- and Mn-(oxy)hydroxides during
early weathering. The progression of weathering
enhances dissolution and recrystallization of goethite,
leading to the release of REEs from goethite near the sur-
face of the laterite profile and accumulation by adsorp-
tion onto Mn-oxyhydroxides in the saprolite-laterite
transition zone (e.g.,Aiglsperger et al., 2016; Ulrich
et al., 2019). This process may have contributed to differ-
ent degrees of REE enrichment, consistent with the lower
REE contents of the more weathered profiles (i.e., Konde
and Petea hills) relative to the less weathered profiles
(i.e., Watulabu and Willson hills) (Table 1).

The REE patterns, normalized to C1 chondrite
(Anders and Grevesse, 1989) show that light REEs
(LREEs: La to Eu) become preferentially enriched over
heavy REEs (HREEs: Gd to Lu) toward the surface
(Figure S5). Given the same valence (except for Ce) and
decreasing ion radius from LREEs to HREEs, it is
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expected that the adsorption of REEs onto Fe- or
Mn-(oxy)hydroxides is more pronounced for HREEs than
LREEs. However, HREEs form more stable dissolved
complexes compared with LREEs when dissolved inor-
ganic carbon is abundant in solution, inhibiting the sur-
face complexation of HREEs onto metal (oxy)hydroxides
and leaving them in solution (e.g., Erel and Stolper, 1993;
Byrne and Sholkovitz, 1996). In the studied profiles,
aging of Fe- and Mn-(oxy)hydroxides may release REEs
to soil water. HREEs then form complexes with bicarbon-
ate ions and being removed from the profiles on account
of their high mobility, whereas LREEs are scavenged by
later-formed Mn-oxyhydroxides in deeper parts of the
profiles. Regarding Ce, this element may be oxidized
from Ce** to Ce*' by Mn-oxyhydroxides (Ohta and
Kawabe, 2001) and is subsequently precipitated as an
insoluble phase, such as Ce** oxide and/or phosphate (e.
g., Aiglsperger et al., 2016). The gradual dissolution of
Mn-oxyhydroxides with the progression of weathering
may leach all trivalent REEs, leaving Ce in the upper part
of the profile. This may have resulted in the formation of
the red laterite sub-horizon with a positive Ce anomaly
and lower REE contents, and the yellow laterite sub-
horizon or Mn-oxide horizon with a negative Ce anomaly
and higher REE contents (Figure S5). These trends have
been described in previous studies (Aiglsperger
et al., 2016; Ulrich et al., 2019).

5.2.5 | Palladium and platinum

Pt and Pd show a residual-type enrichment pattern, with
mean contents of 36-66 ppb in the oxide zones of studied
profiles (Figures 3 and 4). These values are similar to or
slightly lower than those reported from Ni laterites world-
wide, which are up to several hundred ppb as total PGE
contents, but mostly <100 ppb (e.g., Eliopoulos and
Economou-Eliopoulos, 2000; Traore et al, 2008b;
Aiglsperger et al., 2015, 2016), although some laterite
deposits in western Australia have been reported to contain
a few ppm of PGEs (Gray et al., 1996). The residual enrich-
ment of Pt + Pd is supported by previous reports of PGE
enrichment in laterite profiles as accessory PGE minerals
protected within resistant Cr-spinel (Traore et al., 2008b;
Aiglsperger et al., 2015). However, the mass transfer coeffi-
cients of Pt + Pd (z1ip + pa) typically show negative values
throughout the weathering profiles, except for Petea Hill
and a few samples from Konde and Willson hills (Table 1).
Thus, most Pt and Pd may have been removed from these
profiles and the remainder concentrated near the surface by
residual enrichment during lateritization, although it
should be noted that Pt + Pd contents of the unweathered
ultramafic rocks are highly heterogeneous (Table 1).

WILEY_L 2

Positive 71 p; + pa Values observed from the upper part
of the saprolite horizon to near the surface at Petea Hill
(up to +8.17) indicate that Pt and Pd have been
redistributed and enriched by supergene processes in this
profile (Figure 7). These elements may have been leached
into pore water by the dissolution of PGE minerals
existing in bedrock as alloy and sulfide phases under
conditions of high Eh and low-moderate pH near the
surface. Dissolved Pt and Pd ions in pore water may
have been mobilized and precipitated as neo-formed min-
erals by bioreduction and/or incorporated into Fe- or
Mn-oxyhydroxides close to the surface, as proposed by
previous studies (Gray et al., 1996; Cabral et al., 2011;
Aiglsperger et al., 2015). The high positive 71 p; 4 pg value
observed in the Mn-oxide horizon at Petea Hill supports
this explanation.

Moreover, the distribution patterns of Pt and Pd are
decoupled in the upper part of the oxide zone, with Pd
content being lower than that of Pt in the studied profiles
(apart from Petea Hill, where these elements show simi-
lar patterns) (Table 1). Considering the higher oxidation
potential of Pt to enter solution, it is expected that Pt is
less soluble and less mobile than Pd in near-surface envi-
ronments (Sassani and Shock, 1998; Colombo et al., 2008;
Reith et al., 2014). Once dissolved, Pd is likely leached
out from the weathering profiles, as indicated by the fact
that greater Pd enrichment relative to Pt was not
observed through the studied profiles. The decoupling of
the distributions of Pt and Pd may reflect the redox envi-
ronment that differentially controls their behaviors in the
near-surface region of the profiles.

The enrichment of Pt and Pd in the studied profiles
can be explained mainly by residual concentration as
impurities in weathering-resistant minerals, such as Cr-
spinel, and subsequent remobilization then reduction
and precipitation controlled by the presence of Fe- and
Mn-oxyhydroxides and/or bioactivity. Despite the similar
range of Pt and Pd contents in bedrock, these elements
are less enriched in the studied profiles than in other Ni
laterites (up to several hundred ppb) in the Caribbean
and Brazil (Aiglsperger et al., 2016; Rivera et al., 2018).
This may be attributed to the environmental setting of
the study area, with the heavy rainfall of Sulawesi con-
tributing to deep oxidative weathering, resulting in lesser
enrichment of Pt and Pd.

5.3 | Niremobilization processes
indicated by the correlation between
gained Ni and Fe amounts

The calculation results for amounts of Ni lost and gained
show large positive values for all studied hills, meaning
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that Ni has been mobilized and added from past eroded
layers to the present weathering profiles (Table S1).
Among the elements for which the mass-balance calcula-
tion shows gains, the amounts of gained Ni show a stron-
ger positive correlation with those of Fe (R? = 0.75)
compared with other major and minor -elements
(R* = 0.45, 0.27, 0.33, and 0.27 for Al, Cr, Mn, and Co,
respectively), suggesting that the geochemical behavior of
Fe influences Ni mobilization during chemical
weathering. As the profiles of Konde and Petea hills show
greater amounts of gained Ni and Fe than those of
Watulabu and Willson hills, it is inferred that these ele-
ments tend to be more mobilized in the more highly
weathered profiles in the case of similar bedrock
(i.e., fresh harzburgite or serpentinized harzburgite)
(Figure 12, Table S1). The calculation results for other Ni
laterite deposits in tropical to subtropical regions such as
the Caribbean (Cuba and the Dominican Republic),
Myanmar, and Indonesia also show a positive relation-
ship between the amounts of gained Fe and Ni,
suggesting that Fe remobilization may contribute to Ni
enrichment in other tropical to subtropical regions
(Figure 12). However, results for these other deposits
show a lower ratio of gained Fe to Ni (Fe/Ni) compared
with the studied Indonesian Ni laterite deposits. This is
likely due to differences in the Ni-bearing phases. Ni lat-
erite profiles from the Dominican Republic (Loma Caribe
and Loma Peguera), which show lower Fe/Ni
(Figure 12), contain garnierite minerals (e.g., kerolite and
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FIGURE 12 Diagram of the amounts of gained Ni and Fe

(kg/m?) through the present laterite profiles with data from the
studied hills in the Soroako and Pomalaa mining areas. Also shown
are data for laterite profiles from previous studies (Myanmar,
Schellmann, 1989; Indonesia, Sufriadin et al., 2011; Cuba and the
Dominican Republic, Aiglsperger et al., 2016)

sepiolite) in the saprolite horizon (Villanova-de-Benavent
et al., 2014). These minerals concentrate more Ni than
serpentine II, and we therefore infer that Fe/Ni becomes
low when the weathering profile includes the formation
or presence of garnierite.

Petea Hill shows the highest gained amounts of both
Ni and Fe compared with the other studied Indonesian
profiles and Ni laterite deposits developed in other tropi-
cal to subtropical regions (Figure 12). As suggested by the
presence of abundant Fe**-(oxy)hydroxides (such as goe-
thite and hematite) in oxide zones measuring several
meters thick, the studied laterite profiles are expected to
have undergone more intense oxidative weathering,
which may have restricted Fe remobilization owing to
the complete oxidation of Fe*™ under high levels of O,.
Despite such a condition, the fact that Petea Hill shows a
significant gain of Fe suggests that this element may have
been remobilized by the dissolution of Fe**-(oxy)hydrox-
ides. Dublet et al. (2015) reported that aging of goethite
enhances crystallinity and transformation to hematite,
resulting in depletion of Ni in the upper part of the oxide
zone. Although the factors influencing the dissolution of
Fe**-(oxy)hydroxides remain unclear, the accumulated
organic matter in the near-surface horizon is likely to
produce a reducing environment and enhance microbial
reduction and/or organic-ligand-promoted dissolution of
Fe**-(oxy)hydroxides because Fe**-(oxy)hydroxides are
unlikely to dissolve under the slightly acidic (pH = ~5-6)
and oxic environment of an oxide zone.

5.4 | Influence of fixation on Ni
enrichment as inferred from the variation
in Ni-bearing minerals in the saprolite
horizon

As discussed above, Ni enrichment in the present profiles
could be associated with Ni gained from eroded former
layers and the uppermost parts of profiles. Among the
studied profiles, higher Ni gains are observed in the sap-
rolite horizon than in the oxide zone at Petea and
Willson hills (Table S1), suggesting that more mobilized
Ni has been transported downward in solution and accu-
mulated in the profiles of these hills than at Konde and
Watulabu. Therefore, the mobilization of Ni is one of the
most important factors for its enrichment in the laterite
deposits. However, the fixation process (i.e., the forma-
tion of high-Ni-content minerals) may also contribute to
the large Ni gain in the laterite profiles during chemical
weathering of ultramafic bedrock.

As shown by XRPD, SEM-EDS, and microscope
analyses, the main Ni-bearing mineral in the saprolite
horizon at Petea and Willson hills is Ni- and Fe-rich,
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Mg-poor serpentine II, which has been reported from
other Ni laterite deposits (e.g., Golightly and
Arancibia, 1979; Sufriadin et al., 2011; Fu et al., 2014;
Villanova-de-Benavent et al., 2017). Serpentine II is
commonly observed at thin-section scale along the
mesh-like textures of serpentine I, and it may therefore
result from the replacement of serpentine I accompa-
nied by enrichment in Ni. Furthermore, the contents of
Mg and Ni, which are octahedral elements, in serpen-
tine II are negatively correlated (Figure 11b) in saprolite
samples from both Petea and Willson hills, indicating
that Mg is substituted by Ni. Although Fe and Mg also
show a negative correlation (Figure S6a), the slope of
the trend is gentle when compared with that for Ni and
Mg, suggesting that Ni content increases more markedly
than Fe during weathering, similar to the results previ-
ously reported for tropical region Ni laterite deposits
(Golightly and Arancibia, 1979; Tauler et al., 2017;
Villanova-de-Benavent et al., 2017). The negative corre-
lation is more clearly defined between Ni + Fe and Mg
(Figure S6b), suggesting that both Ni and Fe become
present by substitution of Mg in octahedral sites. These
trends can be seen in the saprolite samples from both
Petea and Willson hills, implying that the Ni enrich-
ment process in these two profiles is essentially the
same. Moreover, serpentine II in the saprolite samples
from Petea Hill is characterized by lower Mg and higher
Ni and Fe contents compared with Willson Hill
(Figure S6b), indicating that Mg substitution in octahe-
dral sites has progressed further at Petea Hill. This pat-
tern of Ni content in serpentine II corresponds to the
difference between Petea and Willson hills in the gained
Ni in the weathering profiles. Therefore, Ni mobiliza-
tion is the key process controlling Ni enrichment in the
saprolite horizon, rather than the fixation process, par-
ticularly in the laterite profiles developed on ser-
pentinized harzburgite (Petea and Willson hills).
Although smectite is observed in saprolite samples
from Petea and Willson hills as an Ni-bearing secondary
phase, XRPD data and comprehensive SEM-EDS analysis
at thin-section scale show that this mineral has a less
common occurrence in the middle to upper parts of the
saprolite horizon where Ni shows highest levels of
enrichment in the profiles at these two hills (Figure 8b
and 9c,d). This may be because smectite is unstable
under oxidative weathering conditions, and in turn, is
easily replaced by Fe-(oxy)hydroxides and quartz during
weathering (Fu et al., 2014) (Figure 10c,f). Previous stud-
ies have also shown that smectite is rare in saprolite sam-
ples from Soroako and other Ni laterite deposits in
Indonesia (Sufriadin et al, 2011; Fu et al., 2014;
Farrokhpay et al., 2019). Therefore, smectite is likely a
less important phase for Ni enrichment compared with

serpentine II in the saprolite horizons at both the Petea
and Willson hill profiles.

Konde and Watulabu hills, where the bedrock is com-
posed of unserpentinized harzburgite, show higher
gained amounts of Ni in the oxide zone. Weathering pro-
files at these hills have thick oxide zones and thin sapro-
lite horizons compared with those at Petea and Willson
hills. These differences can be explained by the higher
dissolution rate of olivine, the abundant primary mineral
in fresh harzburgite, relative to serpentine, which is the
main mineral of serpentinized harzburgite. Because Ni-
bearing clays such as serpentine and smectite are absent
in the saprolite horizon formed above fresh peridotite,
most Mg, Si, and Ni released from primary silicate min-
erals is leached from weathering profiles and partly pre-
cipitated as greenish garnierite in the bedrock within the
lowermost part of the saprolite horizon. Moreover, excess
dissolved Si forms quartz, generally leading to dilution of
Ni content in the saprolite horizon (Golightly, 1981).
These geochemical characteristics are observed in the
weathering profile at Konde Hill, which is the most
highly weathered of the studied profiles. Although the
saprolite samples from Watulabu Hill contain Ni-bearing
serpentine that may have been formed by replacement of
primary olivine or pyroxene, this serpentine is altered to
quartz and goethite with the progression of chemical
weathering (Figure 9a). Therefore, in the cases of
Watulabu and Konde hills, whose profiles are developed
on unserpentinized peridotite, the Ni fixation process
does not play a major role in Ni enrichment of the sapro-
lite horizon.

5.5 | Key processes controlling strong Ni
enrichment

As discussed in Sections 5.3 and 5.4, Ni remobilization
from the surface downward to the saprolite horizon
where Ni is fixed mainly as Ni-bearing serpentine by sub-
stitution of Mg in octahedral sites is important for signifi-
cant Ni enrichment, especially in the laterite profiles
developed on serpentinized peridotite. Moreover, the pos-
itive correlation between the amounts of gained Fe and
Ni in the present profiles (Figure 12) indicates that the
behavior of Fe may influence Ni mobilization processes
during the chemical weathering of ultramafic rocks. This
correlation suggests that Fe remobilization that occurred
in previously eroded layers and the near-surface horizon
may be important for the marked Ni enrichment in the
saprolite horizon. On the basis of these geochemical and
mineralogical data, we propose possible Ni enrichment
processes for the laterite profile of Petea Hill, as follows
(Figure 13).
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Evolution of Petea Hill and proposed Ni enrichment processes in the saprolite horizon. (a) Ni and Fe are released by

dissolution of primary olivine (and serpentine I), then Ni is incorporated into Fe-(oxy)hydroxides formed under an oxidizing environment in
the near-surface part of the profile during the early stage of weathering. (b) Progressive weathering leads to the leaching of Mg and Si, with
Ni content reaching up to ~1 wt% as residual enrichment. (c) after the formation of surficial soil, accumulated organic matter and/or
microbial activity produce a low-pH or reducing environment, resulting in dissolution of Fe-(oxy)hydroxides and release of Fe and Ni into
the soil solution. (d) Dissolved Fe and Ni are transported downward, then Fe is precipitated mainly in the oxide zone as Fe-(oxy)hydroxides,
whereas most of the remobilized Ni passes through the oxide zone into the saprolite horizon and is fixed in Ni-bearing serpentine II by
substitution of Mg in octahedral sites. Ol, olivine; Srp-I, serpentine I; Srp-II, serpentine II

During the early stage of weathering, primary silicate
minerals in the bedrock are altered to Fe**-(oxy)hydroxides
as a result of hydrolysis and oxidation processes at the sur-
face (Figure 13a). With the progression of chemical
weathering, the surface horizon shows marked decreases in
Mg and Si, and increases in Fe and Ni as residual phases.
Ni** released from primary minerals such as olivine and
serpentine I is incorporated into goethite by substitution of
Fe** in the crystal structure and adsorption onto its surface
(Figure 13b). Ni content in the oxide zone increases via this
residual enrichment process (Freyssinet et al., 2005). Con-
tinuing intensive weathering and regional uplift lead to
movement of the weathering front downward and to the
development of a saprolite horizon (Golightly, 1981;
Freyssinet et al., 2005; Butt and Cluzel, 2013) (Figure 13b).
Most of the serpentine I is altered to serpentine II, which
contains Fe and Ni by substitution of Mg in its octahedral
sites, as indicated by the preserved original mesh texture.
Simultaneously, soil is formed, and organic matter accumu-
lates at the surface of the profile (Figure 13c).

The surficial soil may produce a reducing environ-
ment, especially during the rainy season because of the
elevated water table, leading to the dissolution of Ni-
bearing goethite and leaching Ni and Fe into the soil
solution (Figure 13c). Although dissolved Ni is partly
taken up by newly formed Fe**-(oxy)hydroxides in the
oxide zone, the remainder is transported downward and
fixed by substitution of Mg in the octahedral sites of ser-
pentine II in the saprolite horizon (Figure 13d). This
process can promote supergene enrichment of Ni in the

laterite profile at Petea Hill. Previous studies have
shown that in the oxide zone, Ni is incorporated into
the structure of Fe**-(oxy)hydroxides rather than
adsorbed onto their surfaces (e.g., Dublet et al., 2012;
Fan and Gerson, 2015). In general, incorporated Ni is
much less easily released into solution compared with
adsorbed Ni. Therefore, the dissolution of Fe*'-(oxy)
hydroxides by microbial reduction and/or organic-
ligand-promoted dissolution in surficial soil is likely to
be an important process for pronounced Ni enrichment
in the saprolite horizon. As this process is expected to
proceed more rapidly than surface erosion in a well-
developed profile that has surficial soil, the gained
amount of Ni becomes greater than that of Fe, as seen
at Petea Hill (Figure 12).

This model of Ni enrichment should be applicable to
many Ni laterite deposits developed under tropical to
subtropical climatic conditions, although it is not possible
to directly compare the gained Fe and Ni between pro-
files with different Ni-bearing minerals. The finding of
this study that large gained amounts of Fe may indicate
large gains of Ni in the profile is important in under-
standing the factors controlling Ni enrichment at both
regional and deposit scales.

6 | CONCLUSIONS

The present study investigated the geochemical and min-
eralogical evolution of laterite profiles developed on
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different bedrock lithologies. The combination of geo-
chemical and mineralogical analyses, together with
mass-balance calculations, provides a better understand-
ing of enrichment in critical metals and the relevant pro-
cesses, and constrains the geochemical factors controlling
downward Ni remobilization and enrichment in the sap-
rolite horizon. The main conclusions of the study are as
follows.

« Cobalt and REEs show pronounced gains in the
studied profiles and strong correlations with Mn
enrichment, with the highest contents being
observed in the saprolite-oxide transition zone.
Thus, the supergene processes of these elements
may be controlled by the behavior of Mn, involving
remobilization and reprecipitation under variable
pH and Eh conditions. The formation of Mn-
oxyhydroxides is strongly influenced by physico-
chemical conditions, although the greatest enrich-
ment of Co and REEs, which is observed in the
Mn-oxide horizon at Watulabu Hill, suggests that
bedrock dominated by olivine may also contribute
to this enrichment. Contents of Co of the studied
laterite profiles are sufficiently high for it to be con-
sidered as a potential by-product element, although
the highly heterogeneous spatial distribution of Co-
bearing Mn-oxide horizons would make exploration
difficult.

« Scandium, Pt, and Pd show similar patterns of contents
and 7 values in the studied profiles to those of Fe and
Al, suggesting that these elements are residually
enriched rather than a result of supergene processes
and that the enrichments are controlled mainly by ini-
tial elemental contents in bedrock. The mean Sc con-
tent of 55 ppm is similar to or slightly lower than those
of other Ni laterite deposits. Sc is released by pyroxene
dissolution and incorporated into goethite. The inten-
sive weathering may mobilize Sc as a result of dissolu-
tion and recrystallization of goethite in the top of the
profile, leading to remobilization downward and accu-
mulation in the yellow laterite sub-horizon. Platinum
and Pd are likely to be enriched as impurities in resid-
ual Cr-spinel, although most of these elements may
have been removed from the studied laterite profiles
under tropical weathering with heavy rainfall and oxi-
dative conditions in Indonesia, as indicated by negative
7 values.

« Nickel enrichment is linked to the development of
saprolite horizons, which is controlled primarily by
the degree of serpentinization of bedrock. The
greatest enrichment was observed in the saprolite
horizon of Petea Hill, where bedrock is serpentinized
harzburgite and the profile is highly weathered.

Mineralogical observations revealed that the main
Ni-bearing mineral of the saprolite horizon in the
studied profiles is Ni-rich serpentine, and Ni and Fe
are enriched in these minerals by substitution for Mg
in octahedral sites. Mass-balance calculations show
that the amounts of gained Ni and Fe are positively
correlated, suggesting that the behavior of Fe may
affect Ni mobilization processes during chemical
weathering. Combining these findings, it is inferred
that Ni enrichment in the saprolite horizon may
reflect the amount of remobilized Ni derived from the
upper horizons and from past eroded layers, and may
also be controlled by the geochemical behavior of Fe
rather than the variation in abundance of Ni-bearing
minerals. Therefore, a large gained amount of Fe can
be an indicator of strong Ni enrichment in the sapro-
lite horizon, at both regional and deposit scales. The
substantial gains of both Ni and Fe at Petea Hill are
greater than those of other Ni laterites in tropical and
subtropical regions. The dissolution of Ni-bearing
goethite by processes involving microbial reduction
and/or organic-ligand-promoted dissolution at or
near the surface leads to the downward
remobilization of Ni and significant Ni enrichment in
the saprolite horizon. These geochemical processes
may be enhanced under humid and hot climatic con-
ditions such as those prevailing in Indonesia.
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