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Kenya Núñez-Cambra and Giorgi Khazaradze et al.
Geochemistry and Mineralogy of the Clay-Type Ni-Laterite Deposit of San Felipe (Camagüey,
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Preface

Ni-Co laterites, which are regoliths formed after the chemical weathering of ultramafic rocks in

tropical–subtropical regimes, have been the subject of study for many decades. This has provided

a good picture of their structure, element distribution and mineralogy, especially in Ni-bearing

minerals (e.g., garnierites, Ni-serpentines, Ni-smectites, asbolane–lithiophorite, Fe-oxyhydroxides).

Interestingly, in the last decade, Ni-laterites experienced a comeback in the literature for many

reasons.

In the past few years, Ni-Co laterites have surpassed Ni-sulphides as the main source of Ni,

accounting for about 50% of the world’s current Ni production and hosting close to 60% of the world’s

land-based resources. In addition, the improvement of the existing analytical techniques, and the

appearance of new ones, have shed light on some of the unknowns, and given new perspectives. In

particular, it has been revealed that, besides Ni, these laterite deposits usually contain other elements

that are increasingly demanded (the so-called critical metals or high-tech elements). For example,

Ni-laterite deposits are worthy targets of Co, Sc, platinum group elements (PGE) and/or rare earth

elements (REE).

In this Special Issue, entitled “Geochemistry and Mineralogy of Ni-Co Laterite Deposits”, we

present an updated overview of Ni-Co laterites.

The Special Issue starts with two general descriptions of previously unknown laterite deposits,

a clay-type Ni-laterite deposit from Cuba (Tauler et al.) and a magnesium silicate Ni-laterite deposit

from the Philippines (Aquino et al.). This is followed by four papers focusing on the occurrence

of Co, Sc and other critical metals in current tropical environments: the Dominican Republic and

Venezuela (Domènech et al.) and Brazil (Dybowska et al.); as well as non-tropical environments:

the Balkan peninsula (Economou-Eliopoulos et al.), Spain and Chile (González-Jiménez et al.). The

following three papers deal with novel techniques or methodologies to improve the characterization

of the Ni-laterite profiles, involving the use Al as a Sc proxy (Teitler et al.), water correction of in

situ portable XRF analyses (Laperche et al.) and the study of hyperspectral data using quadrant scan

(Zaitouny et al.). The next paper studies the silicification usually observed, yet understudied, in

some Ni-laterite profiles using oxygen and silicon isotopes (Cathelineau et al.). And finally, the last

contribution puts an eye on the presence of unusual minerals (diamond, SiC) in Ni-laterite breccias

(El Mendili et al).

We, the Guest Editors, would like to thank the authors of all articles as well as the organizations

that have financially supported their research. We especially acknowledge the editor-in-chief and the

editorial board of Minerals, and all the reviewers for their time and dedication to this Special Issue.

Cristina Domènech and Cristina Villanova-de-Benavent

Editors
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Geochemistry and Mineralogy of the Clay-Type Ni-Laterite
Deposit of San Felipe (Camagüey, Cuba)
Esperança Tauler 1,* , Salvador Galí 1, Cristina Villanova-de-Benavent 1, Alfonso Chang-Rodríguez 2,
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* Correspondence: esperancatauler@ub.edu

Abstract: The Ni-laterite deposit at the San Felipe plateau, located 30 km northwest of Camagüey, in
central Cuba, is the best example of a clay-type deposit in the Caribbean region. San Felipe resulted
from the weathering of mantle peridotites of the Cretaceous Camagüey ophiolites. In this study,
a geochemical and mineralogical characterization of two profiles (83 and 84) from the San Felipe
deposit has been performed by XRF, ICP-MS, quantitative XRPD, oriented aggregate mount XRD,
SEM, FE-SEM, and EMPA. Core 83, with a length of 23 m and drilled in the central part of the
plateau, presents a notable concentration of cryptocrystalline quartz fragments and a rather poor
content of NiO, averaging 0.87 wt.%. Core 84, which is 12 m long and drilled at the border of the
plateau, lacks silica fragments and presents a higher NiO content, averaging 1.79 wt.%. The smectite
structural formulae reveal that they evolve from trioctahedral to dioctahedral towards the top of the
laterite profiles. Quantitative XRD analyses indicate that smectite is a dominant Ni-bearing phase,
accompanied by serpentine and minor chlorite. Serpentine, as smectite, is enriched in the less soluble
elements Fe3+, Al, and Ni towards the top of the profiles. Core 83 seems to have been affected by
collapses and replenishments, whereas core 84 may have remained undisturbed.

Keywords: weathering; laterite; nickel; smectite; serpentine; clay-type; Cuba

1. Introduction

Nickel laterites are regolith materials derived from the chemical weathering of ultra-
mafic rocks that contain economically exploitable reserves of Ni, as well as Co (e.g., [1] and
references therein) and Sc [2–5].

Ni-laterites represent 70% of the world’s Ni reserves and 60% of the world’s current
production [6,7]. These deposits develop in humid climates during periods of low tectonic
activity and in areas of moderate relief [1]. There are many factors that may control the
specific structure of each lateritic profile [8–13]. However, the general structure of the profile
is determined by the mobility of the different elements that are released by the hydrolysis
of primary (and secondary) minerals. This structure consists broadly of a silicate-bearing
saprolite horizon near the ultramafic protolith, topped by an oxide zone, separated by
the so-called magnesium discontinuity [14]. There are different classifications of nickel
laterites depending on the morphology, lithology of the bedrock, degree of weathering,
etc. [8,15]; although the most used one establishes three types of deposits according to
the mineralogy of the dominant ore [16]. The main hosts of Ni are iron oxyhydroxides,

1



Minerals 2023, 13, 1281

concentrated in the oxide zone, in the oxide-type Ni-laterites; Ni-serpentine and garnierite
found in the saprolite horizon of hydrous Mg silicate-type Ni-laterites; and smectites in
clay-type Ni-laterites. A particularity of clay-type Ni-laterite deposits is that the Ni-bearing
smectites are concentrated in a transition zone between the saprolite horizon and the oxide
zone [16].

Detailed mineralogical studies have been carried out in numerous hydrous Mg
silicate-type Ni-laterites [9,17–20]. Oxide-type Ni-laterites [2,21] and clay-type Ni-laterites
(e.g., [10,22–24]) are far less common worldwide. Moreover, other deposits can be described
as a mixture of clay-type and hydrous Mg silicate-type [25].

The San Felipe lateritic nickel deposit (Cuba) represents the best example of a clay-type
Ni-laterite deposit in the Caribbean region, with current resources of 250 Mt at 1.43% Ni,
0.05% Co [26]. Unfortunately, limited data on the San Felipe deposit exist and are mostly in
Spanish [27–31]. Hence, in this work, the geochemistry and mineralogy of two Ni-laterite
profiles of the San Felipe deposit have been revisited, placing special emphasis on the
abundance, textures, and mineral chemistry of Ni-bearing phyllosilicates.

2. Geological Setting

The San Felipe deposit is located on the San Felipe plateau (in Spanish, Meseta de San
Felipe), an erosional remnant near Camagüey city, with a total extension of 50 km2, a slight
inclination from SSE to NNW, and with elevations between 140 and 190 masl. The San
Felipe deposit is located at the north of the province of Camagüey, 30 km to the NW of the
city of Camagüey, and 70 km SW of the city of Nuevitas (Figure 1a,b) [27–31]. The current
nickel resource of the San Felipe deposit is 250 Mt at 1.43% Ni and 0.05% Co [27].

The San Felipe weathering profile is developed on the serpentinized peridotite of the
Camagüey ophiolitic massif (COM). This massif is part of the so-called Northern Cuban
Ophiolitic Belt [32] and has been dated as early Cretaceous [33]. These ultramafic bodies
represent slices of oceanic lithosphere obducted onto the North American continental
margin in the Latest Cretaceous to Late Eocene time during the collision between the
volcanic arc of the Caribbean with Jurassic–Cretaceous passive margins (Figure 1c) [32,34].

Camagüey peridotites are essentially made up of mantle tectonites with subordinate
gabbro sills and dykes. Mantle peridotites mainly consist of clinopyroxene-rich harzburgite,
harzburgite, and minor dunite. Uplift exposed the peridotite bodies to laterization at the
beginning of the Miocene [35].

In the field, the material outcropping at the top of the San Felipe plateau displays
dark red and yellowish-ocher colors (Figure 2a–d), with discrete centimeter- to meter-
sized ferricrete and silica blocks (Figure 2e,f). In general, the weathering profile in San
Felipe includes the following, from the bottom to the top: (i) ophiolitic peridotite parent
rock; (ii) saprolite; (iii) clay zone (smectite > serpentine); (iv) ferruginous clay zone (Fe
oxyhydroxides > smectite); (v) oxide zone (Figure 2b); (vi) ferricrete (Figure 2c,d) with free
silica concretions [28]. The latter is a characteristic feature of the San Felipe laterite profile
(Figure 2e,f) [30,31].
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cores 83 and 84 (yellow stars) in the San Felipe Ni-Co deposit in Camagüey Province, Cuba. Hill-

shaded DEM is based on the SRTM 30 m model [36]. Contour lines represent elevations with 50 m 

intervals. Physiographic features are based on the naturalearthdata.com database [37]. Coordinate 

Reference System: EPSG:4326-WGS 84. (c) Simplified geological map of the study area indicating 

the San Felipe deposit [31]. 

Figure 1. (a) Location of the Camagüey ophiolite Massif in central Cuba. (b) Geographic location
of cores 83 and 84 (yellow stars) in the San Felipe Ni-Co deposit in Camagüey Province, Cuba.
Hillshaded DEM is based on the SRTM 30 m model [36]. Contour lines represent elevations with 50 m
intervals. Physiographic features are based on the naturalearthdata.com database [37]. Coordinate
Reference System: EPSG:4326-WGS 84. (c) Simplified geological map of the study area indicating the
San Felipe deposit [31].
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3, and the distribution and thickness of the different units identified along the profiles are 

displayed in Figure 4. Core 83 was drilled in the central part of the plateau (Figure 1b), is 

24 m in length, and can be divided into three horizons, from top to bottom [38]: (i) reddish 

oxide zone (1 m thick); (ii) reddish brown ferruginous saprolite (14 m); (iii) dark, greenish-

Figure 2. Photos of the San Felipe Ni-laterite plateau. (a) General view at the top of the plateau, the ma-
terial outcropping is of dark red color and is characterized by sparse, low vegetation. (b) Ocher to dark
brown goethite and hematite concretion. (c,d) Centimeter- to meter-sized red blocks. (e) Amorphous
silica or microcrystalline quartz decimeter-sized nodules, their internal translucent to opaque white
appearance is shown in (f).

The San Felipe plateau was explored by the Asociación Económica Internacional
Geominera S.A. and San Felipe Mining Ltd., in grids ranging from 1000 × 1000 m to
12.5 × 12.5 m in areas of special interest. The present study is based on two representative
cores (named 83 and 84, Figure 1b). Since cores 83 and 84 represent a continuous sampling
of the corresponding laterite profiles, they are going to be referred to as cores and profiles in
this work equally. The textural characteristics of the hand samples are illustrated in Figure 3,
and the distribution and thickness of the different units identified along the profiles are
displayed in Figure 4. Core 83 was drilled in the central part of the plateau (Figure 1b), is
24 m in length, and can be divided into three horizons, from top to bottom [38]: (i) reddish
oxide zone (1 m thick); (ii) reddish brown ferruginous saprolite (14 m); (iii) dark, greenish-
brown saprolite (9 m). Core 84 was drilled at the border of the plateau (Figure 1b), is 12 m
in length, and consists of four horizons: (i) oxide zone (1 m); (ii) ferruginous saprolite
(1 m); (iii) saprolite (8 m); and (iv) green, slightly weathered peridotite (2 m). The bedrock
consists of a serpentinized clinopyroxene-rich peridotite, locally intruded by gabbros, but
it was not sampled in either of the cores. As observed in Figure 3a,b, samples from higher
levels are more porous and crumblier and contain goethitized nodules. Downward in the
profile, samples become more compact (Figure 3a–c), and fractures with a green infilling
are observed (Figure 3d,e). The ferruginous saprolite in profile 83 (Figure 3f) presents
fragments of cryptocrystalline quartz aggregates. In core 84, samples from the saprolite
at a depth of 7 m display fractured and porous fragments of the parent rock, surrounded

4
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and filled by brown-black Fe oxyhydroxide grains (Figure 3g). At the bottom, the slight
weathering on serpentinized peridotite (sample 84-12) provides a dark green to the rock
(Figure 3h).
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Figure 3. (a) Photos of the samples from core 83 (sample depth in yellow). (b) Photos of samples
from core 84 (sample depth in yellow). (c–h) Photos of hand specimens embedded in epoxy resin of
the two studied cores: (c) sample 83-01 from the oxide zone; (d) sample 83-04 from the ferruginous
saprolite; (e) sample 83-10 from the ferruginous saprolite, including green infillings in fractures;
(f) sample 83-15 with cryptocrystalline quartz, from the ferruginous saprolite; (g) sample 84-07 from
the saprolite; (h) sample 84-12 from the slightly weathered serpentinized peridotite. The scale for the
six images is the same as in (a). The sample names are composed of the code of the core (83- or 84-)
and a number that indicates the depth of the sample (e.g., “83-01” refers to the sample collected at
1 m from core 83).
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Figure 4. Simplified laterite profiles of the studied cores of San Felipe (red: oxide zone; yellow:
ferruginous saprolite; light green: saprolite; olive green: serpentinized peridotite) and geochemical
variation in wt.% of the bulk samples with depth: (a) core 83; (b) core 84.
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3. Materials and Methods
3.1. Sampling

A total of 21 samples were selected, 9 from core 83 (top of the plateau) and 12 from
core 84 (edge of the plateau). Samples 84-1 and 83-1 are from the oxide zone. Samples 83-5,
83-7, 83-10, 83-15, 83-16, and 84-3 are from ferruginous saprolite. Samples 83-23, 83-24,
83-25, 84-5, 84-6, 84-7, 84-8, 84-9, and 84-10 are from saprolite. Sample 84-11 and 84-12 are
from serpentinized peridotite (Figure 3a,b)

3.2. Analytical Methods

Bulk-rock geochemical analyses on all samples (9 samples from core 83 and 12 sam-
ples from core 84) were performed at the Centro de Instrumentación Científica of the
Universidad de Granada (CIC-UGR, Granada, Spain). Major element concentrations were
obtained by X-ray fluorescence (XRF) spectrometry on glass beads using a Philips PV1404
spectrometer. Precision was better than ±1.5% for a concentration of 10 wt.%. Further
details on the analytical technique can be found in [39].

Random powder X-ray diffraction (XRPD) and oriented aggregate mount X-ray diffrac-
tion (XRD, (air dry, ethylene glycol, and heated to 550 ◦C) analyses on all samples were
obtained at Centres Científics i Tecnològics of the Universitat de Barcelona (CCiT-UB,
Barcelona, Spain), in a PANalytical X’Pert PRO MPD Alpha1 powder diffractometer in
Bragg–Brentano θ/2θ geometry of 240 mm of radius, nickel filtered Cu Kα1 radiation
(λ = 1.5406 Å), 45 kV, and 40 mA. The samples were scanned from 4 to 100◦ (2θ) with a step
size of 0.017◦ and measuring time of 150 s per step, using an X’Celerator detector (active
length = 2.122◦). Mineral identification was facilitated by X’Pert Highscore search-match
software using the powder diffraction database of the International Centre for Diffraction
Data (ICDD). For the estimation of the relative amounts between identified mineral phases,
the quantitative Rietveld analysis method [40] with the software Topas V4.2 [41] was used.

All the samples were embedded in epoxy resin, prepared as thin sections, and polished
using non-aqueous fluids to prevent damage to mineral phases. The mineralogy and
microtextural features of the thin sections were first examined with a Nikon Eclipse LV100
POL optical microscope (OM). The sections were later carbon coated and studied with
an environmental scanning electron microscope (ESEM) Quanta 200 FEI, XTE 325/D8395,
coupled with an energy dispersive X-ray spectrometer (EDS), and a JEOL JSM-7001F field
emission SEM (FE-SEM), both equipped with secondary (SE) and backscattered electron
(BSE) detectors, under 20 kV, at the CCiT-UB.

Quantitative electron microprobe analyses (EMPA) were also conducted on the carbon-
coated polished thin sections (of 4 samples from core 83 and 5 samples from core 84) at
the CCiT-UB using a five-channel JEOL JXA-8230 operating in wavelength dispersive
spectroscopy (WDS) mode. The analytical conditions were 15–20 kV accelerating voltage,
10–20 nA beam current, 1–2 µm beam diameter, and 10–20 s counting time per element;
XPP matrix correction was used [42]. The measurements and the calibrations were made
using the following natural and synthetic standards: diopside (Si; TAP), Al2O3 (Al; TAP),
wollastonite (Ca; PET), orthoclase (K; PET), periclase (Mg; TAP), albite (Na; TAP), Fe2O3
(Fe; LIF), CoO (Co; LIF), NiO (Ni; LIF), rhodonite (Mn; LIF), Cr2O3 (Cr; LIF), V (V; LIF),
and rutile (Ti; LIF). Iron in the weathered minerals was assumed to be Fe3+ [10,43–45].

4. Results
4.1. Major Elements Geochemistry

The major element compositions of both profiles and loss on ignition (LOI) data are
given in Supplementary Material Table S1 and in Figure 4a,b as a function of depth.

The composition in terms of SiO2 and Al2O3 is similar in both profiles, with a decrease
in SiO2 and MgO, and an increase in Al2O3 and Fe2O3 to the top. The SiO2 content in
profile 83 is 45.4 wt.% at the base and 8.8 wt.% at the oxide horizon, with an anomalous
abrupt increase to 84.2 wt.% at 15 m depth that is not observed in profile 84, where SiO2
ranges from 44.5 to 32.2 wt.%. Aluminum ranges from 2.7 at the saprolite horizon to
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13.0 wt.% Al2O3 in profile 83 and 1.2 to 7.7 wt.% in profile 84. Iron is more abundant in
profile 83 and varies from 33.6 wt.% to 63.3 wt.% Fe2O3, reaching maximum values at the
oxide zone and the ferruginous saprolite, with remarkable contents in the saprolite and
an abrupt decrease at 15 m depth (8.9 wt.%). The curves for SiO2 and Fe2O3 in profile 83
are almost symmetrical, indicating a strong negative correlation between them. In profile
84, Fe2O3 increases continuously between 11.9 wt.% and 32 wt.% from the base to the top.
Magnesium is more abundant in profile 84, from 29.9 wt.% MgO at the base to 4.8 wt.% at
the top, and from 15.7 to 0.2 wt.% in profile 83. In core 84 there is an important increase in
NiO at 6 m deep (3.6 wt.%). Nickel varies from 0.33 wt.% to 0.91 wt.% in profile 84 and
from 0.44 wt.% to 0.83 wt.% in 83. Cobalt is below 0.05 wt.% CoO in core 83 and up to
0.18 wt.% CoO in core 84. The LOI presents an opposite behavior in each core, increasing
towards the top in profile 83 (8.6 to 11.3 wt.%) with an abrupt decrease at 15 m (2.3 wt.%),
and decreasing towards the top in profile 84 (10 to 5.2 wt.%).

4.2. Petrography

The base of core 84 is formed by a slightly weathered, serpentinized peridotite that
does not preserve most of the primary mantle mineralogy. Despite that, under the OM some
of the primary textures can be observed; olivine and pyroxene have been almost completely
substituted by phyllosilicates and Fe oxides during serpentinization (Figure 5). Euhedral to
subhedral sections of pyroxene grains of 1 mm in length have been altered to serpentine
group minerals (lizardite and chrysotile) along cleavage planes, with thin, brown goethite
discontinuous intergrowths (Figure 5a). There are fractures crosscutting the grains replaced
by serpentine (Figure 5a,b). Pseudomorphs or voids left by olivine grains of about 0.2 mm
in diameter are surrounded by minerals of the serpentine group (lizardite and chrysotile)
and Fe oxide (magnetite/maghemite) small grains. Serpentine is regularly associated with
micrometric-sized grains of magnetite distributed along fractures (Figure 5c). Cores of
olivine grains are replaced by microcrystalline aggregates of needle- or platelet-shaped
smectite (hereafter incipient smectite), which exhibit second-order interference colors
(Figure 5c,d).

The original texture of the bedrock in the saprolite and the ferruginous saprolite is lost
in both profiles (from 23 to 1 m depth in core 83 and from 9 to 1 m in core 84). This part of
the profile is more porous and presents foliated and bent, green smectite crystals of more
than 1 mm in length that leave elongated voids due to their cleavage. These crystals are
the result of an almost complete substitution of the primary minerals, mainly pyroxene,
by a secondary mineral of the smectite group (hereafter type I smectite), and in some
areas by irregular phyllosilicate grains that appear dark red due to the presence of iron
oxyhydroxides (sample 84-08, Figure 5e). Chlorite appears as a vein bridging between
smectite grains (Figure 5f). Some samples of saprolite in profile 83 (15 m) have slightly
different mineralogy, with irregular brown accumulations of Fe oxyhydroxides and slightly
deformed angular fragments of botryoidal silica aggregates, of approximately 2 × 0.2 mm
(Figure 5g). This texture may suggest that these fragments come from a silicified vein that
collapsed. In the ferruginous saprolite, irregular green deformed grains of phyllosilicates
(lizardite and type II smectite) up to 0.2 mm in length are surrounded by irregular brown
Fe oxyhydroxide aggregates (sample 83-4, Figure 5h).

SEM images of a weathered peridotite sample reveal the texture of fractured, pseu-
domorphed olivine grains of about 1 mm in size wrapped by layers of serpentine and
smectite or kerolite-type minerals with different average Z values (Figure 6a). Dissolution
voids in the olivine cores are partially filled by disordered aggregates of incipient smec-
tite platelets and Fe oxides (magnetite/maghemite) (Figure 6b). Original orthopyroxenes
hosting clinopyroxene exsolution lamellae evolve to smectite at different rates, being the
clinopyroxene exsolutions more quickly substituted (to incipient smectite) (Figure 6c). In
addition, abundant Cr-spinel grains are present associated with pyroxene and may occur
as euhedral octahedral crystals, anhedral crystals, or as inclusions in former pyroxene
(Figure 6d). In the saprolite of core 84, needles and platelets of type I smectite have been
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observed (Figure 6e). In the porous ferruginous saprolite, bent tabular grains of serpentine
(lizardite) contain cores of type II smectite (Figure 6f). Iron oxides occur as inclusions in
serpentine or within fractures crosscutting serpentine in sample 83-22 (Figure 6g). Cr-spinel
can also be found as fractured, isolated, and euhedral crystals substituted by Fe oxides
(Figure 6h).
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Figure 5. Optical photomicrographs taken with plane polarized light (a,c,e,g,h) and crossed polars
(b,d,f) of the characteristic textures of the main mineralogy in the San Felipe Ni-laterites: (a,b) pyrox-
ene grains with green serpentine in fractures and red-brown goethite films (sample 84-12, weathered
peridotite); (c,d) olivine grain with green serpentine in fractures and black magnetite/maghemite,
the nucleus of a greenish olivine grain can be observed, containing incipient smectite (sample 84-12,
weathered peridotite); (e) fractured green serpentine grains of more than 1 mm long partially sub-
stituted by type I smectite (sample 84-08, saprolite); (f) chlorite as vein bridging between smectite
grains; (g) angular fragments of botryoidal cryptocrystalline quartz aggregates surrounded by iron
oxyhydroxides (sample 83-15, ferruginous saprolite); (h) irregular green aggregates of smectite type II,
some of them dyed by iron oxyhydroxides (sample 83-04, ferruginous saprolite). Key: En = enstatite;
Srp = serpentine; Sm = smectite; Chl = chlorite; Qtz = quartz; FeOx = Fe oxyhydroxides.
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Figure 6. BSE photomicrographs of the textures observed in the San Felipe Ni-laterite: (a) olivine
grain altered to incipient smectite surrounded by magnetite/maghemite (sample 84-12, weathered
peridotite); (b) different generations of serpentine and smectite, note the differences in Z in serpen-
tine, which correspond to variations in Fe and Ni contents (sample 84-12, weathered peridotite);
(c) orthopyroxene grain with exsolutions of clinopyroxene, altered to incipient smectite (sample 84-12,
weathered peridotite); (d) Cr-spinel as intra/inter crystals associated with pyroxene surrounded by
serpentine (sample 84-09, transition between weathered peridotite and saprolite); (e) randomly ori-
ented needles and platelets of type I smectite, (sample 84-09, transition between weathered peridotite
and saprolite); (f) deformed platy serpentine crystals altered to type II smectite at the nuclei and
inclusions of Fe oxyhydroxides (sample 84-02, ferruginous saprolite); (g) serpentine with Fe oxyhy-
droxides in fractures and as inclusions (sample 83-15, ferruginous saprolite); (h) euhedral Cr-spinel
crystal with Fe oxides within fractures (sample 84-09, transition between weathered peridotite and
saprolite horizon). Key: En = enstatite; Di = diopside; Srp = serpentine; Sm = smectite; Qtz = quartz;
FeOx = oxides/oxyhydroxides; Chr = Cr-spinel.
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4.3. Mineral Chemistry

Our results show that type I smectites (found in the saprolite of core 84, Figure 5e)
and type II smectites (in both cores 83 and 84, Figure 5f) display distinct compositions
(Supplementary Material Table S2, Figure 7).

The average chemical composition of type I smectite in sample 84-09 (Figure 6), in the
transition between the weathered peridotite and the saprolite horizon, is 43.52 wt.% SiO2,
2.04 wt.% Al2O3, 14.83 wt.% MgO, 15.46 wt.% Fe2O3, and 2.58 wt.% NiO, and the corre-
sponding structural formula is: (Mg1.90 Fe0.90Ni0.19) Σ=2.99 (Si3.64Al0.15)O10(OH)2Ca0.03Na0.02.
In core 84, type II smectite in the serpentine tabular grains, in the ferruginous saprolite
(sample 84-02), has an average chemical composition of 46.53 wt.% SiO2, 2.92 wt.% Al2O3,
3.62 wt.% MgO, 20.58 wt.% Fe2O3, and 2.76 wt.% NiO. The corresponding structural formula
is (Fe1.33Mg0.51Al0.21Ni0.10)Σ=2.15(Si3.93Al0.07)O10(OH)2Ca0.03Na0.03. Type II smectite from
core 83 has an average of 43.06 wt.% SiO2, 2.38 wt.% Al2O3, 4.57 wt.% MgO, 22.29 wt.%
Fe2O3, and 1.06 wt.% NiO (Figure 7c), and a structural formula of (Fe1.44Mg0.57Ni0.07)Σ=2.08
(Si3.82Al0.18)O10(OH)2Ca0.02Na0.03. The interlaminar cations are Ca and Na in both types
and the occupancy is < 0.06, far from the usual values of hydrated exchangeable cations
(x ≈ 0.2-0.6) in smectites [46]. This contrasts with the incipient smectite from the slightly
weathered, serpentinized peridotite in core 84, which has an average structural formula
of Mg2.46Fe0.38Ni0.02Si3.69Al0.09O10(OH)Ca0.02Na0.01 [38] and formed as a substitution of
olivine and pyroxene.

Serpentine in San Felipe can be divided, according to their Ni content, into low-Ni (so-
called serpentine I) and Ni-enriched (serpentine II). The average composition of serpentine
II grains in sample 84-7 (Figure 8d and Supplementary Material Table S3) is 39.92 wt.% SiO2,
2.05 wt.% Al2O3, 25.33 wt.% MgO, 7.75 wt.% Fe2O3, and 3.23 wt.% NiO. The corresponding
structural formula is (Mg1.97Fe0.30Ni0.14Al0.13)Si2.09O5(OH)4 (Supplementary Material Table S3,
Figure 9).

The EMPA mapping of Si, Mg, Fe, Ni, and Al of a representative completely
pseudomorphed olivine grain (Figure 10) gives compositions that are consistent, in the
core, with a trioctahedral smectite type I rich in Fe and with a Ni content of around
3 wt.% (Supplementary Material Table S2), crosscut and surrounded by a Ni- and
Fe-enriched serpentine.
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Figure 7. Mineral chemistry of Ni-smectite from San Felipe (this study and from TEM data from [38]),
compared with Ni-Fe-Mg smectites worldwide, including Loma Ortega (Dominican Republic, [25]);
Niquelândia, Brazil [47,48]; Ivory Coast [49,50]; Jacuba, Brazil [23,43]; Tiébaghi, New Caledonia [51];
Murrin Murrin, Australia [10,52]; Cerro Matoso, Colombia [53]; Aguablanca, Spain [54]; Wingellina,
Australia [24]; Budaung and Tagaung, Nyamar [55]. (a) Fe3+-Al-(Mg + Ni) ternary plot (based on [23]);
(b) Ni-Mg-Fe3+ ternary plot; (c) octahedral Fe3+ versus (Mg + Ni) binary diagram representing the
octahedral cations in smectite (modified from [23]); and (d) MR3+-2R3+-3R2+- (based on [56]), in
which MR3+ = Na + K + (Ca/2), 2R3+ = Al + Fe3+ −MR3+, and 3R2+ = Mg + Ni + Mn. Data have
been plotted as hafu (calculated on the basis of 11 oxygens), and all Fe has been considered trivalent.
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Figure 8. BSE photomicrographs of smectite and serpentine textures in San Felipe and the analyzed
points displayed in Table S3: (a) type II smectite (sample 84-02); (b) type I smectite after olivine
(sample 84-09); (c) type I smectite after pyroxene (sample 84-09); (d) serpentine (sample 84-07). The
point analyses 84-02-1, 2, 3, and 4 correspond to smectite type II; point analyses 84-09-9 and 84-09-10
are smectite after olivine; analyses 84-09-11 and 84-09-12 are smectite after pyroxene.
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Figure 9. Composition of serpentine I and II (this study [38]) from San Felipe compared to serpentine
I and II from other localities: Yamanigüey (Cuba), Loma Ortega and Loma Caribe (Dominican
Republic) [45], New Caledonia [51,57], and Soroako, Indonesia [58], in terms of the major octahedral
elements (Mg, Fe, Ni in wt.%). (a) Ni versus Fe (wt.%), (b) Ni versus Mg (wt.%), (c) Fe versus Mg
(wt.%), and (d) Ni+Fe versus Mg (wt.%).
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Figure 10. BSE photomicrograph (top left) and Si, Mg, Fe, Ni, and Al X-ray elemental maps obtained
by EMPA of a type I smectite grain from sample 84-09 (transition between the serpentinized peridotite
and the saprolite).

4.4. Structure Characterization of Minerals by X-ray Diffraction (XRD)

The mineral phases identified in cores 83 and 84 and their relative amounts as a func-
tion of depth are given in Supplementary Material Table S4, and Figure 11 displays the
XRPD of selected samples. The minerals identified are smectite, dehydrated or collapsed
smectite (with a talc-like or kerolite-like structure), serpentine (lizardite and chrysotile),
chlorite, quartz, hematite, goethite, maghemite, and Cr-spinel. As discussed later, quan-
tification of nanometric-sized, hydrated phyllosilicates and, in particular, smectite and
kerolite-like structures by Rietveld profile analysis is problematic [59–61]. In sample 83-25,
smectite presents an intense, broad, symmetric peak at 14.7 Å, and a kerolite faint wide
reflection at 9.6 Å (Figure 8). However, at higher angles, both phases present almost coin-
cident broad asymmetric hk diffraction bands, which are a typical feature of turbostratic
structures [62]. Accordingly, smectite and kerolite have been quantified together due to the
similarity of their XRPD patterns. Whenever the smectite broad 14.7 Å peak is important,
we will refer to possible mixtures of smectite/kerolite as “smectite”.
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culated pattern for goethite. At the bottom, the Bragg reflections for each mineral phase are shown. 

Figure 11. (a) XRPD refinement of sample 83-7 (ferruginous saprolite horizon): Rwp (numerical figure
of merit quantifying the quality of the fit) = 3.3. Legend: blue = experimental pattern, red = calculated
pattern, black = difference between experimental and calculated pattern, and orange = calculated pattern
for goethite. At the bottom, the Bragg reflections for each mineral phase are shown. (a*) XRD of
oriented aggregate mounts of the same sample since 2θ degrees. Legend: black = untreated sample
at room temperature, blue = treated with ETG, and red = heated to 540 ◦C. (b) XRPD refinement of
sample 83-25 (saprolite horizon): Rwp = 4.5. Legend: black = experimental pattern, red = calculated
pattern, gray = difference between the experimental and the calculated pattern, and green = calculated
pattern for a talc-like structure (kerolite). At the bottom, the Bragg reflections for each mineral phase
are shown. (b) XRPD refinement of sample 83-7 (ferruginous saprolite horizon): Rwp = 3.3. Legend:
blue = experimental pattern, red = calculated pattern, black = difference between experimental and
calculated pattern, and orange = calculated pattern for goethite. At the bottom, the Bragg reflections for
each mineral phase are shown. (c) XRPD refinement of sample 84-12 (weathered peridotite): Rwp = 6.9,
legend as in (a). (c*) XRD of oriented aggregate mounts of sample 84-12. Legend: red = untreated
sample at room temperature, blue = treated with ETG, and green = heated to 540 ◦C.
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In order to get further evidence on the presence of smectite, XRD of oriented aggregate
mounts have been obtained for a sample of core 83 (83-7) and another of core 84 (84-12)
(Figure 11a* and Figure 11c*, respectively). In sample 83-7, the symmetrical peak at
d001 = 14.7 Å corresponds to pure smectite with two water layers [63,64]. After heating
at 540 ◦C, the d001 collapses to 9.9 Å. With ethylene glycol (EG), d001 = 14.7 expands to
17.3 Å as symmetrical peaks, indicating a uniform swelling of almost all the layers without
mixing with the non-swelling talc/kerolite layers [59] (Figure 11b). In sample 84-12, after
heating at 540 ◦C, the d001 collapses to 9.6 Å. With EG, d001 = 14.3 expands to 17.0 Å as a
symmetrical peak (Figure 12).
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Figure 12. Variation in wt.% of mineral phases in function of depth: (a) core 83; (b) core 84. Color
legend of schematic profiles as in Figure 4 (red: oxide zone; yellow: ferruginous saprolite; light green:
saprolite; olive green: serpentinized peridotite).

In profile 83, smectite decreases from the base to the top (83.3 and 24.3 wt.%, respec-
tively), and so does chlorite (4.3 at the base to 3.0 wt.% near the top). In contrast, lizardite
decreases (0.3 wt.% at 25 m and 0.6 wt.% at 1 m). Profile 84 is dominated by smectite (74.0
to 17.3 wt.%) and serpentine (lizardite plus chrysotile) (24.6 wt.% at the bottom to 2.3 wt.%
at the top). Near the middle of profile 83 (at 16 m depth), a highly silicified level appears,
with more than 50 wt.% quartz. In core 84, quartz is less important, with only 18.2 wt.%
at the top. Magnetite/maghemite decreases from the base to the top, whereas goethite
and hematite increase towards the top. Near the surface, the total amount of goethite and
hematite is similar in both profiles (69.3 and 60.3 wt.%), but the percentage of goethite in
core 83 doubles that of core 84. In Figure 12, the variation of the major mineral phases is
represented as a function of depth. It is worth noting that smectite is always dominant
along both profiles (Supplementary Material Table S4).

5. Discussion
5.1. Degree of Weathering

The geochemical analyses (Figure 3) agree with the XRPD mineralogical composition
(Supplementary Material Table S4, Figure 10). The SiO2 wt.% decreases in the two profiles
in the ferruginous saprolite but in profile 83 there is an abrupt increase at 15 m deep
that corresponds to the occurrence of cryptocrystalline quartz millimetric to centimetric
fragments (Figure 5g). This interruption in the typical regular succession of horizons
explains the observed differences between profiles 83 and 84 at this depth. The increase in
silica is accompanied by a reduction of Al2O3, Fe2O3, MgO, NiO, and LOI (Figure 4a,b).
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The ultramafic index of alteration (UMIA) is defined as an attempt to quantify and
visualize the degree of weathering of an ultramafic rock (e.g., peridotites) [2]:

UMIA = 100 × (Al2O3 + Fe2O3(T))/(SiO2 + MgO + Al2O3 + Fe2O3(T))

The UMIA is different in the saprolite and ferruginous saprolite of the two cores. Profile
84 presents a regular succession of horizons characteristic of this type of laterite: oxide zone
(UMIA = 51), ferruginous saprolite (UMIA = 39), saprolite (UMIA = 22 to 40), and slightly
weathered serpentinized bedrock (UMIA = 15). The oxide zone is underdeveloped in the
two cores, and the ferruginous saprolite horizon (UMIA = 41 to 60) is more developed in
core 83 with an UMIA from 30 to 40. The saprolite horizons are similar in both profiles, but
the content in NiO is higher in 84. It must be noted that the total thickness of the saprolite
horizon in core 83 is unknown. There are several factors that may lead to these differences,
i.e., topography, position of the water table, drainage, local variations in the nature of the
protolith, and degree of serpentinization.

5.2. Trioctahedral vs. Dioctahedral Smectites

Type I smectite, from the saprolite horizon, is trioctahedral in character (Supplementary
Material Table S2) with a ratio between tetrahedral and octahedral cations of 1.26, near
the ideal value of 1.33, and an octahedral occupancy of 2.99, where Mg is dominant. Its
composition is intermediate between a saponite and nontronite and presents two types of
textures: as random curved platelets filling cores of dissolved olivine (Figure 6b), and as
pseudomorphs of pyroxene (Figure 6c). The octahedral occupation of Ni is <0.2.

Type II smectite is dioctahedral, close to nontronite, with a tetrahedral/octahedral
ratio equal to 1.92 and an octahedral occupancy of 2.08, where Fe3+ is dominant
(Supplementary Material Table S2). This smectite appears in the ferruginous saprolite,
very often as pseudomorphs of type II serpentine (Figure 6f). The occupancy of Ni is under
0.14. It appears that, towards the top, smectites become more stable by increasing their
dioctahedral character. All smectites are very deficient in interlaminar cations (Ca and
Na), suggesting that they could be mixed with kerolite. Smectites in samples with less
goethite (and more magnetite/maghemite) (Supplementary Material Table S4) have higher
Ni contents, which attain their maximum occupancy in the structure in the central part of
the saprolite in core 84 (samples 84-7,6,5) (Figure 4b). The compositional variation of the
smectites of San Felipe is similar to those of Murrin Murrin, described in [65]. Similarly, a
transition towards the top from a trioctahedral to a more dioctahedral coincides with the
description of different weathering profiles developed in ultramafic rocks [24,65,66].

5.3. Type I Serpentine vs. Type II Serpentine

Two types of serpentine can also be distinguished. Type I, with low Ni and with
excellent crystallinity, only appears surrounding pseudomorphed olivine grains in sample
84-12 (Figure 6b). The structural formula calculated by TEM in lizardite particles from this
sample is (Mg2.69Fe0.15Ni0.01Si2.02O5(OH)4) [38]. Type II is a different generation of serpen-
tine, less crystalline and with higher Ni contents (Supplementary Material Table S3), which
coexists spatially with type II smectite in both profiles. The mean structural formula for
type II serpentine in sample 84-6, (Mg1.97Fe0.30Ni0.14Al0.13)Si2.09O5(OH)4, can be considered
a solid solution of the three end-members lizardite, Fe2SiO5 (OH)4, and népouite, the latter
two components being less soluble and stabilizing the serpentine as pore water becomes
more acidic and oxidizing. As with smectites, Fe3+ in serpentines increases towards the
top. Type II serpentine may be the result of topotactic reactions that incorporate Ni and
Fe in type I serpentine. For a complete discussion about the solubility and stability of
Mg-Fe-Ni-serpentines in laterites, see [45].

Serpentine in profiles 83 and 84 includes the crystalline form of lizardite, which is
dominant, together with less chrysotile in core 84. Most lizardite in the weathered peridotite
is well crystallized, showing narrow diffraction peaks (Figure 11c). The mean crystallite
size calculated in the refinement of the PXRD is estimated to be around 40 nm. In addition,
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a small incipient less crystalline fraction of lizardite with a crystallite size of 8 nm is
also observed.

5.4. XRPD Interpretation of Smectite (vs. Kerolite-Type Structures)

The quantification of mineral phases by XRPD raises several relevant issues regarding
the distribution of Ni among the different phyllosilicates present in the samples. The phyl-
losilicates sensu lato encountered in XRPD profiles are smectite, a kerolite-type structure,
serpentine (lizardite plus chrysotile), and chlorite. The identification and quantification of
the latter two through XRPD is simple since both phases are well crystallized. However,
identifying and estimating the amount of smectite and/or a kerolite-type structure is more
problematic because part of their diffractograms would coincide. Previous works [59,63]
have shown that kerolite, and its Ni equivalent pimelite, occurs generally in association
with weathered ultramafic rocks as coatings or vein infillings at the bottom of weathering
profiles in association with serpentine. The authors of [23] have found that smectite and
kerolite were almost always intimately associated with Ni-laterites resulting from the
weathering of pyroxenites. Kerolite is often a ubiquitous poorly crystalline phase present in
saprolites that can be associated either with a smectite or talc. Provided the lack of reliable
published crystal structures of trioctahedral and dioctahedral smectites, they can only be
included with precaution in the calculation of a powder diffraction file. On the contrary, the
kerolite profile can be fitted well using the crystal structure of talc, as shown in Figure 11.
As a result, it cannot be ascertained by XRPD which contribution to the turbostratic profile
corresponds to smectite and which to kerolite, or even to a modified/dehydrated smectite,
which could be an artifact produced during the powdering of the samples. The relative
amount of smectite can be estimated by the 001 reflection, which is more important in the
bottom of 83 than in 84. It is worth noting that the encountered smectites have a very low
content of the interlaminar cations Na+ and Ca2+, so their composition is close to a 2:1
dioctahedral or trioctahedral phyllosilicate. In particular, in the saprolite horizon of core 84,
type I smectites with low Fe content approximate the composition of a talc-like structure.

5.5. Mineral Variations and Weathering Process across the Lateritic Profiles

Olivine and pyroxene relicts are absent in both profiles. The bulk composition of
sample 84-12 (Supplementary Material Table S1) allows an approximate estimation of the
mineral composition of the parent rock before serpentinization (and alteration of pyroxene).
Assuming that only a small amount of Mg has been lost by the dissolution of a small
amount of olivine, the Si/(Mg + Fe) molar ratio obtained from XRF is compatible with
a peridotite-rich in orthopyroxene (~60% molar). Complete serpentinization of olivine
would consume an equivalent amount of orthopyroxene (in molar units), leaving an
important fraction of total pyroxene (~46% molar). Accordingly, the parent rock can be
classified as an orthopyroxene-rich harzburgite. This remnant pyroxene is the base for the
formation of new hydrated phases (smectite, kerolite). As weathering proceeds, part of the
initial (hydrothermal, oceanic) serpentine (type I serpentine) will change its composition,
incorporating Fe and Ni and becoming less soluble, while the remainder of serpentine will
be dissolved incongruently, leaving some silica retained [45]. This silica is needed for the
formation of smectite and possibly chlorite. In profile 84, Mg is lost progressively, from
the bottom to the top, and the Mg discontinuity between the saprolite horizon and the
oxide zone is less sharp compared with other lateritic profiles worldwide [20,67]. From
the bottom to the top, the profile is enriched in the less soluble elements Fe, Al, and Cr.
Excess silica forms quartz, while Fe forms goethite, hematite, and maghemite. Gibbsite has
not been observed so it is concluded that Al has been incorporated in the iron oxides and
oxyhydroxides. Indeed, goethite at the top of 83 and 84 contains a 10% mole fraction of
the diaspore AlOOH component. In hematite from the same horizons, the mole fraction of
corundum is only 5%.

It is worth noting that interstratified Ni clays have not been identified in San Felipe,
unlike in Western Australia. According to the authors of [24], these interstratified clays
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formed post-laterization, during the onset of arid climate conditions in Australia. Therefore,
there is no evidence of this in San Felipe.

Profile 84 follows a regular model of the formation of Ni-laterites in moderately
tropical humid climates with marked dry seasons (1500 mm rainfall and 27 ◦C), after
exposition to the surface for some million years [1,8,12]. Initial weathering of serpentinized
ultramafic rocks dissolves part of type I serpentine and incipient smectite pseudomorphing
pyroxene, leaching Mg and, to a lesser extent, Si, downwards. Magnetite is oxidized to
maghemite or to goethite. The latter is able to retain Ni somehow so that this element is not
leached immediately [68]. Goethite is the main mineral in the oxide zone. It may contain up
to 2.7 wt.% NiO [31]. Serpentine and smectite incorporate Fe3+ and Ni that substitute Mg
in the octahedral positions of both minerals. In this process, the more soluble Mg hydrous
silicate component is substituted by the less soluble, which incorporates more Fe3+ and
Ni, so that the more soluble (more Mg, less Fe3+ and Ni) appears below the less soluble in
the profile. The rate at which the Ni retained initially by goethite is liberated, compared
with the rate of its capture by the new hydrous silicates formed downwards, (incipient
smectite→ smectite I→ smectite II; serpentine I→ serpentine II) determines the content
of Ni along the entire profile.

The bottom of profile 84 is poor in NiO (Supplementary Material Table S1, 0.33 wt.%,
sample 84-12), and similar to the Ni content in peridotites [20]. Supergene enrichment
has not yet taken place significantly, with serpentines being formed in pre-weathering
conditions. In the saprolite horizon, 85% of Ni is contained in type I smectite, and only 15%
in serpentine. Serpentine (Supplementary Material Table S3) is enriched in Ni with respect
to the same mineral at the base of the profile; however, its amount decreases towards the
top, so that its contribution to nickel content near the top is only about 5 wt.%. Sample
84-12 represents the slightly weathered, serpentinized peridotite that, nevertheless, has
been deeply altered in hydrothermal (oceanic) conditions prior to weathering. Olivine and
pyroxene have completely been transformed to serpentine and smectite and/or kerolite
before weathering. The initial transformation of enstatite to smectite is favored by the
crystallographic similarities and the chain structure of the former, along its cleavage and
exsolution planes [23,65], but needs some afford of silica, which possibly comes from the
incongruent dissolution of part of the olivine.

The anomalous increase in serpentine and magnetite/maghemite or goethite near
the top in both profiles (samples 83-6 and 84-4) may be due to floating blocks of bedrock
that have been frequently detected by GPR (ground-penetrating radar) in the San Felipe
formation [31]. This is corroborated by correlation coefficients between serpentine and
magnetite/maghemite or goethite for profiles 83 and 84, of 0.4 and 0.6, respectively.

It is worth noting that profile 84, from the border of the plateau, would represent an
undisturbed profile that corresponds to the stationary development of regular horizons in
the given lithologic and climatic conditions, and active drainage. On the contrary, profile 83,
from the center of the plateau, presents fragmented microcrystalline quartz vein infillings
and displays evidence of reworking along the profile. This would be a result of complex,
not well-understood episodes of precipitation of silica-forming crusts, the collapse of part
of the profile, and further replenishment downwards produced by active tectonics during
the Pliocene [31,69].

5.6. Comparison of Smectites from Lateritic Profiles Worldwide

Supplementary Material Table S5 displays selected structural formulae of Ni-bearing
smectites from Ni-laterite profiles worldwide. There are many differences between smec-
tites based on: (i) the total layer charge and the distribution of this charge between the
octahedral and the tetrahedral sheets; (ii) the Ni, Mg, and Fe content in the octahedral
position; (iii) the origin, formed after olivine, or (ortho- and clino-) pyroxene or lizardite.
These differences can be explained by the position of smectites in the lateritic profiles, and
above all, the parent rock, topography, and climate.
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The Ni-smectite from the pyroxenite of Niquelândia (Brazil) [65] is the richest in Ni
(2.14 hafu and 2.71 cations in octahedral position), and the other two with remarkable Ni
contents are those of Tagaung (Myanmar), and Falcondo (Dominican Republic) [25,55]:
the sum of the octahedral cations being 1.8 and 1.75 hafu, and 2.71 or 3.06 cations in
the octahedral position, respectively (Supplementary Material Table S5), confirming the
trioctahedral character. Another smectite with dominant Ni in the octahedral position
(1.03 hafu) is the one from the lower saprolite of Tagaung [55], but in this case, the sum of
the octahedral cations is 2.43 (intermediate between trioctahedral and dioctahedral). Iron
in the octahedral position is dominant in six smectites, two from Myanmar, three from
Western Australia, and one from Cuba [38,52,55], the sum of the octahedral cations being
between 2.01 and 2.27 hafu (Supplementary Material Table S5), confirming the dioctahedral
character and a slight octahedral over-occupancy. Finally, Mg is the main octahedral cation
in five smectites, two from the Western Ivory Coast [50], two from Western Australia [24,52],
and two from Cuba [38]. Four of them yield an octahedral cation sum between 3.06 and
2.86 hafu (trioctahedral character), and the other one is 2.26 hafu (dioctahedral character)
(Supplementary Material Table S5). The smectite with the highest Mg in the octahedral
position (1.82 hafu, 3.06 total occupancy, trioctahedral) is from serpentinized dunite and
formed after olivine.

The highest Al is 0.71 hafu in the tetrahedral position and 0.25 Al hafu in the octahedral
position in the trioctahedral smectite in the transition layer in the Western Ivory Coast [50].
Iron is present in five samples in the tetrahedral position, three of them are the richest in Ni
in the octahedral position (Brazil, Myanmar, Dominican Republic) [25,55,65].

Serpentine was detected by X-ray diffraction together with smectite in ten
samples [25,38,50,55]. Only in Murrin Murrin (serpentinized peridotite) and Wingel-
lina (gabbro) in Western Australia and in Niquelândia (pyroxenite) in Brazil was serpentine
not reported [24,52,65].

6. Conclusions

The original mineral composition of the bedrock in the San Felipe Ni-laterite deposit
is estimated to have a molar ratio between enstatite and forsterite of about 3. This mineral
composition greatly influences the mineral evolution during weathering as well as the
degree of supergene enrichment in Ni.

Smectite and serpentine incorporate Fe3+, Al, and Ni. For smectites, this represents a
transformation from trioctahedral to dioctahedral character. Even if serpentine doubles the
NiO content of smectite (~3.2 and ~1.5 wt.%, respectively), smectite is much more abundant
in the saprolite, so this mineral contains about 80% of the total Ni, the remainder being
located in serpentine.

Interlaminar cation content in smectites is very low, suggesting that part of the X-ray
turbostratic profile observed is in fact an intermediate structure between kerolite and a
collapsed smectite.

Profile 84 displays a regular succession of horizons of an ideal Ni-laterite profile. This
regular succession is disrupted in profile 83 by a concentration of silica, which probably
reveals a complex succession of events of collapse and replenishing of the area where the
laterite was developed.

Finally, considering the Ni content, the abundance and nature of the ore (smectite
and serpentine), and the current resources, the San Felipe deposit could be targeted for Ni,
similar to other large Ni-laterite deposits in the Caribbean, such as Moa Bay, Cerro Matoso,
and Falcondo.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13101281/s1, Table S1: Major elements in wt.% of cores 83
and 84 (LOD = below the limit of detection); Table S2: Representative EMPA analyses (in weight
percent) and structural formulae (in half-atoms per formula unit -hafu-, based on 11 oxygens) of
smectite. Analyses 84-02-1, 84-02-2, 84-02-3, and 84-02-4 are from type II smectite in ferruginous
saprolite (sample 84-02); 83-23-5, 83-23-6, 83-23-7, and 83-07-8 are from smectite type II in ferruginous
saprolite (sample 83-23); 84-09-9 and 84-09-10 are from smectite type I from olivine; 84-09-11 and
84-09-12 are from smectite type I from pyroxene in weathered peridotite/saprolite (sample 84-09);
Table S3: Representative EMPA analyses (in weight percent) and structural formulae (in half-atoms
per formula unit, based on 7 oxygens) of serpentine II from sample 84-07 (saprolite horizon). The
point analyses 20, 26, 27, 28, and 30 are in Figure 7; Table S4: Quantitative determination (in wt.%) of
the mineral phases present in the selected samples, obtained by Rietveld refinement of XRPD. Legend:
Mag = magnetite, Mgh = maghemite; Table S5: Structural formulae of Ni-smectite from various
localities worldwide, ordered by Ni content in the octahedral position (hafu based on 11 oxygens).

Author Contributions: Conceptualization, E.T., S.G. and J.A.P.; methodology, E.T., S.G., C.V.-d.-B.
and J.A.P.; software, E.T., S.G., C.V.-d.-B. and G.K.; validation, E.T., S.G., C.V.-d.-B. and J.A.P.; formal
analysis, E.T., S.G. and C.V.-d.-B.; investigation, E.T., S.G., C.V.-d.-B., A.C.-R., K.N.-C., G.K. and
J.A.P.; data curation, E.T., S.G. and C.V.-d.-B.; writing—original draft preparation, E.T. and S.G.;
writing—review and editing, E.T., S.G., C.V.-d.-B., A.C.-R., K.N.-C., G.K. and J.A.P.; supervision,
J.A.P.; project administration, J.A.P.; funding acquisition, J.A.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Agència de Gestió d’Ajuts Universitaris i de Recerca de
Catalunya, grant number 2021 SGR 00239; and by the Ministerio de Ciencia e Innovación (MCIN)
and the Agencia Estatal de Investigación (AEI) of Spain, grant number PID2019-105625RB-C21. This
research has been financially supported by FEDER Funds, the Spanish projects CGL2009-10924 and
CGL2012-36263.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Enrique Piñero for his inestimable support
during fieldwork. The authors also thank the Assistant Editor, and the four anonymous review-
ers for their accurate revisions and constructive suggestions that highly improved the quality of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Freyssinet, P.; Butt, C.R.M.; Morris, R.C. Ore-forming processes related to lateritic weathering. In Economic Geology One Hundredth

Anniversary Volume; Society of Economic Geologists: Littleton, CO, USA, 2005; pp. 681–722. [CrossRef]
2. Aiglsperger, T.; Proenza, J.A.; Lewis, J.F.; Labrador, M.; Svojtka, M.; Rojas-Purón, A.; Longo, F.; Ďurišová, J. Critical metals (REE,
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Abstract: In this study, we present mineralogical and geochemical characterization of samples sys-
tematically collected from a nickel laterite profile at the Sta. Cruz nickel laterite deposit, Zambales,
Philippines. Wavelength-dispersive X-ray fluorescence spectroscopy (WDSXRF), mass-balance el-
ement mobility calculations, transmitted and reflected light microscopy, and previously reported
results from coupled X-ray diffraction (XRD) and Rietveld refinement analyses reveal that the laterite
profile investigated is composed of two main horizons—the limonite and saprolite zones—separated
by a thin transitional zone. Based primarily on the mineral assemblage and major element chemistry,
the main zones are further subdivided into subzones: upper limonite, lower limonite, transitional
zone, upper saprolite, and lower saprolite. Garnierite veins were observed cutting the upper and
lower saprolite subzones. Investigation of the structure of goethite within the limonite zone via
Rietveld refinement shows that the crystallinity of goethite decreases with increasing Ni content and
increasing crystallite size. This suggests that upwards through the limonite zone, as goethite ages,
its crystallinity increases, which possibly results in the removal of Ni from its crystal structure and
eventual remobilization to the lower laterite zones.

Keywords: nickel laterites; lateritization; serpentinization; weathering; goethite ageing

1. Introduction

Tectonic emplacement of variably serpentinized ultramafic host rock on land and
subsequent chemical weathering under humid tropical to subtropical conditions results in
the formation of nickel laterite deposits [1–7]. Nickel laterites typically occur as weathering
mantle over ophiolite complexes, as well as komatiites and layered complexes in Archean
to Phanerozoic stable cratonic platforms [2,5]. Nickel laterite deposits have a characteristic
profile (from the bottom to the top): (1) bedrock consisting of partially altered ultramafics;
(2) a silicate or saprolite zone characterized by Mg-silicates, such as serpentine and gar-
nierite; and (3) an oxide or limonite zone, predominantly composed of iron oxyhydroxides,
principally goethite, hematite, and maghemite [1–6]. Garnierite is a general term for a dis-
tinctively green, neoformed, fined-grained, and poorly crystalline mixture of one or more
Mg-Ni phyllosilicates including serpentine, talc, chlorite, smectite, and/or sepiolite [8–13].
The term “garnierite” has been used as a field term to describe this mineral assemblage
in the absence of a more detailed mineral identification. Garnierites have been classified
into two groups: (a) 1:1 phyllosilicate or serpentine group and (b) 2:1 phyllosilicate group
(e.g., talc, kerolite, chlorite, and sepiolite) [10,13]. They are Ni-rich and typically occur as
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veins along joints and shear zones, as matrix within breccias, and as coatings on saprolite
blocks [4,5,14–17].

An earlier study [18] emphasizes the primary role of “goethite ageing” with the
downward decrease in the bulk Ni content within the limonite of lateritic ores from New
Caledonia. Goethite ageing refers to the upward increase in crystallinity of goethite within
the limonite zone resulting from the expulsion of Ni from the crystal structure of goethite.
Nickel is then either leached from the limonite or is sorbed on the surface of goethite
crystals. This is supported by previous works [19,20] that observed a decrease in the
crystallinity of goethite with increasing depth. These results suggest that as the nickel
laterite profile evolves, goethite crystallinity increases, and nickel content decreases upward
through the profile. Goethite ageing is therefore an important aspect of the evolution of the
nickel laterite profile.

Here, we investigate samples collected from a nickel laterite profile from the Zambales
Ophiolite, Philippines. We describe the mineralogy and geochemistry of the outcrop and
confirm previous work on goethite ageing [18–20]. We show that small changes in the
structure of goethite within the limonite zone is related to its nickel content and to the
overall evolution of the laterite profile.

1.1. Zambales Ophiolite Complex

The Zambales ophiolite complex (ZOC), located in Zambales, Philippines (Figure 1a),
is a generally north–south trending, east dipping complete ophiolite suite comprised of a
succession of volcanic rocks, dike-sill complexes, ultramafic and mafic cumulates, residual
harzburgite, and lherzolites [21–24]. The ZOC is subdivided into three massifs from north
to south: the Masinloc, Cabangan, and San Antonio massifs, with each massif separated by
west-northwest fault boundaries [25,26]. The Masinloc massif is made up of two blocks:
the Acoje block in the north and the Coto block in the south. The Acoje block and the San
Antonio massif are compositionally similar, having an island arc tholeiite (IAT) affinity,
whereas the Coto block and the Cabangan massif have a signature transitional from a mid-
ocean ridge basalt to island arc (MORB-IA) [22,26]. The ZOC has been dated Eocene based
on the fossil assemblage of the overlying Aksitero formation [27,28]. Direct radiometric
dating of various units from the ZOC concurs with the Late Eocene age of the Aksitero
formation and yielded a Middle Eocene age for the ophiolite [29,30]. Schweller et al. [31]
suggest an early Miocene eastward tilting and erosion of the ZOC, likely related to the
subduction initiation along the ancestral Manila Trench. The Eocene age of the ophiolite
implies that it is 10–15 Ma years older than the South China Sea (SCS) crust [32], suggesting
that it cannot originate from the SCS [29].

1.2. Sta. Cruz Nickel Laterite Deposit

The Sta. Cruz nickel laterite deposit formed from the weathering of the ultramafic
massif of the ZOC Acoje block (Figure 1). The selected nickel laterite profile is located in
the municipality of Santa Cruz, northern Zambales. The deposit exhibits a typical laterite
zonation, consisting of an upper limonite layer, which is underlain by the saprolite layer
and bedrock. Nickel mineralization in the deposit is associated with the low-Ni, high-Fe
limonite zone and the more extensive low-Fe, high-Ni saprolite zone [33]. The underlying
bedrock is harzburgite with sporadic dunite lenses and minor chromitite. The harzburgite
is partly serpentinized, with olivine replaced by serpentine pseudomorphs, but the grain
shape has been retained. Orthopyroxene, on the other hand, is partly replaced by talc and
chlorite [22].
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Figure 2. The laterite profile is subdivided into five subzones based on the mineralogy. The topmost 

zone is the upper limonite subzone, dominated by goethite with minor hematite, and is underlain 

by the lower limonite subzone composed of goethite and minor chromite. The transition to the sap-

rolite is marked by the first appearance of silicate minerals and a decrease in goethite abundance. 

The saprolite zone is marked by the dominance of Mg-silicates and a decrease in the abundance of 

goethite. The upper saprolite subzone is comprised mostly of serpentine, with minor chlorite and 

tremolite. The lower saprolite subzone is distinguished by the presence of relict olivine. The sample 

taken at a depth of 10.5 m represents the least altered rock in the profile. This sample is moderately 

serpentinized (~40%) and has significant primary minerals. Lastly, garnierite veins are composed of 

about 90 wt% serpentine and 10 wt% goethite. Note that abundant chromite of primary origin was 

observed in the upper saprolite zone. Data are obtained from Aquino et al. [34]. 

Figure 1. (a) Location of the study area. The Zambales Ophiolite Complex is in west Central
Luzon, Philippines. It is subdivided into three massifs—the Masinloc, Cabangan, and San Antonio
Massifs—separated by west–northwest fault boundaries. The Masinloc massif is subdivided into
the Acoje and Coto blocks. Yellow star indicates the location of the Sta. Cruz nickel laterite deposit.
(b) Photo of the nickel laterite profile investigated. The saprolite zone is overlain by the limonite zone.
The topmost unit is a mechanically transported layer and is therefore not sampled for this study.
Modified from Aquino et al. [34].

The nickel laterite profile investigated (Figure 1b) is approximately 12 m high and
composed of two main units—an upper limonite zone (~7 m) and a lower saprolite zone
(~5 m)—as well as a thin transitional zone (~10 cm), each characterized by a distinct set
of physical, mineralogical, and geochemical properties. The detailed mineralogy of this
outcrop can be found elsewhere [34,35] and is summarized in Figure 2.
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Figure 2. The laterite profile is subdivided into five subzones based on the mineralogy. The topmost
zone is the upper limonite subzone, dominated by goethite with minor hematite, and is underlain
by the lower limonite subzone composed of goethite and minor chromite. The transition to the
saprolite is marked by the first appearance of silicate minerals and a decrease in goethite abundance.
The saprolite zone is marked by the dominance of Mg-silicates and a decrease in the abundance of
goethite. The upper saprolite subzone is comprised mostly of serpentine, with minor chlorite and
tremolite. The lower saprolite subzone is distinguished by the presence of relict olivine. The sample
taken at a depth of 10.5 m represents the least altered rock in the profile. This sample is moderately
serpentinized (~40%) and has significant primary minerals. Lastly, garnierite veins are composed of
about 90 wt% serpentine and 10 wt% goethite. Note that abundant chromite of primary origin was
observed in the upper saprolite zone. Data are obtained from Aquino et al. [34].
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2. Materials and Methods

Soil samples from the limonite and transitional zones and rock samples from the
saprolite zone were collected from the nickel laterite outcrop described above (Figure 1b).
The topmost 2 m of the outcrop are composed of mechanically transported materials
and were not sampled for this study. Depths presented in Tables 1 and 2 and discussed
throughout this paper are measured with respect to the top of the upper limonite zone. A
total of 33 soil samples were collected at an interval of 20 cm, while 13 rock samples were
collected at an interval of 50 cm. Samples collected near the transition zone between the
limonite and saprolite zones (i.e., from 6.4 to 6.5 m) were collected at an interval of 10 cm.

2.1. Petrographic Analysis

Eight polished thin sections of the saprolite samples and the least altered rock were
prepared at the Energy Research and Testing Laboratory at the Philippine Department of
Energy (Taguig City, Philippines). Chromite-rich samples (>70 wt%) from the upper sapro-
lite zone were not selected for microscopy. The samples were observed under transmitted
and reflected light using a TrueVision petrographic microscope and an Olympus BX53P
polarizing microscope equipped with DP74 camera at the University of the Philippines,
National Institute of Geological Sciences (Quezon City, Philippines).

2.2. X-ray Diffraction Analysis

A total of 46 soil and rock samples were prepared for X-ray diffraction analyses. The
samples were pulverized to ~200 mesh (<0.075 mm) using an agate mortar and pestle
and were subsequently oven-dried at 105 ◦C for 24 h. The powdered samples were then
packed on a cylindrical top-filled sample holder. The diffractograms of the samples were
determined using a Bragg–Bentano Shimadzu XRD-7000 X-ray Diffractometer with CuKα

radiation at the University of the Philippines, National Institute of Geological Sciences. The
samples were analyzed using a step size of 1◦ per min at a 3◦ to 90◦ scan range and voltage
of 30 kV. The mineral phases were then identified using the PDF4+ Minerals Database by
the International Center for Diffraction Data (ICDD), as well as the Materials Data, Inc.
MINERAL database [36]. Mineralogical phases were quantified via Rietveld refinement
of the diffractograms using the program Siroquant, version 3.0 [34]. Furthermore, the
crystallinity of the goethite phase was evaluated by observing the change in the full width
at half maximum (FWHM) of the goethite (110) peak. The FWHM was calculated via the
Debye–Scherrer equation [37]:

D =
kλ

β cos θ
(1)

where k is a dimensionless shape factor, λ is the wavelength of the X-ray source (1.5418 Å
for CuKα), D is the crystallite size of goethite phase as obtained from Rietveld refinement, θ
is the peak position of the (110) peak in radians (0.1844), and β is the FWHM.

2.3. Whole Rock Analyses and Loss on Ignition

The samples were pulverized and dried at 105 ◦C for a minimum of 6 h and then cooled
in a desiccator. Fused beads for each sample were then prepared using an AFM—ModuTemp
automated fusion machine. The major and minor element concentrations of the samples
were analyzed using a PANalytical Axios PW4400 X-ray fluorescence wavelength disper-
sive spectrometer. Preparation of fused beads, XRF, and loss on ignition (LOI) analyses were
performed at Intertek Testing Services Philippines, Inc. (Muntinlupa City, Philippines).

2.4. Mass Balance Calculations

Mass balance calculations were performed following the isocon method [38,39]. Briefly,
this method involves the evaluation of the relative changes in the concentration of an altered
rock with respect to the parent rock. This is done by plotting the chemical composition of
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the altered rock (CA) against the composition of the parent rock (CO). The isocon is a line
defined by one or more immobile species and the origin and has the following equation:

CA =

(
MO

MA

)
CO. (2)

Isocons were calculated using Fe and Ti as the immobile components, as has been done
in similar deposits [40,41]. The relative mass changes of a component can be evaluated
as follows:

• Relative mass gain—species plotting above the isocon
• Relative mass loss—species plotting below the isocon.

Additionally, the slope of the isocon gives information on the overall change in the
mass relative to the protolith (MO/MA).

2.5. Ultramafic Index of Alteration

For each sample, an ultramafic index of alteration (UMIA) was calculated [41]. This
chemical alteration index, which is a modified version of the mafic index of alteration
(MIA) [42], as well as other previously used chemical alteration indices [43,44], quantifies
the chemical changes that occurred during the chemical weathering process. The UMIA is
defined as:

UMIA = 100×
[(

Al2O3 + Fe2O3(T)

)
/
(

SiO2 + MgO + Al2O3 + Fe2O3(T)

)]
(3)

where molar ratios of the respective major elements are used. The following UMIA values
are expected for each of the laterite zones: unweathered peridotite bedrock, ~3: saprolite,
4–8; limonite, 60–90 [41]. No UMIA values were previously reported for samples taken
from the transition zone.

3. Results
3.1. Petrography

Samples from the limonite and transition zones are extremely weathered, with no
primary minerals or textures observed in hand specimen (Table 1). The saprolite samples
are also heavily weathered and altered in hand specimen and thin section (Figures 3–5).
Primary minerals, such as olivine and orthopyroxene, are sparse in most samples except for
the least weathered sample, N-1050 (Figure 6). These primary minerals are altered mostly to
serpentine (~60–85%), although poorly crystalline Fe oxides (~5–15%) and magnetite (trace)
are also present. All samples contain small amounts (<5%) of chromite, except for samples
N-690 and N-1000. N-690 is adjacent to a chromitite layer located at depths between 6.8 m
and 7.0 m and thus contains a significant amount of chromite (~20%, Table 2). N-1000
contains visible chromite bands (Figure 3f) in hand specimen.

Table 1. Macroscopic description of samples from the limonite and transition zones.

Depth (m) Zone 1 Munsell Color Descriptive Short Description

0 UL 7.5YR 5/8 dark brown mostly very fine soil (<1 mm) to coarse fragments (>10 mm) of
Fe oxides

0.8 UL 5YR 4/8 reddish brown
mostly very fine to fine soil (<1 mm) to medium fragments
(<5 mm) of Fe oxides; slightly darker red color probably due to
presence of small amounts of hematite

1.6 UL 5YR 4/8 reddish brown
fine to medium (1–5 mm) grained fragments of Fe oxides; slightly
darker red color probably due to presence of small amounts
of hematite
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Table 1. Cont.

Depth (m) Zone 1 Munsell Color Descriptive Short Description

2.4 UL 5YR 4/8 reddish brown
mostly very fine soil (<1 mm) to coarse fragments (>10 mm) of Fe
oxides; slightly darker red color probably due to presence of small
amounts of hematite

3.2 LL 5YR 4/8 reddish brown
mostly medium to coarse grained (5–10 mm) fragments of Fe
oxides; slightly darker red color probably due to presence of small
amounts of hematite

4.0 LL 7.5YR 5/8 dark brown fine soil (~1 mm) to medium fragments (<5 mm) of Fe oxides

4.8 LL 7.5YR 5/8 dark brown fine soil (~1 mm) to coarse fragments (>10 mm) of Fe oxides

5.6 LL 7.5YR 5/8 dark brown mostly medium to coarse grained (5–10 mm) fragments of
Fe oxides

6.4 T 7.5YR 5/8 dark brown poorly sorted mixture of mostly very coarse grained (>30 mm)
and medium grained (1–5 mm) Fe oxide-rich rock fragments

1 UL = upper limonite, LL = lower limonite, T = transition zone.

Four types of serpentine, distinguished by their occurrence and association with
secondary magnetite, were observed in the saprolite of the Sta. Cruz nickel laterite deposit.
Type 1 serpentine (Figures 4–6) occurs immediately adjacent to partially or completely
dissolved relict olivine grains. It is characteristically magnetite-free, or, when present,
magnetite occurs only in minor amounts. Moreover, type 1 serpentine is pale green
and slightly pleochroic under plane-polarized light and exhibits up to first-order yellow
interference colors in crossed-polarized light. Type 1 serpentine is further subdivided into
types 1a and 1b serpentine. Type 1a has a thickness of not more than 30 µm, and it occurs
in the least altered rock along fractures and grain boundaries in olivine and pyroxene.
Type 1b occurs in the saprolite, exhibits a mesh texture around olivine fragment, and is
approximately 50 to 150 µm thick. Type 2 serpentine, on the other hand, occurs as roughly
parallel serpentine veins cross-cutting type 1 serpentine and is characteristically magnetite
and Fe-oxide stain free. They typically occur in the lower saprolite (e.g., N-900; Figure 5).
They are colorless in plane-polarized light and exhibit almost black interference colors
in crossed-polarized light. Type 3 serpentine, like type 2, occurs as veins and is typically
observed in the upper saprolite. It is often associated with moderate to abundant secondary
magnetite, which is usually within the core of the serpentine vein (e.g., N-650; Figure 4). In
plane-polarized light, type 3 serpentine is colorless to pale greenish yellow and has low
relief in crossed-polarized light. It exhibits very low interference colors of up to first-order
gray to white. Lastly, garnierite serpentine veins (type 4) are light green to pale green,
vein-type serpentine observed to crosscut the saprolite zone (Figure 3). In thin section,
type 4 serpentine is light yellowish brown in plane-polarized transmitted light and has a
bright yellowish green interference color in crossed-polarized light (Figure 5).
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Figure 3. Saprolite samples in hand specimen. (a) Sample N-650R showing black
serpentine–magnetite veins (type 3) being altered into light-green serpentine (type 4, N-650V).
(b) Sample N-1100, heavily altered saprolite sample with a garnierite vein (type 4). Note that
the serpentine vein emanates from what appears to be boundaries of relict grains. (c) Sample N-1050,
least altered saprolite sample showing pyroxene crystals about 2–3 mm in size. (d) Sample N-690,
containing unaltered chromite disseminated in a matrix of strongly weathered Fe (hydr)oxides.
(e) Sample N-850, heavily weathered sample with a less altered core. Small dissolution vugs later
filled by Fe hydr(oxides) are also present. (f) Sample N-1000, showing unaltered disseminated
chromite in an Fe hydr(oxide) weathered matrix. Dissolution vugs are also present.
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pyroxene, are sparse. Olivine crystals, where present, are about 40 to 200 µm in size with 

average size of about 100 µm, whereas orthopyroxene minerals are about 200 to 1400 µm 

in size. Dissolution cavities occur within sites of relict primary minerals (Figure 4). In sam-

ple N-660, the size of the cavities is approximately 50 to 300 µm, which is similar in size 

to the cavities and relict olivine minerals observed in sample N-650R. These cavities are 

often filled partially or completely with secondary, poorly crystalline goethite ± amor-

phous silica (Figure 4c–f). Serpentine occurs both as vein-type serpentine (type 3), as well as 

mesh-type serpentine (type 1b) around completely or partially dissolved olivine crystals (Fig-

ure 4c).  

Figure 4. Upper saprolite sample N-650R in thin section. (a) Sample N-650R is a heavily serpentinized
rock with almost no primary olivine remaining. Type 1b (mesh-type) serpentine (srp) surrounding
partially or completely dissolved olivine, crosscut by type 3 (vein-type, magnetite-rich) serpentine
in plane-polarized transmitted light. (b) Same as (a) in crossed-polarized transmitted light. (c) Oc-
currence of poorly crystalline Fe-oxides (gt), as well as minor amorphous silica (sil), as precipitates
within dissolution vugs after olivine, in crossed-polarized transmitted light. (d) Detail of white
box in (c), showing a dissolution vug filled with Fe-oxides. Surrounding mesh serpentine (type 1b)
contains minor hematite (hem), likely from oxidation of magnetite. (e) Same as (c) in plane-polarized
transmitted light. (f) Same as (c) in crossed-polarized reflected light, showing bright orange internal
reflections of poorly crystalline Fe-oxides, red internal reflections of hematite, and white internal
reflections of amorphous silica.

3.1.1. Petrography of Upper Saprolite Samples

Samples from the upper saprolite (e.g., N-650R; Figure 4) are strongly weathered and
altered to serpentine (up to 85%). Most of the primary minerals are altered to serpentine,
15% poorly crystalline goethite (poorly crystalline iron oxide), and about 3% magnetite.
Primary minerals, including about 5% olivine, 2% tremolite, and trace amounts of orthopy-
roxene, are sparse. Olivine crystals, where present, are about 40 to 200 µm in size with
average size of about 100 µm, whereas orthopyroxene minerals are about 200 to 1400 µm in
size. Dissolution cavities occur within sites of relict primary minerals (Figure 4). In sample
N-660, the size of the cavities is approximately 50 to 300 µm, which is similar in size to the
cavities and relict olivine minerals observed in sample N-650R. These cavities are often
filled partially or completely with secondary, poorly crystalline goethite ± amorphous
silica (Figure 4c–f). Serpentine occurs both as vein-type serpentine (type 3), as well as
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mesh-type serpentine (type 1b) around completely or partially dissolved olivine crystals
(Figure 4c).
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individual fragment about 30 to 300 µm in size. Minor minerals include chromite (5%), as 

well as amorphous Fe oxides and trace amounts of magnetite. In sample N-750, serpentine 

occurs both as vein-type and mesh-type (type 1b), with the vein-type serpentine associ-

ated with fillings of magnetite (type 3). Samples taken from the deeper sections (e.g., N-

900) are observed to contain both mesh-type (type 1b) and magnetite-free, subparallel ser-

pentine veins (type 2) (Figure 5c,d). Throughout the lower saprolite, olivine crystals show 

dissolution features and, in places, are observed to be directly altered to brown Fe-oxides 

(Figure 5). Poorly crystalline goethite imparts a generally brown tinge in the lower sapro-

lite samples as a result of either direct replacement of partially dissolved olivine (i.e., as 

discoloration in minerals) or infills within dissolution cavities.  

Figure 5. Thin section of samples from the lower saprolite. (a) Sample N-750 is strongly serpentinized
and contains a significant amount of primary olivine fragments in optical continuity. Note the brown
discoloration on some of the type 1b serpentines, likely due to the presence of Fe-oxide. (b) Same
as (a) in crossed-polarized transmitted light. (c) N-900 showing roughly parallel serpentine veins
(type 2 serpentine) free from Fe-oxide discoloration. Further shown are partially dissolved relict
olivine grains. (d) Same as (c) in crossed-polarized transmitted light. (e) Photomicrograph of type 4
serpentine crosscutting the lower saprolite in plane-polarized transmitted light. (f) Same as (e) in
crossed-polarized transmitted light.

3.1.2. Petrography of Lower Saprolite Samples

Samples from the lower saprolite zone (Figure 5) are less altered to serpentine (~60%)
than the upper saprolite samples. Primary minerals, mostly olivine, are more abundant
(up to 30%) and occur as 2–4 mm-sized groups of optically continuous crystals, with
each individual fragment about 30 to 300 µm in size. Minor minerals include chromite
(5%), as well as amorphous Fe oxides and trace amounts of magnetite. In sample N-750,
serpentine occurs both as vein-type and mesh-type (type 1b), with the vein-type serpentine
associated with fillings of magnetite (type 3). Samples taken from the deeper sections (e.g.,
N-900) are observed to contain both mesh-type (type 1b) and magnetite-free, subparallel
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serpentine veins (type 2) (Figure 5c,d). Throughout the lower saprolite, olivine crystals
show dissolution features and, in places, are observed to be directly altered to brown
Fe-oxides (Figure 5). Poorly crystalline goethite imparts a generally brown tinge in the
lower saprolite samples as a result of either direct replacement of partially dissolved olivine
(i.e., as discoloration in minerals) or infills within dissolution cavities.
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degrees at the uppermost limonite layer (0 m) to 0.91 degrees at 0.8 m and then generally 

Figure 6. Photomicrographs of the least altered rock in the profile investigated. (a) Olivine (Ol) cut
by crosscutting serpentine (type 1a) in transmitted plane-polarized light and (b) in crossed-polarized
light. (c) Pyroxene (Opx) is also partially serpentinized parallel to its cleavage planes, in transmitted
plane-polarized light. (d) Same as (c) in crossed-polarized transmitted light.

3.1.3. Petrography of the Least Altered Rock

Sample N-1050 represents the least altered rock in the profile (Figure 6). The sample
is moderately serpentinized and contains about 40% serpentine but is also composed of
abundant primary minerals including about 50% olivine, 10% pyroxene, and trace amounts
of chromite. Olivine is fragmented and is cut by crosscutting vein-type type 1a serpentine
approximately 20–30 µm thick, forming isolated fragments about 100 to 200 µm in size in
optically continuous groups of about 2 to 4 mm. The olivine surface is rough and dissolved,
as clearly seen in plane-polarized transmitted light. Dissolution cavities are also present
locally in the sample and have not yet been filled with any secondary material. Unlike
in other samples, olivine crystals are colorless with minimal alteration to Fe-oxides. The
serpentine veins are also colorless and do not seem to have Fe-oxide staining. Pyroxene
minerals are preserved in this sample and occur as large crystals more than 4 mm in size,
often cut by serpentine (type 1a) parallel to cleavage traces (Figure 6).

3.2. Goethite Crystallinity and Crystallite Size Measurements

Crystallite size measurements of the goethite phase obtained from Rietveld refinement
of the limonite layer reveal a generally decreasing trend with depth (Figure 7a, Table A1).
Goethite crystallite sizes, which initially increase from 115 to 139 Å in the topmost upper
limonite, show a pronounced decreasing trend from 139 to 112 Å in the upper limonite
(i.e., depths of 0.8 to 3.2 m). Towards the mid-lower limonite, at depths of 3.6 to 4.8 m, the
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crystallite sizes slightly increase in value to 127 Å before decreasing again to 117 Å towards
the bottom of the lower limonite. In the transition zone, the value increases again to 124 Å.

The calculated full width at half maximum (FWHM) values from the measured crys-
tallite sizes are shown in Figure 7b and Table A1. As expected from the Debye–Scherrer
equation (Equation (1)) [37], the crystallite size and the FWHM have an inverse relationship.
Thus, a generally increasing trend with depth in the FWHM values is observed for the
studied limonite samples. FWHM values first decrease slightly from a value of 1.09 degrees
at the uppermost limonite layer (0 m) to 0.91 degrees at 0.8 m and then generally increase
to a maximum of 1.11 degrees at a depth of 3.2 m. The FWHM values decrease slightly
again to 0.99 degrees at 4.8 m and decrease again up to 1.07 towards the bottom of the
lower limonite at a depth of 6.0 m.
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Figure 7. (a) Variations in crystallite size of goethite in the limonite and transition zones with depth,
as calculated via Rietveld refinement. (b) Bulk Ni content and calculated full width at half maximum
values of goethite in the limonite and transition zones with depth. (c) Relationship of bulk Ni content
and full width at half maximum (FWHM) of goethite and (d) bulk Ni content and crystallite size of
goethite in the limonite and transition zones. Further shown are the R2 values of the samples from
the upper limonite (red), lower limonite (orange), and whole limonite (black) zones.

3.3. Bulk Major and Minor Geochemistry
3.3.1. Limonite Zone

The limonite zone contains elevated Fe2O3 (up to 75.4 wt%) and Al2O3 (up to 14.4 wt%)
and relatively low MgO (average: 1.5 wt%) and SiO2 (average: 4.5 wt%) concentrations
(Table 2, Figure 8a). Within the limonite, Fe content slightly decreases upwards. Interest-
ingly, the Al2O3 content of the upper limonite zone is generally higher compared to the
lower limonite zone. Within the limonite, the MgO content slightly increases downwards
from an average value of 1.2 wt% in the upper limonite to 1.7 wt% in the lower limonite.
Contrary to the behavior of MgO values, SiO2 content shows a decreasing trend downwards
within the limonite, with an average value of 6.6 wt% in the upper limonite to 2.9 wt% in
the lower limonite. Significant concentrations of Ni, Mn, and Co are noted in the limonite
zone of the investigated profile (Figure 8b). Within the limonite, NiO content ranges from
1.1 to 1.6 wt% and generally increases with depth. Average values for MnO and Co are
0.91 and 0.10 wt%, respectively. Both MnO and Co show a slightly increasing trend in the
limonite zone with depth. MnO values are enriched up to 1.09 wt% at the lower limonite
while Co values are enriched up to 0.16 wt% near the transition zone to the saprolite.
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3.3.2. Transition Zone, Saprolite Zone, and Garnierite Veins

Fe2O3 shows a sharp decrease in concentration towards the transition and saprolite
zones (average of 43.2 wt% and 12.5 wt%, respectively; Figure 8a). Al2O3 content in the
transition zone is 6.2 wt%, which decreases further to an average of 3.1 wt% in the saprolite
zone. From the limonite zone, MgO and SiO2 increase to values of 12.6 wt% and 16.5 wt%,
respectively, in the transition zone and to values of 31.6 wt% and 32.7 wt%, respectively,
in the saprolite zone. NiO content is generally more elevated in the saprolite than in the
limonite, with values of up to 3.0 wt% (Figure 8b). MnO and Co values are generally not as
significant within the saprolite as in the limonite zone, with average values of 0.21 wt% for
MnO and 0.02 wt% for Co.
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Figure 8. (a) Major and (b) minor element geochemistry of the studied profile and the corresponding
laterite horizons. (c) Calculated ultramafic index of alteration (UMIA) [41]. Note the relatively high
Ni contents of the upper garnierite vein.

Overall, the two garnierite veins have slightly higher SiO2, MgO, and NiO and lower
Fe2O3, Al2O3, and MnO than the average saprolite (Table 2). Interestingly, the serpentine
vein sampled at a higher depth has a higher NiO content than the vein sampled below the
lower saprolite. LOI values do not show any significant difference between each laterite
horizon, with values ranging from 10.8 to 14.0 wt% within the profile.

3.4. Ultramafic Index of Alteration

The ultramafic index of alteration (UMIA) values calculated for the Sta. Cruz nickel
laterite profile (Table 2, Figure 8c) are generally consistent with expected values [41]. UMIA
values in the limonite zone range from 74.7 to 86.5. The upper limonite has slightly lower
UMIA values than the lower limonite. Towards the transition zone, the UMIA values
decrease to 36.1, before decreasing significantly to values less than 8 in the saprolite. There
is no significant trend in the UMIA values between the upper and lower saprolite or the
garnierite veins.

Figure 9 shows plots of the Sta. Cruz nickel laterite samples in molar ternary AF-S-M
(Al2O3 + Fe2O3-SiO2-MgO) and A-SM-F (Al2O3-SiO2 + MgO-Fe2O3) diagrams, including
their corresponding UMIA values. Both diagrams show weathering of an initially Mg- and
Si-rich peridotite bedrock towards an Al- and Fe-rich limonite. There is a clear separation of
the upper and lower limonite samples in both diagrams, indicating that the upper limonite
contains relatively more Al and Si compared to the lower limonite.
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3.5. Relative Mass Changes 

Relative mass changes (Figure 10, Table A2) calculated for the studied outcrop are 

similar to those observed in other laterite deposits [40,45]. The limonite zone is character-

ized by an almost complete removal of SiO2 (i.e., up to 99% relative mass loss) and MgO 

(up to 100% mass loss). Ni is also leached by up to about 50% in the limonite, with the 

amount of depletion decreasing with depth. Co and MnO, on the other hand, are associ-

ated with mass gains in the limonite. Co mass gains increase in the lower limonite towards 

the transition zone. A similar behavior is observed for Mn but to a lesser degree. 

Figure 9. Chemical evolution of the laterite profile during weathering as shown by (a) molar ternary
Al2O3+Fe2O3-SiO2-MgO (AF-S-M) and (b) molar ternary Al2O3-SiO2+MgO-Fe2O3 (A-SM-F) dia-
grams. Both diagrams show weathering of an initially Mg- and Si-rich peridotite bedrock towards an
Al- and Fe-rich limonite while (b) highlights that Fe-enrichment is predominant over bauxitization in
the Sta. Cruz nickel laterite. Further shown is the ultramafic index of alteration (UMIA) [41].

3.5. Relative Mass Changes

Relative mass changes (Figure 10, Table A2) calculated for the studied outcrop are sim-
ilar to those observed in other laterite deposits [40,45]. The limonite zone is characterized
by an almost complete removal of SiO2 (i.e., up to 99% relative mass loss) and MgO (up to
100% mass loss). Ni is also leached by up to about 50% in the limonite, with the amount of
depletion decreasing with depth. Co and MnO, on the other hand, are associated with mass
gains in the limonite. Co mass gains increase in the lower limonite towards the transition
zone. A similar behavior is observed for Mn but to a lesser degree.
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Figure 10. Isocon diagrams for each laterite zone in the outcrop investigated. Altered compositions
(CA) are the average composition of the samples from each zone. The composition of the parent rock
(CO) is the average composition of two peridotite samples collected near the study area (Table 2).
Dashed line is the isocon defined by the immobile species Ti and the origin, while dotted line is the
best-fit isocon defined by Fe, Ti, and the origin. Solid line represents MO/MA = 1. The numbers
are the slope of the isocon or MO/MA. Species plotting along the isocon did not change their mass
during transformation, species plotting above the isocon experienced mass gains, whereas species
plotting below the isocon experienced mass loss during transformation.

The transition zone is characterized by a slight decrease in the associated SiO2 and
MgO mass loss. Ni starts to experience a slight mass gain (+64%), while Co mass gains
are the highest around this zone. Towards the saprolite zone, MgO and SiO2 mass losses
decrease to an average of −34% and −33%, respectively. The saprolite zone is also charac-
terized by mass gains of NiO, MnO, and Co, with the NiO mass gains reaching more than
+600%. Interestingly, the least altered rock (N-1050) is associated with significant Ni mass
gain of +668%.
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4. Discussion
4.1. Laterite Zonation

Based on mineralogy, geochemistry, and calculated UMIA, the Sta. Cruz nickel laterite
deposit can be divided into two main zones—an upper limonite layer and a lower saprolite
layer—separated by a transition zone. The transition zone is characterized by mineralogy
and geochemistry intermediate between the limonite and saprolite layer. The limonite is
further subdivided into two layers: upper and lower limonite. Similarly, the saprolite can
be divided into upper and lower saprolite zones. Lastly, garnierite veins were observed
cutting the upper and lower saprolite layers.

4.1.1. Limonite Zone

The limonite zone represents the most evolved layer of the laterite profile investigated,
with a UMIA value of 78. It is an Fe- and Al-rich layer, completely devoid of primary
minerals and made up of the mineral assemblage goethite + hematite for the upper limonite
and goethite + chromite for the lower limonite. Mg and Si are almost completely leached
out of this layer, with relative mass losses of almost 100%. The upper limonite contains
a slightly higher amount of SiO2 than the lower limonite, resulting in a lower UMIA for
the upper limonite. This is probably due to the presence of amorphous silica, a common
reaction product of weathering, along with amorphous Fe-oxides. Amorphous silica could
not be detected by X-ray diffraction due to the absence of a crystalline structure. Within
the limonite, MnO, NiO, and Co generally increase with depth and are enriched in the
lower limonite. Bulk chemistry of the samples reveals a significant amount of Al2O3 of
more than 10 wt%, although Al-bearing minerals, such as gibbsite, were not observed in
the limonite zone. Goethite with 18% Al substitution best fits the X-ray diffractogram of
samples from the upper limonite [35]. Therefore, in the absence of mineral chemistry data,
it is inferred here that Al is hosted in the limonite by goethite. We hypothesize that Ni
within the limonite is hosted primarily by goethite, with the nickel contents observed to be
directly proportional to the FWHM of the goethite (110) peak and inversely proportional
to the goethite crystallite size (Figure 7). A stronger correlation (R2 = 0.83) is observed in
the upper limonite than in the lower limonite (R2 = 0.016) for both FWHM and crystallite
size. One possibility is that Ni is not exclusively hosted by goethite in the lower limonite
zone. For example, Mn oxyhydroxides, which are often reported in lower oxide zones
of Ni laterites [5,46], including two other deposits from the Philippines [47,48], can host
Ni. In particular, significant amounts of Ni (up to 15.6 wt%) have been reported to be
associated with Mn oxyhydroxides from the Intex deposit in Mindoro, Philippines [48].
Mn oxyhydroxides are difficult to detect with the methods performed in this paper, but
the slight increase in Mn and Co concentrations towards the lower limonite may hint at
their presence in the Sta. Cruz laterite. Because phases other than goethite may host Ni,
a weaker correlation between the bulk Ni contents and both goethite crystallite size and
FWHM of the goethite (110) peak is observed. The stronger correlation between bulk Ni
and goethite crystallinity in the upper limonite support our hypothesis that goethite is the
main host of Ni.

4.1.2. Transition Zone

The transition zone (~6.5 m) is a thin layer between the saprolite and limonite zone
and is characterized by an abrupt mineralogical, textural, and geochemical transition from
the limonite into the saprolite layer. This layer is comprised of the mineral assemblage
goethite + lizardite + chlorite + tremolite + chromite. Goethite is the dominant mineral in
the limonite zone, whereas lizardite, together with minor amounts of chlorite and tremolite,
is characteristic of the saprolite zone. The change in the mineral assemblage in the transition
zone is reflected in the geochemistry: abrupt increase in Mg and SiO2 corresponds to the
first appearance of Mg-silicates and a decrease in the Fe2O3 associated with a decrease
in abundance of goethite. The transition zone has a UMIA of 36, a value in between the
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expected value of at least 60 for the limonite zone and the expected value of 4–8 for the
saprolite zone.

Ni in the transition zone is hosted predominantly by goethite, but other phases, such
as serpentine and chlorite, may also host Ni. Thus, bulk Ni content cannot be used to
determine the effect of Ni content on the structure of goethite in the sample from the
transition zone. For both FWHM and crystallite size, the sample from the transition zone is
a clear outlier in the generally observed trends.

4.1.3. Saprolite Zone

The saprolite zone is comprised mostly of serpentine and has a geochemistry domi-
nated by MgO and SiO2. The upper saprolite (6.6 to 6.9 m) is composed of the assemblage
lizardite + chlorite + chromite + goethite ± tremolite. The lower saprolite (7.5 to 11 m)
contains a significant amount of primary minerals, mostly olivine, and is made up of the
mineral assemblage lizardite + olivine + goethite. Except for the topmost sample from the
upper saprolite, samples from the saprolite zone have UMIA values between 4 and 7. Fe
is hosted in the saprolite within serpentine, chromite, and poorly crystalline Fe-oxides,
occurring as alteration of olivine and serpentine. Minor amounts of Al2O3 in the saprolite
suggest the absence of Al-bearing minerals, although small amounts of Al may substitute
for Si in the serpentine crystal structure [49,50]. Significant concentrations of Al were
observed in saprolite samples containing chlorite.

Four types of serpentine have been recognized in the saprolite zone of the deposit.
Type 1a serpentine is interpreted to have formed earlier during the initial hydrothermal
serpentinization of the ZOC [51–54]:

(Mg,Fe,Ni)2SiO4 + 1.5 H2O→ 0.5 (Mg,Fe,Ni)(OH)2 + 0.5 (Mg,Fe,Ni)3Si2O5(OH)4.
Olivine Fe-Brucite Serpentine

(4)

This is supported by the pseudomorphic nature of type 1a serpentine after primary
minerals. Although both olivine and orthopyroxene can be altered to serpentine, olivine is
more abundant and has more Ni content (0.24 to 0.36 wt%) than orthopyroxene (0.07 to
0.08 wt%) in the ZOC peridotite [22]. It follows that olivine is the main source of Ni in the
deposit. Over time and with further reaction with water, serpentinization may continue,
resulting in the continued formation of serpentine along olivine grain boundaries and
thickening of type 1a serpentine to form type 1b serpentine, which were observed in the
upper levels of the saprolite.

One major consequence of the hydration of peridotite is the associated volume in-
crease that occurs as a rock composed of dense minerals is altered to less-dense secondary
minerals [55–57]. Volume expansion associated with serpentinization has been discussed
earlier [56]. More recently, a volume increase of 44 ± 8% [55] has been experimentally
measured associated with serpentinization for a duration of 10 to 18 months. The associated
volume expansion can both seal existing fractures in the system and induce new fractures
at the same time. These tension cracks or cross-fractures [56] are formed during earlier,
moderately high-temperature (>200 ◦C) serpentinization, although we recognize that this
process may continue at lower temperatures (<100 ◦C) [58–64]. Relatively high Ni content
in the least. altered rock relative to unaltered protolith (1.15% vs. 0.29 wt% NiO), which con-
tains only type 1 serpentine, may hint at the lower temperature formation of the serpentine,
although further analyses will be needed to confirm this. Roughly parallel serpentine veins
(type 2 serpentine) may later form in these cracks, likely from solutions leached [4,5,12]
from the upper horizons of the profile. Type 2 serpentine have been observed to cut earlier
formed type 1 serpentine in the saprolite samples (Figure 5).

Type 3 serpentine are characteristically magnetite rich. As suggested earlier [54],
magnetite may form from the oxidation of pre-existing Fe-rich serpentine via:

Fe3Si2O5(OH)4 + 0.5 O2(aq) → Fe3O4 + 2 SiO2(aq) + 2 H2O.
Serpentine Magnetite

(5)
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Thus, we interpret type 3 serpentine to have formed from oxidation of earlier-formed
type 1 or type 2 serpentine. Lastly, type 4 serpentine (garnierite) were observed to either
directly crosscut oxidized saprolite samples or alter pre-existing serpentine, suggesting that
type 4 serpentine is formed during weathering after the formation of the saprolite zone. In
addition, the upper garnierite vein contains significant amounts of Ni (up to 3.72 wt% NiO)
and is similar to garnierite serpentine described in previous studies [12,48].

4.2. Goethite Ageing and Hematite Formation

Structural investigation of the mineral goethite allows us to highlight the importance
of this mineral in the development of the oxide zone of the laterite deposit. Reaction of
oxidized rainwater and dissolution of primary minerals in the upper horizon result in the
leaching of mobile elements such as Mg and Si downwards the profile while immobile
elements, such as Fe and Al, are enriched in the limonite zone. Residually enriched Fe can
be oxidized to form poorly crystalline goethite [3,5,65,66]:

4 Fe2+ + O2 + H2O→ 4FeO(OH) + 8 H+

Goethite
(6)

Goethite initially has low crystallinity [3,18,65], which is attributed to the incorpo-
ration of elements, including Ni, that introduce structural defects in the goethite crystal
structure [18]. As this stage, lateritization proceeds and goethite ages, and Ni and other
impurities are expelled from the structure of goethite and subsequently leach away towards
the lower horizons [7,18,65]. The expulsion of Ni from goethite results in goethite ageing or
the upward increase in the crystallinity of goethite within the limonite zone as lateritization
progresses [18–20]. In the Sta. Cruz deposit, goethite ageing is supported by the observed
correlation between the bulk Ni content in the limonite and FWHM of the goethite (110)
peak. Ni expelled during goethite ageing may contribute to the supergene Ni enrichment
in the saprolite zone and in the garnierite veins. Higher up in the profile, hematite may
form from the dehydroxylation of goethite according to [67]:

FeO(OH)→ 0.5 H2O + 0.5 Fe2O3.
Goethite Hematite

(7)

Petrographic investigation of saprolite samples revealed that secondary magnetite
is altered to hematite, especially at higher depths (e.g., N-650, N-660; Figure 4). In the
presence of oxygen, magnetite can be altered to maghemite and then to hematite [67],
according to the following reaction:

Fe3O4 + 0.25 O2 → 1.5 Fe2O3.
Magnetite Maghemite/Hematite

(8)

Over time, the limonite zone expands as oxide-forming reactions continue to progress,
deepening the limonite-saprolite zone boundary and increasing the thickness of the limonite
zone. The expansion of the limonite zone is affected by a number of factors, including time,
the rate of erosion, relief, and climate. A moderate to low-lying relief in a tropical climate
provides the ideal conditions for laterite formation. Low to moderate relief results in a
limited erosion rate allowing the preservation of the newly formed limonite zone and at
the same time providing a low-lying water table. Since leaching occurs above the water
table, a deep water table allows leaching of a thicker layer of rock and, consequently, an
enhanced supergene Ni enrichment below the water table [1,6].

5. Conclusions

We report the mineralogy and geochemistry of a laterite profile formed from the
alteration of the ultramafic rocks from the Zambales Ophiolite Complex. Combined
mineralogical–geochemical analysis reveal that the Sta. Cruz nickel laterite deposit is
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composed of two main zones—the limonite and saprolite zones—separated by a thin tran-
sition zone. Late-stage, Ni-rich serpentine garnierite veins are observed to crosscut the
saprolite zone. The limonite zone is characterized by Mg and Si mass loss and residual
enrichment of Fe, Al, and Ni. The saprolite zone, on the other hand, is associated with Mg
and Si mass gains. Similar to other deposits, the limonite zone is dominated by goethite
with minor hematite, while the saprolite zone is dominated by the mineral serpentine. At
least four types of serpentine are characterized and distinguished based on occurrence
and association with magnetite. Structural investigation of goethite within the limonite
zone resulted in a negative correlation between the bulk nickel content and crystallinity of
goethite and between bulk nickel content and crystallite size, emphasizing the important
role that goethite plays during the formation of the limonite zone.
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Appendix A

Table A1. Goethite crystallite size obtained from Rietveld refinement and calculated full width at
half maximum values (FWHM).

Sample Crystallite size FWHM

N-000 115 1.09
N-040 127 0.99
N-080 139 0.91
N-120 136 0.93
N-160 134 0.94
N-200 130 0.96
N-240 125 1.00
N-280 116 1.08
N-320 112 1.12
N-360 121 1.04
N-400 125 1.01
N-440 125 1.01
N-480 127 0.99
N-520 127 0.99
N-560 124 1.02
N-600 117 1.07
N-640 124 1.02
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Table A2. Calculated relative mass changes of the samples from the Sta. Cruz laterite.

Sample Horizon 1 Depth (m) SiO2 Al2O3 Fe2O3 Cr2O3 MnO NiO MgO Co LOI

N-000 UL 0 −99 −27 8 307 90 −40 −99 101 16
N-040 UL 0.4 −98 −13 8 62 47 −46 −100 53 39
N-080 UL 0.8 −97 1 0 66 43 −48 −100 36 40
N-120 UL 1.2 −97 5 −2 71 63 −47 −100 33 38
N-160 UL 1.6 −97 −4 3 72 53 −45 −100 31 36
N-200 UL 2 −97 −9 6 74 53 −45 −100 33 35
N-240 UL 2.4 −98 −22 10 63 67 −43 −100 53 33
N-280 LL 2.8 −99 −56 17 119 88 −34 −99 40 27
N-320 LL 3.2 −99 −59 19 163 92 −30 −100 64 16
N-360 LL 3.6 −99 −65 19 188 86 −34 −99 39 16
N-400 LL 4 −99 −60 19 153 86 −31 −99 39 20
N-440 LL 4.4 −99 −56 19 74 102 −29 −99 58 25
N-480 LL 4.8 −99 −78 26 24 113 −29 −100 −15 30
N-520 LL 5.2 −99 −70 19 162 113 −37 −99 48 21
N-560 LL 5.6 −99 −65 16 185 92 −30 −99 153 25
N-600 LL 6 −99 −64 16 192 78 −27 −99 143 27
N-640 T 6.4 −91 −35 8 361 93 64 −94 206 16
N-690 US 6.9 −33 32 5 1876 84 225 −34 33 27
N-750 LS 7.5 −25 −89 −5 60 42 350 −30 35 31
N-900 LS 9 −27 −83 16 151 85 605 −36 70 33
N-1050 LS 10.5 −35 15 1 49 53 668 −33 17 29

1 UL = upper limonite, LL = lower limonite, T = transition zone, US = upper saprolite, LS = lower saprolite.
Calculated for each component using the equation ∆C/CO = (MA/MO)(CA/CO) − 1 [38,39] using the Fe and
Ti isocon.
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Abstract: Cobalt demand is increasing due to its key role in the transition to clean energies. Although
the main Co ores are the sediment-hosted stratiform copper deposits of the Democratic Republic of
the Congo, Co is also a by-product of Ni–Co laterite deposits, where Co extraction efficiency depends,
among other factors, on the correct identification of Co-bearing minerals. In this paper, we reported
a detailed study of the Co mineralisation in the Ni–Co laterite profiles of Loma Caribe (Dominican
Republic) and Loma de Hierro (Venezuela). Cobalt is mainly associated with Mn-oxyhydroxide
minerals, with a composition between Ni asbolane and lithiophorite, although a Co association with
phyllosilicates has also been recorded in a Loma de Hierro deposit. In Loma Caribe, Co-bearing
Mn-oxyhydroxide minerals mainly developed colloform aggregates, and globular to spherulitic
grains, while in Loma de Hierro, they displayed banded colloform, fibrous or tabular textures. Most
of the compositional analyses of Mn-oxyhydroxides yielded 20 and 40 wt.% Mn, with Ni and Co
up to 16 and 10 wt.%, respectively. In both profiles, Mn-bearing minerals were mainly found in the
transition from the oxide horizon to the saprolite, as observed in other laterite profiles in the world,
where the precipitation of Mn-bearing minerals is enhanced because of the pore solution saturation
and pH increase.

Keywords: nickel; cobalt; manganese; lithiophorite; asbolane; critical metals; laterite

1. Introduction

In 2020, the European Commission published a new list of critical raw materials
considered essential for the economy of Europe, according to their potential supply risk
and their economic and industrial importance [1]. This list contains 30 raw materials,
compared with the 14, 20 and 27 that were indicated in the previous lists of 2011, 2014
and 2017, respectively. One of these critical materials is Co, which is a transition metal
that has been in the list since 2011. The main reason to consider Co as a critical raw
material is that worldwide production comes primarily from the sediment-hosted stratiform
copper deposits of the Democratic Republic of the Congo (accounting for 70% of the
world’s production) [1–3], which is also the main supplier to Europe. Cobalt is essential
in many industries such aerospace, textile, electronics, automotive, renewable energies,
and energy-intensive industries, where it is mainly used in batteries, super alloys, catalysts
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and magnets [2]. Cobalt, together with Ni, rare earth elements (REE) and Li, is of strategic
importance in the transition to cleaner energies [4,5]. Recent forecasts indicate that Europe
would need up to five times more Co in 2030, and 15 times more Co in 2050 for electric
vehicle batteries and energy storage, compared with the 2019 supply, this increase also
being linked to the increase in demand of other metals such as Ni or Mn [1]. The strategy
of EU is based on the diversification of global supply chains and the enhancement of
circularity and resource efficiency.

In addition to the Congo deposits, Co is also a by-product of the mining of magmatic
Ni–Cu sulphide deposits hosted in mafic and ultramafic rocks, such as Sudbury (Canada)
or Norilsk (Russia), and of Ni–Co laterite deposits in Australia, New Caledonia, Indonesia,
the Philippines, Brazil, Cameroon, Greece and the Caribbean region ([2,3,6] and references
therein). Cobalt content in laterite deposits is estimated to comprise 36% of terrestrial Co
deposits [7]. Cobalt has also been identified in manganese nodules and crusts on ocean
floors [3].

Ni–Co laterite deposits result from the weathering of ultramafic rocks (generally
serpentinised peridotites) at tropical latitudes [8–11]. In a typical Ni–Co laterite profile,
the unaltered or serpentinised peridotite is found at the bottom, covered by a saprolite
horizon that contains relicts of the parent rock with secondary serpentine, goethite and
Mg–Ni phyllosilicates. An oxide horizon is formed over the saprolite zone, consisting of Fe-
(goethite, hematite, maghemite), Al-(gibbsite) and occasionally, Mn-oxides and hydroxides.
In some cases, an iron cap or ferricrete has developed over the oxide horizon. According to
the main Ni mineralogy, Ni–Co laterites are classified into oxide type (where Ni is mainly
associated with Fe-oxyhydroxides), clay silicate type (where Ni is concentrated in smectite
group minerals), and hydrous silicate type (rich in Mg–Ni phyllosilicates, including Ni-
serpentines and garnierites) ([8,12] and references therein). Cobalt is usually accumulated
within the ferruginous unit or at the transition from the saprolite to the oxide horizon, and
is mostly concentrated into poorly crystalline Fe- and Mn-oxyhydroxides.

Although in some deposits Co is found in primary minerals (e.g., sulphides, carbon-
ates), in their alteration products (e.g., heterogenite (CoOOH)), or in laterite deposits, Co is
usually associated with Mn-oxyhydroxides, in particular, asbolane, lithiophorite, or the
so-called asbolane–lithiophorite intermediates [13].

Due to the low grade, its irregular distribution, and the complex mineralogy of the ores,
the Co-production from laterite ores is generally low [14,15]. Moreover, the Co beneficiation
mainly depends on its oxidation state and the relative proportion of Co to Cu or Ni [13].
Therefore, a proper identification and characterisation of Co-bearing minerals in the context
of a laterite deposit is relevant, in order to improve the extraction efficiency. Recently, the
number of studies dealing with how Co (and also Ni, Mn and Sc) are distributed in these
deposits, have increased [6].

There are large Ni–Co laterite deposits with economic grades of Co (e.g., Murrin
Murrin or Kalgoorlie in Australia, Goro in New Caledonia, or Nkamouna in Cameroon) [2].
However, recent studies have pointed out that Ni–Co laterites from the Caribbean area also
contain significant amounts of Co that could be exploited in the near future [16–18].

Therefore, in this study we present a detailed characterisation of Mn-bearing minerals
of two profiles from two Caribbean Ni–Co laterite deposits, with the goal of determining
their mineralogy and composition and ultimately understanding their formation processes.
More precisely, the study is centered in the Loma Caribe and the Loma de Hierro profiles,
for which no previous work on manganese mineralisations is available. This study also
aims to compare the Co-Mn-bearing phases identified in the Caribbean area with those
reported in other deposits worldwide.

2. Geological Setting

The Loma Caribe Ni laterite deposit belongs to the Falcondo mining area, located in the
central part of the Dominican Republic, in the northern Caribbean (Figure 1a). This deposit,
together with other six other satellite deposits ([16] and references therein) developed
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during the Miocene after weathering of the Loma Caribe peridotite, which occurs as a
serpentinised belt of ultramafic rocks, approximately 4–5 km wide and 95 km long, NW of
Santo Domingo (Figure 1b). The Loma Caribe peridotite represents a harzburgitic oceanic
mantle, as part of a dismembered Cretaceous ophiolitic complex [19]. The Loma Caribe
deposit is classified as hydrous Mg silicate type, and, based on its geochemical footprint,
textures and mineralogy, has been divided into several zones, which are, from bottom to
top, the serpentinised peridotite, the saprolite horizon, the oxide horizon and a duricrust
zone [16]. The protolith is a serpentinised peridotite rich in olivine and enstatite, crosscut
by serpentine minerals (i.e., lizardite). The saprolite horizon consists of Ni-rich lizardite
with relicts of olivine and enstatite, and with minor clinochlore, maghemite and goethite. In
the oxide horizon, ore samples contain goethite, hematite, gibbsite and chromian spinel [16]
(Figure 2).
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(c) geological map of Loma de Hierro (simplified from [20]).

Ore minerals are mainly secondary Ni serpentine and garnierites (fine grained, poorly
crystalline, Ni-bearing serpentine, talc, chlorite, smectite and sepiolite) [16,18]. The Fal-
condo mining district has 67.8 Mt of indicated Ni resources at an average grade of 1.5 wt.%
Ni [16].

The Loma de Hierro laterite deposit is located in the northcentral part of Venezuela.
This deposit is placed on the Faja Loma de Hierro, which belongs to an elongated, deformed
belt in the Caribbean Plate southern margin (Figure 1a), represented by the Cretaceous
Dutch and Venezuelan Islands and the Cordilleras of Venezuela [21] (Figure 1c).
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The exploited area has a length of ~15 km and a width of 1 to 7 km [17]. This deposit
formed over the partially serpentinised peridotites of the Loma de Hierro ophiolite, a W–E
aligned unit (~100 km2) within the Serranía de la Costa in the south Caribbean Plate margin
(Figure 1) [21,22]. The Loma de Hierro ophiolite is made up of harzburgite and dunite
(Loma de Níquel mantle peridotite), gabbros (Gabro de Mesia; 127 + 1.9/−4.3 Ma) and
basaltic rocks with MORB affinity (Basalto de Tiara) [23–25]. Several studies [24,25] have
described the Loma de Hierro ophiolite as being a fragment of proto-Caribbean lithosphere.

The Loma de Hierro deposit is also considered as a hydrous Mg silicate type Ni deposit,
developed from a partially serpentinised harzburgite peridotite. Over this peridotite, and
as in the case of Loma Caribe, several horizons have been defined: lower saprolite, upper
saprolite and a poorly developed oxide zone [17]. The protolith is comprised of olivine
and orthopyroxene, with minor amounts of lizardite, chrysotile, kerolite and chlorite. The
lower saprolite contains large amounts of olivine, orthopyroxene, lizardite and chrysotile.
In some samples, the presence of garnierites is observed. The upper saprolite is poorer in
olivine and orthopyroxene, and richer in lizardite, chrysotile, kerolite and chlorite. The
saprolite zone is enriched in Ni (1.1–2.7 wt.% NiO). The oxide zone is characterised by high
contents of goethite, hematite and gibbsite. Ore minerals are secondary Ni serpentine and
Ni-rich kerolite–pimelite garnierite mixtures (~22 wt.% NiO).

Economic concentrations of Mn and Co are observed in both profiles. Co–Mn mineral-
isations mainly occur as fine-grained, black, semi-metallic or dull coatings and open space
infillings near the transition between the oxide and the saprolite horizons (Figure 3).

In Loma Caribe, two Mn–Co-rich levels have been described: (i) at the transition zone
between the saprolite and the oxide horizon (8.4 wt.% MnO; 1.23 wt.% Co); (ii) at the lower
part of the upper oxide zone (2.2 wt.% MnO; 0.4 wt.% Co) [16]. In Loma de Hierro deposit,
the MnO and Co reach grades of up to 1.40 wt.% and 0.14 wt.%, respectively [17].
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3. Materials and Methods
3.1. Sampling and Sample Preparation

A total of seven samples were selected for the present study, two from Loma Caribe,
(LC-6 and LC-7) and five from Loma de Hierro (LH-10, LH-11, LH-12, LH-13/14, and LHA)
(Figure 2). All samples except LHA have been studied previously [16,17] but they have been
revisited here with a focus on Mn–Co-bearing minerals. Sample LHA from Loma de Hierro
was collected from a Mn–Co rich zone, and was divided into two subsamples according to
their colour, which were named LHA-1 (whitish sample) and LHA-2 (blackish sample).
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3.2. Analythical Methods

Samples LC6, LC7, a subsample of LC7 with higher concentration of blackish material
(rich in Mn-oxyhydroxides) named LC7_black, and samples LHA-1 and LHA-2 were
analysed using X-ray powder diffraction (XRPD). Samples were powdered using an agate
mortar and pestle. XRPD analysis was carried out at the Centres Científics i Tecnològics of
the Universitat of Barcelona (CCiT-UB) with a PANalytical X’Pert PRO MPD Alpha1 powder
diffractometer in Bragg–Brentano θ/2θ geometry of 240 mm of radius, nickel filtered Cu
Kα1 radiation (λ = 1.5406 Å), 45 keV and 40 mA. The samples were scanned from 4 to 100◦

(2θ) with a step size of 0.017◦ and a measuring time of 150 s per step, using an X’Celerator
detector (active length = 2.122◦) and a variable divergence slit. Mineral identification was
performed by X’Pert Highscore search–match software using the Powder Diffraction File
(PDF-2) of the International Centre for Diffraction Data (ICDD), and quantitative mineral
phase analyses were obtained by full profile Rietveld refinement using XRPD data and
TOPAS V4.2 software [26,27]. Sample LH-10 was also analysed by powder angle-dispersive
micro-XRD in the microdiffraction/high-pressure station of the BL04-MSPD beamline at
ALBA Synchrotron, Barcelona. This beamline is equipped with a Kirkpatrick–Baez mirror
that allows a focus of the monochromatic beam to around 15 µm × 15 µm (full width at
half maximum) with a Rayonix SX165 CCD detector.

For the above measurements, a wavelength of 0.4246 Å was selected, as determined
from the absorption K-edge of Sn (29.2 keV). The data were acquired by using the syn-
chrotron through-the-substrate X-ray microdiffraction technique [28]. Small amounts of
powdered material were placed on top of a Kapton® tape attached to a glass substrate.
The sample-to-detector distance and the beam centre position was calibrated from LaB6
diffraction scans obtained under exactly the same conditions as the sample. The calibration
and subsequent integration of the CCD images were performed with Dioptas software [29].
Phase identification on the integrated powder scans was carried out by using the pack-
age Diffrac.EVA from Bruker, together with the Powder Diffraction File (PDF-2) and the
Crystallography Open Database (COD).

Samples LC6, LC7, LC7_black, LHA-1 and LHA-2 were analysed by differential
thermal analysis coupled with thermogravimetry (DTA-TG) using a Netzsch STA 409C/CD
instrument. Approximately 150 mg of powdered sample was put in an alumina crucible
under a N2(g) atmosphere with a flow rate of 80 mL min−1, in a range between 25 to
800 ◦C at 10 ◦C min−1 using ~80 mg of an alumina standard (Perkin-Elmer 0419-0197). The
same powder samples were analysed by Fourier transform infrared spectroscopy (FTIR)
using a 2000 FTIR spectrometer (Perkin–Elmer System, Waltham, MA, USA) at a range
for vibrational spectra of 400–4000 cm−1, at the Departament de Mineralogia, Petrologia i
Geologia Aplicada de la Facultat de Ciències de la Terra (Universitat de Barcelona).

The major, minor and trace element compositions discussed in this paper were drawn
from references [16,17] except data for sample LHA that were obtained by X-ray fluores-
cence (XRF) and inductively coupled mass spectrometry (ICP-MS; after acid dissolution) at
the Actlabs Laboratories (Ontario, Canada) as described in the aforementioned papers.

Polished sections and polished thin sections of the selected samples were examined
under a transmitted and reflected light optical microscope at the Departament de Mineralo-
gia, Petrologia i Geologia Aplicada de la Facultat de Ciències de la Terra (Universitat de
Barcelona), while samples containing Co and Mn mineralisations were carbon coated and
studied in a scanning electron microscope (SEM) Quanta 200 FEI, XTE 325/D8395, with an
INCA energy dispersive spectrometer (EDS) microanalysis system, and a field emission
SEM (FE-SEM) Jeol JSM-7100 equipped with an INCA Energy 250 EDS, under 20 kV and
5 nA, at the CCiT-UB. Co–Mn-bearing minerals were analysed by electron microprobe
analyser (EMPA) at the CCiT-UB by using a JEOL JXA-8230 electron microprobe, equipped
with five wavelength-dispersive spectrometers and an energy-dispersive spectrometer. The
operating conditions were 20 kV accelerating voltage, 15 nA beam current, 2 µm beam
diameter and a counting time of 20 s per element. The calibration standards used were:
wollastonite (Si, Ca), corundum (Al), orthoclase (K), hematite (Fe), periclase (Mg), rhodonite
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(Mn), NiO (Ni), metallic Co (Co), rutile (Ti), albite (Na), Cr2O3 (Cr), V (V), Sc (Sc), and
baryte (Ba).

Thermodynamic calculations were carried out with GibbsStudio software [30] based
on the PHREEQC code [31] and the thermodynamic data llnl.dat database supplied with
PHREEQC code and modified, when specified, to complete Co and Mn aqueous species
and solid-phases thermodynamic data.

4. Results
4.1. Mineralogy and Petrography

In Loma Caribe deposits, and according to XRPD (samples LC-6, LC-7 and LC-7_black),
lithiophorite is ubiquitous with clear peaks at 9.3 and 4.7 Å (Figure 4a,b). Those dhkl are
comparable to those obtained by Burlet and Vanbrabant [32] (9.45 and 4.69 Å in lithio-
phorite, 4.76 Å in asbolane, and 9.59 and 4.76 Å in lithiophorite–asbolane intermediates),
and by Putzolu and co-authors [15] (4.84 Å in asbolane), confirming the observations by
Aiglsperger and co-authors [16]. Gibbsite, goethite and chromite were also identified in
those samples. High concentrations (12%) of lithiophorite were quantified by Rietveld in
sample LC-7_black (Figure 4b).
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[34–36]. 

Figure 4. (a–d) X-ray diffraction patterns obtained for samples LC-6 (a), LC-7-black (b), LH-11 (c), and
LH-10 (d). In blue, experimental data; in red, Rietveld fit, and in black, lithiophorite spectra. Mineral
percentages obtained after Rietveld interpretation (λ = 1.5406 Å). (e) Two micro-XRD measurements
of sample LH-10 obtained at ALBA synchrotron (λ = 0.4246 Å).
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Although in minor amounts (up to 0.3%), lithiophorite was also identified in the Loma
de Hierro samples (Figure 4d,e). The main mineral phases were goethite, gibbsite, quartz,
lizardite and smectite. Micro-XRD scans of sample LH-10 (Figure 4e) were dominated by
typical XRD peaks of goethite. However, whereas the LH-10_2 curve exhibited the XRD
signature of gibbsite, the LH-10_1 curve showed several features that can be attributed
to lithiophorite and/or asbolane (Figure 4e). Although it is difficult to distinguish these
two minerals solely by XRD due to their similar structure and lattice spacings, it should be
noted that the PDF-2 pattern for lithiophorite (00-041-1378) provides a better match to the
experimental results.

Thermogravimetry showed that samples from Loma Caribe experience a mass loss of
about 4% before 260–280 ◦C, probably due to the loss of adsorbed water for temperatures
below 110–160 ◦C [33,34] and to the transformation of gibbsite to boehmite, which is
reported to occur at temperatures between 150 and 260 ◦C [34] (Figure 5a). Between
260 and 320 ◦C, the mass loss is between 5 and 8%. The latter process can be ascribed
to the loss of the OH− groups in the reaction from goethite to hematite (Figure 5a). This
reaction (i.e., 2FeOOH→ Fe2O3 + H2O) occurs at temperatures between 300 and 344 ◦C [35]
or 270 and 330 ◦C [36], and it is commonly associated with a mass loss of 10% or less if
there are secondary phases. This mass loss coincides with an endothermic peak around
325 ◦C in the DTA curve (Figure 5b) that is considered as the result of the breakdown of
goethite [34–36].
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Figure 5. TG and DTA curves of samples LC6, LC7 and LC7_black from Loma Caribe deposit (a,b),
and of samples LHA-1 and LHA-2 from Loma de Hierro (c,d).

Differential thermal analyses of samples LC7 and LC7_black revealed an additional
endothermic peak at T~450 ◦C, associated with a mass loss of ~6%. This peak can be
attributed to the dehydroxylation of AlOOH (AlOOH→ Al2O3 + H2O) (even though it was
not detected by XRD) or of an amorphous Al-hydroxide, that may occur between 450–600 ◦C
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and 400–500 ◦C, respectively, or to the loss of OH in lithiophorite (430–500 ◦C) [37]. Llorca
and co-authors [38] also measured an endothermic peak around 420–460 ◦C in samples of
asbolane, lithiophorite and asbolane–lithiophorite intermediates of New Caledonia that
was attributed to the loss of hydroxyl groups.

Samples LHA-1 and LHA-2 from Loma de Hierro showed distinctive TG and DTA
analyses, compared with those of Loma Caribe (Figure 5c,d). Specifically, an endothermic
peak at ~130 ◦C, associated with a mass loss around 10% (sample LHA-1), as well as two
minor peaks around 525 and 600 ◦C could be distinguished. The peak at 130 ◦C was due to
the loss of adsorbed water from clays such as smectite [37], although [39] indicated that it
could also be attributed to one of the endothermic reactions shown by asbolane. Peaks at
525 and 600°C could be associated with asbolane (570–625 ◦C) [38]. However, research by
Medeiros Ribeiro and co-authors [39] suggests that the peak around 600 ◦C refers to the
dehydroxylation of the interlayer hydroxide of chlorite.

Depending on the crystallinity of Mn-oxyhydroxides, the characteristic IR frequen-
cies appeared as a single broad band, or in distinct bands in the range of 425–530 cm−1

(associated with Mn–O bonds of the MnO6 octahedra) and in the range of 3100–3500 cm−1

(stretching modes of OH groups) [40,41]. The band around 1600 cm−1 was the water
bending mode, that may suggest that at least some of the OH is H2O [41,42]. According to
IR spectra (Figure 6), samples were mostly poorly crystalline, although peaks around 3400,
1600 and 1000 cm−1 could be assigned to lithiophorite, while those around 3600–3500 cm−1

were related to gibbsite [43,44]. The shadowed area (800–600 cm−1) in samples LHA-1 and
LHA-2 included some peaks related to Mn-oxides and clays [45], and the peak around
1200 cm−1 could be related to kaolinite. It must be noted that mineral contamination can
also affect IR spectra.
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The first type was characterised by banded and colloform aggregates (Figure 7), 
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4.2. Co-Mn Mineralisations
4.2.1. Mn-Oxyhydroxides

In the Loma Caribe samples, Co-rich Mn-oxyhydroxides were in close association with
Fe–Al-oxyhydroxides. Three major textural types were identified.

The first type was characterised by banded and colloform aggregates (Figure 7), which
is the most common texture observed in Mn-oxyhydroxides. Some bands within the
colloform aggregates appeared to be formed by parallel and/or radial fibrous aggregates
(Figure 7a–c). Figure 8 shows the spatial distribution of some elements within these
colloform aggregates and fibrous bands. In general, a close spatial association between
Mn, Ni, Co and Al was observed, while, conversely, Si had a mirrored distribution, and no
significant variations of Fe or Mg were observed. Colloform aggregates locally displayed
distinct external rims (Figure 7a) and in rare occasions, these particles had a uniform core
(Figure 7c).
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Figure 7. Back-scattered electron (BSE) photomicrographs of the Mn-oxyhydroxide textures identified
in Loma Caribe (Dominican Republic) samples: (a–c) colloform aggregates including distinct features
(rims, core and fibres; see text for explanation); (d,e) globular spherulitic aggregates with a gibbsite
and goethite (Gib + Gth) core (d), and as small, isolated spherulitic aggregate particles (e); (f) Ba-
rich angular grains within the globular spherulitic aggregates. Note the flaky appearance of the
Mn-oxyhydroxides in the background in (f).
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Figure 8. BSE photomicrograph (top left) and Mn, Ni, Co, Al, Fe, Si and Mg X-ray elemental maps 
obtained by EMPA of banded colloform aggregates from Loma Caribe. Colour scale from black to 
red indicates increasing element content.  

Figure 8. BSE photomicrograph (top left) and Mn, Ni, Co, Al, Fe, Si and Mg X-ray elemental maps
obtained by EMPA of banded colloform aggregates from Loma Caribe. Colour scale from black to
red indicates increasing element content.

The second Mn-oxyhydroxide type was slightly less abundant, and consisted of globu-
lar to spherulitic aggregates, with sizes from some tens to several hundreds of micrometres;
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locally, larger aggregates appeared to be hollow-cored, filled with goethite and/or gibbsite
(Figure 7d,e). These globular to spherulitic aggregates were composed of short, flaky crys-
tals (Figure 7f). The least abundant occurrences were discrete, micrometre-sized, Ba-rich
angular grains (with high mean atomic number Z in BSE images, Figure 7d,f) disseminated
within some globular-spherulitic aggregates (of lower mean atomic number Z). These last
two types were only observed in the saprolite horizon sample.

In Loma de Hierro (Venezuela), Mn-oxyhydroxide grains are a minor component of the
mineralogical assemblage. According to their textural features, three types were identified
(Figure 9). Firstly, as in Loma Caribe, they typically displayed banded colloform features,
as kidney-shaped (Figure 9a), elongated (Figure 9b), and sub-rounded (Figure 9c,d) grains,
measuring a few hundreds of micrometres in diameter or length, surrounded by goethite
and other oxides. Certain rounded grains displayed one or more concentric rims having an
homogeneous compositional footprint (Figure 9c,d). Locally, Ni and Co were concentrated
in the outer rims, while the Mn grade was higher in the core (Figure 10).
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Figure 9. BSE photomicrographs of the textural features displayed by Mn-oxyhydroxides in Loma
de Hierro Ni laterites (Venezuela): (a–d) colloform aggregates developing kidney-shaped grains (a),
elongated grains (b), and sub-rounded individual grains with distinct multi-phase rims (c,d); (e) fibres
within veinlets, coexisting with hematite (Hem) and secondary serpentine (Serp-II); (f) fragmented
tabular aggregates.
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length, in close association with Fe-oxide and within serpentine veinlets (Figure 9e). 

Finally, the least common Mn-oxyhydroxide in Loma de Hierro occurred as frag-
mented tabular aggregates, dispersed in the goethite matrix (Figure 9f). 

Figure 10. (a) BSE photomicrograph (top left) and Mn, Fe, Co, Ni and Al X-ray elemental maps
obtained by EMPA, of the same sub-rounded multi-phase Mn-oxyhydroxide grain in Figure 9c
(Loma de Hierro), in a matrix of Mn- and Fe-oxyhydroxides (colour scale from black to red indicates
increasing element content); (b) magnified image of the outer rim of the same grain, displaying
variations in composition in terms of Mn, Al, Fe, Ni and Co.

The second type, less common, were short fibres of a few tens of micrometres in length,
in close association with Fe-oxide and within serpentine veinlets (Figure 9e).

Finally, the least common Mn-oxyhydroxide in Loma de Hierro occurred as frag-
mented tabular aggregates, dispersed in the goethite matrix (Figure 9f).

With regard to the chemical composition of Loma Caribe Mn-oxyhydroxides, colloform
aggregates and rims, fibrous bands and globular spherulitic aggregates showed high
variations in MnO (14–34 wt.%), NiO (4–21 wt.%), CoO (4–12 wt.%), SiO2 (0.4–11 wt.%),
Al2O3 (7–22 wt.%) and FeO (< 9 wt.%). However, the uniform cores within the colloform
aggregates had a considerably higher amount of MnO (average of 54 wt.%) while CoO,
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FeO, Al2O3, and SiO2 contents were below 1 wt.%, and Ni content was close to 4 wt.% NiO.
The angular, high-Z grains were characterised by high Ba and Mn contents (10–11 wt.%
BaO and 54–59 wt.% MnO) and low amounts of Ni and Co (0.7 wt.% NiO, 1 wt.% CoO)
(Table 1).

In Loma de Hierro, the MnO content in the colloform and tabular aggregates varied
from 20 to 41 wt.%. They contained 2–12 wt.% Al2O3, 2 -28 wt.% FeO, 8–20 wt.% NiO,
3–7 wt.% CoO, <2 wt.% SiO2, and <5 wt.% MgO (Table 2). However, grain cores were
richer in Mn (76–80 wt.% MnO) but were Ni and Co poor (<0.3 wt.% NiO and <2 wt.%
CoO). These cores were overgrown by a rim with high Al (12–15 wt.%) and relatively low
Mn (29–37 wt.%) (Table 2; Figure 9c), or another with high Mn (71–73 wt.%) and low Al
(2–3 wt.% Al2O3) (Table 2; Figure 9d). The short fibres had Mn, Fe, Mg, Co and Ni values
similar to those of colloform and tabular aggregates, but were richer in Si (up to 14 wt.%
SiO2, partly probably due to contamination of the analyses) (Table 2).

Most of the compositional analyses of Mn-oxyhydroxides had a Mn content within
20 and 40 wt.% Mn, with contents of Ni and Co up to 16 and 10 wt.%, respectively. Some
analyses from the Mn–Co rich zone (sample LHA) were the richest in Mn content (~60 wt.%
of Mn) although they showed very low Ni and Co contents (Figure 11).

In general, samples from Loma de Hierro were richer in Mn than those of Loma Caribe
(Figure 11a,b). Both sets of samples showed similar Ni contents but those of Loma Caribe
were found to be Co richer. A common feature observed in all samples was a positive
correlation between Co and Al contents (Figure 11c).
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minerals analysed in this study, and from Loma Ortega [46] and Moa Bay [47].
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4.2.2. Mn-Bearing Phyllosilicates

In addition, Co was identified in the phyllosilicates of Loma de Hierro. According to
XRPD, the clay component was dominated by chlorite and smectite. These clay species
occurred as micrometre-sized platy individual crystals (Figure 12). In some cases, an inner
core with lower Z, and an outer rim with higher Z was distinguished (in BSE photomicro-
graphs, Figure 12). The core contained 27–34 wt.% SiO2, 25–29 wt.% Al2O3, <2 wt.% FeO,
6–12 wt.% MnO, <0.5 wt.% NiO, and 2–4 wt.% CoO (Table 3). The rim yielded 19–20 wt.%
SiO2, 23–24 wt.% Al2O3, 3–4 wt.% FeO, 18–19 wt.% MnO, <0.9 wt.% NiO, and 6–7 wt.%
CoO. Interestingly, both contained <1 wt.% MgO (Figure 12).
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Figure 12. BSE photomicrograph of sample LHA (top left), and Si, Fe, Al, Mn, Co, Ni, Mg and Cr X-
ray elemental maps obtained by EMPA, of an aggregate of Mn–Ni–Co-bearing chlorite. Colour scale 
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Figure 12. BSE photomicrograph of sample LHA (top left), and Si, Fe, Al, Mn, Co, Ni, Mg and Cr
X-ray elemental maps obtained by EMPA, of an aggregate of Mn–Ni–Co-bearing chlorite. Colour
scale from black to red indicates increasing element content.

62



Minerals 2022, 12, 927

Table 3. Representative EMP analyses (in weight percent) of the studied Co-bearing phyllosilicates
from Loma de Hierro (Venezuela). <d.l.: below detection limit; C-core; R-rim.

Label Texture SiO2 Al2O3 CaO K2O Na2O MgO NiO CoO FeO MnO Cr2O3 BaO Total

LHA_10 C 34.35 28.60 0.06 0.06 0.00 0.08 0.30 1.54 1.13 5.78 0.04 <d.l. 71.95
LHA_11 C 26.50 24.96 0.03 0.04 0.06 0.04 0.54 3.95 1.49 12.08 <d.l. 0.04 69.73
LHA_12 R 19.91 24.12 0.04 0.13 0.02 0.01 0.86 5.93 3.29 18.22 0.02 0.02 72.57
LHA_13 R 18.76 23.36 0.03 0.06 <d.l. 0.02 0.79 6.53 3.41 18.95 <d.l. 0.05 71.96

5. Discussion
5.1. Co-Mn Bearing Minerals in Loma Caribe and Loma de Hierro

Most of the Loma Caribe and Loma de Hierro Mn-bearing minerals from the ox-
ide horizon had a composition between Ni asbolane ((Ni,Co)xMn(O,OH)4·nH2O) and
lithiophorite ((Al,Li)MnO2(OH)2) (Figure 13). These minerals mainly formed colloform
to tabular textures in the case of Loma de Hierro, while in Loma Caribe they were also
present as fibrous aggregates. The purest Ni asbolane was found in sample LH-10 of Loma
de Hierro. However, in the saprolite horizon of Loma Caribe, Mn-bearing minerals were
mainly globular or spherulitic lithiophorites. These observations were consistent with the
results of DRX, DTA-TG and FTIR, which clearly indicated the occurrence of lithiophorite
in sample LC-7.

Minerals 2022, 12, 927 20 of 28 
 

 

 
Figure 13. Ternary plots representing Mn, Ni, Co, Al contents (cation proportions calculated on the 
basis of 100 oxygens) obtained from EMPA analyses on Mn-oxyhydroxides (lithiophorites, lithio-
phorite–asbolane intermediates and asbolane) from Loma Caribe and Loma de Hierro (this study), 
Loma Ortega [46] and Moa Bay [47]. 
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and Loma de Hierro than in Loma Ortega and Moa Bay (Figure 11c). In the hybrid hy-
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district, Dominican Republic), Co-bearing Mn phases were observed as coatings or vein 
fillings, close to quartz, goethite and serpentine II, replacing pyroxene, olivine and ser-
pentine along grain boundaries and fractures [46]. As shown in Figure 13, they were 
mostly Ni asbolanes with Mn and Ni contents between 11 and 70 wt.% MnO, and up to 
23 wt.% NiO, respectively. In most cases, Co content was below 1 wt.% CoO, although in 
some cases it graded up to 6.5 wt.% CoO. Al and Fe were highly variable, ranging from 
0.1 to 11.5 wt.% Al2O3 and from 0.1 to 21 wt.% FeO. In general, in these samples, the Fe 
and Al contents were anti-correlated. In Moa Bay, an oxide type laterite deposit in Cuba, 
Mn-bearing minerals, mostly lithiophorite-asbolane intermediates (Figure 13), are found 
as veins and coatings along fractures at the lowest part of the oxide horizon [47]. In these 
minerals, Mn content ranges from 23 to 37 wt.% MnO, and present high amounts of Ni 
(12%–21% wt. NiO) and Co (1–8 wt.% CoO). In the analysed samples, Al and Fe contents 
ranged from 4 to 17 wt.% Al2O3 and from 3 to 11.4 wt.% Fe2O3, again inversely correlated. 

The chemical footprint of Mn minerals reported in this study was also similar to other 
lithiophorite, asbolane–lithiophorite intermediates, and cryptomelane recorded in other 
localities (Table 4). Most data reported in the literature come from studies from New Cal-
edonia, where Co-bearing minerals occur as colloform or fibrous cryptocrystalline to mi-
crocrystalline aggregates, intimately intergrown with Mn–Fe-oxides and other poorly 
crystallised minerals, which appear as spots or coatings, onion peel structures, pseudo-
morphs of silicates or (rhizo)concretions [51]. The identified Co-bearing minerals in New 

Figure 13. Ternary plots representing Mn, Ni, Co, Al contents (cation proportions calculated on the ba-
sis of 100 oxygens) obtained from EMPA analyses on Mn-oxyhydroxides (lithiophorites, lithiophorite–
asbolane intermediates and asbolane) from Loma Caribe and Loma de Hierro (this study), Loma
Ortega [46] and Moa Bay [47].

The highest Mn contents were found in sample LHA, from Loma de Hierro. They were
explained by the abundance of grains with a core rich in Mn (up to 80 wt.% MnO, Table 2),
but poor in Co and Ni. Hence, these were not considered lithiophorite nor lithiophorite–
asbolane intermediates. These grains were surrounded by rims with alternate Mn-rich or
Co/Ni-rich compositions.

Putzolu and and co-authors [15] described two different generations of romanèchite,
which despite their close paragenetic association, showed different chemical compositions.
Romanèchite I had an average BaO content of 7.64 wt.%, with low amounts of NiO and
CoO (average values of 1.21 and 0.72 wt.%, respectively), while romanèchite II had lower
BaO (average 2.68 wt.%) and higher NiO and CoO (average values of 2.90 and 1.48 wt.%,
respectively). Ba-rich Mn-oxyhydroxides identified in Loma Caribe (Figure 7f) presented
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slightly higher BaO contents (up to 10.5 wt.%, Table 1, Figure 7f) than those of romanèchite I
of [15], although NiO and CoO contents were lower (less than 0.7 and 1.4 wt.%, respectively).
Pure romanèchite has the structural formulae Ba0.66Mn5O10·34H2O, in which the content
of Ba is around 20 wt.% BaO [48]. In our case, as in [15], Ba content was far below the
stoichiometric value.

Furthermore, the association of Mn (and Co) with phyllosilicates (Table 3) is not
uncommon, as it has also been observed in serpentine minerals [49] and smectite clays [50].

5.2. Comparison with Other Co-Mn Mineralisations in Lateritic Systems

The Ni and Co of Mn-oxyhydroxides from the Loma Caribe and Loma de Hierro were
similar to those of other Ni laterites of the Caribbean region. Their Ni grade was similar to
that of Moa Bay, and a bit lower than that measured in Loma Ortega [46,47], however, the
Co contents were considerably higher in Loma Caribe and Loma de Hierro when compared
with those of Loma Ortega and Moa Bay (Figure 11a,b).

The Al content in Mn-oxyhydroxides object of this study was higher in Loma Caribe
and Loma de Hierro than in Loma Ortega and Moa Bay (Figure 11c). In the hybrid hydrous
Mg silicate–clay silicate type Ni laterite deposit of Loma Ortega (Falcondo mining district,
Dominican Republic), Co-bearing Mn phases were observed as coatings or vein fillings,
close to quartz, goethite and serpentine II, replacing pyroxene, olivine and serpentine
along grain boundaries and fractures [46]. As shown in Figure 13, they were mostly Ni
asbolanes with Mn and Ni contents between 11 and 70 wt.% MnO, and up to 23 wt.% NiO,
respectively. In most cases, Co content was below 1 wt.% CoO, although in some cases it
graded up to 6.5 wt.% CoO. Al and Fe were highly variable, ranging from 0.1 to 11.5 wt.%
Al2O3 and from 0.1 to 21 wt.% FeO. In general, in these samples, the Fe and Al contents
were anti-correlated. In Moa Bay, an oxide type laterite deposit in Cuba, Mn-bearing
minerals, mostly lithiophorite-asbolane intermediates (Figure 13), are found as veins and
coatings along fractures at the lowest part of the oxide horizon [47]. In these minerals, Mn
content ranges from 23 to 37 wt.% MnO, and present high amounts of Ni (12–21 wt.% NiO)
and Co (1–8 wt.% CoO). In the analysed samples, Al and Fe contents ranged from 4 to
17 wt.% Al2O3 and from 3 to 11.4 wt.% Fe2O3, again inversely correlated.

The chemical footprint of Mn minerals reported in this study was also similar to
other lithiophorite, asbolane–lithiophorite intermediates, and cryptomelane recorded in
other localities (Table 4). Most data reported in the literature come from studies from New
Caledonia, where Co-bearing minerals occur as colloform or fibrous cryptocrystalline to
microcrystalline aggregates, intimately intergrown with Mn–Fe-oxides and other poorly
crystallised minerals, which appear as spots or coatings, onion peel structures, pseudo-
morphs of silicates or (rhizo)concretions [51]. The identified Co-bearing minerals in New
Caledonia were phyllomanganates (asbolane, lithiophorite and intermediates) with a vari-
able range of compositions between Ni and Co; being lithiophorite, more abundant in
those weathering profiles with plagioclase lherzolite as a protolith ([51] and references
therein), although other Co and Mn minerals were also identified (heterogenite, cryptome-
lane, ramsdellite, todorokite). Several authors [38,51–55] have investigated the crystal
chemistry and composition of several samples of Ni and Co-bearing minerals of Poro,
Tiébaghi and Koniambo.

In the Nkamouna deposit (Cameroon), lithiophorite is the main Mn-phase, and is com-
monly endowed in Co. It was identified as bluish to black cryptocrystalline to fine-grained
concretions, commonly associated with gibbsite and magnetite [56]. Other phases were pyro-
lusite, cryptomelane (associated with pyrolusite) and lithiophorite–asbolane intermediates.

In the Wingellina oxide-type laterite deposits (Western Australia), Mn-oxyhydroxides
were studied by [15], who identified lithiophorite–asbolane intermediate dominant phases
and some other minor phases such as romanèchite, ernienickelite–jianshuiite, manganite,
and birnessite. Mn-oxyhydroxides of the Palawan deposit (Philippines) were studied
by [57], who identified lithiophorite–asbolane intermediates as the main host of Ni and Co
in the oxide horizon, while [58,59] studied the asbolane from the products of weathering
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of the Lipovsk serpentine deposit (Middle Urals, Russia), which occur as platy fragments
associated with goethite.

Table 4. Manganese, Co and Ni contents of Mn-bearing minerals from different laterite deposits
(number of samples within parentheses).

Mn-Bearing Minerals Laterite Deposit MnO2 (wt.%) CoO (wt.%) NiO (wt.%) Reference

Asbolane

Lipovsk (Middle Urals, Russia) (1) 94.2 – 6.3 [59]
Lipovsk (Middle Urals, Russia) (2) 46.9–49.1 6.9 11.4 [58]

Urals (Russia) (3) 55.1–66.7 <6.9 11.4–21.6 [38]
New Caledonia (1) 48.3 21.1 10.7 [53]
New Caledonia (2) 48.3–66.7 <21.1 10.7–17.9 [38]
New Caledonia (2) 58.9–65.2 1.2–1.7 10.1–12.6 [54]
New Caledonia (3) 40.1–66.7 0.9–5.1 17.9–20.1 [52]
Moa Bay (Cuba) (3) 31.3–43.3 1.2–7.8 19.3–20.5 [47]

Birnessite New Caledonia (3) 85.1–91.9 0.8–1.5 0.1–1.0 [54]

Cryptomelane Nkamouna (Cameroon) (5) 34.0–80.9 2.7–16.9 1.1–6.9 [56]

Heterogenite New Caledonia (1) 0.2 69.3 4.7 [38,52,53]
Shaba (Democratic Republic of the

Congo) (1) 0.5 76.4 1.9 [38]

Lithiophorite

New Caledonia (1) 46.0 7.1 1.5 [38,52]
Postmasburg (South Africa) (1) 47.0 – – [38]

Nkamouna (Cameroon) (12) 29.3–50.5 3.1–10.8 1.7–7.9 [56]
New Caledonia (2) 44.1–46.0 7.1–8.9 1.3–1.4 [53]

Loma Ortega (Dominican Republic) (27) 14.1–85.6 0.1–6.5 0.6–23.2 [46]

Lithiophorite–asbolane
intermediate

Palawan (Philippines) (4) 34.3–44.7 1.3–8.1 3.7–19.5 [57]
New Caledonia (1) 45.4 12.6 2.7 [52]

Wingellina (Australia) (8) 33.7–55.1 0.1–2.5 10.5–14.1 [15]
Nkamouna (Cameroon) (5) 20.2–43.8 2.3–17.0 0.7–7.5 [56]

Romanechite Wingellina (Australia) (4) 51.9–69.3 0.7–1.6 1.1–2.9 [15]

Phyllomanganate New Caledonia (4) 74.6–88.7 1.2–1.5 1.4–6.2 [53]

Pyrolusite Nkamouna (Cameroon) (2) 70.0–96.4 0.7–1.2 0.9–1.0 [56]

Ramsdellite New Caledonia (1) 95.3 0.8 – [52]

Todorokite New Caledonia (1) 61.9 0.9 0.4 [52]

Co–Ni-bearing
Mn-hydroxides Wingellina (Australia) (6) 54.1–90.8 0.2–3.0 2.3–14.1 [15]

Mn-oxide New Caledonia (1) 38.7 11.9 5.8 [53]

Unspecified New Caledonia (9) 13.6–38.8 4.2–10.1 15.9–22.6 [55]

5.3. Formation of Co-Mn Bearing Minerals in Laterite Deposits

Mn-bearing minerals in Loma Caribe and Loma de Hierro were mainly found in the
transition from the oxide horizon to the saprolite (Figure 2). Their formation at this level
within the laterite profile is not uncommon, as it has also been observed in other deposits
worldwide [55,60].

The shift of soil solution from acidic to slightly alkaline is the main trigger for the
formation of Mn oxides at this interface in the laterite profile ([55] and references therein). In
the oxide zone, Mn is commonly sunk by goethite, hematite or other Fe-oxyhydroxides. Due
to weathering, temperature, and humidity, Mn can be leached from Fe-bearing minerals
and transported downwards as colloidal complexes or aqueous complexes [55,61,62]. In
the transition to the saprolite horizon, due to the increase in pH and solution saturation,
Mn-oxides precipitation may occur [61]. Although being thermodynamically favoured,
oxidation of Mn(II) is very slow in natural waters, but Fe(III) and especially bacterial
and fungal activity can accelerate this process by several orders of magnitude [61,63,64].
The presence of lithiophorite, however, suggests that the oxidation of Mn(II) is a slow
process [58], as the structure of this mineral needs time to form.

Figure 14 shows predominance diagrams (Eh–pH) of the Mn–Co–H2O system cal-
culated with the Gibbs Studio code [30] based on Phreeqc [31] and the llnl.dat database
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from [31]. The thermodynamic data for Co aqueous species Co(OH)3
- and Co(OH)+ were

taken from the ThermoChimie database [65] and [66]. Due to the lack of thermodynamic
data for lithiophorite, asbolane or lithiophorite–asbolane intermediate compounds, bir-
nessite was considered instead, in the construction of predominance diagram. Birnessite,
being part of the same phyllomanganate group, can be thus considered representative also
for lithiophorite and lithiophorite–asbolane [48]. Furthermore, it has to be emphasised
that lithiophorite is considered to form after the alteration of birnessite (and other less
mature Mn phases as romanechite) [55]. Calculations were performed allowing only the
formation of birnessite, Mn(OH)3(s) and Mn(OH)2(s). Other Mn solid phases such as
pyrolusite, todorokite, hausmannite and manganite were not allowed to precipitate since
their higher thermodynamic stability inhibits the formation of birnessite. The outcome of
the thermodynamic calculation showed that an increase in pH in the oxidised zone allows
the formation of Mn-oxyhydroxides.
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Figure 14. Predominance diagram (Eh–pH) of the Mn–Co–H2O system calculated with Gibbs
Studio [30] and the llnl.dat database from [31] with some modifications (see text for explanation), at
25 ◦C, with a total aqueous concentration of Mn and Co of 10−6 M (a) and 10−10 M (b).

The type of mineral that precipitates depends on the chemical conditions, water com-
position, Eh and pH. The authors of [56] also observed rim/core textures in the Nkamouna
laterite (Cameroon), with pyrolusite at the centre of cryptomelane-lined cavities. The
authors considered that as the presence of other cations inhibits the formation of pure
Mn-solid phases, pyrolusite should have formed after the precipitation of cryptomelane,
which would have removed other cations from the solution. In Loma Caribe and Loma
de Hierro, core grains were richer in Mn than rims. This observation agrees with those
of [15,56]. However, textural features suggest that rims overgrew the core instead of being
formed first (Figure 9c).

In Loma Caribe and Loma de Hierro, lithiophorite and lithiophorite–asbolane inter-
mediates were the most common minerals observed. Most researchers consider that these
minerals are a weathering product of previous Mn-oxide minerals [15,56,67,68], but in
other cases there is no direct evidence of a primary mineral [57]. In Loma Caribe and Loma
de Hierro, Mn-bearing mineral textures did not indicate alteration from previous bearing
minerals, so lithiophorite precipitation from soil solution cannot be discarded [56].

Due to its higher content in Al, it is considered that the stability of lithiophorite is
higher than that of other Mn minerals, as Al inhibits electron transfer hindering Mn(III)
reduction, and, therefore, mineral dissolution under supergene regime ([52] and refer-
ences therein).
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Formation of lithiophorite implies the incorporation of Al in the system. In either
Loma Caribe or Loma de Hierro, Al-bearing minerals such as gibbsite and Mn-bearing
phyllosilicates have been identified, confirming the availability of Al in the system, that
ultimately may come from clinopyroxene and plagioclase minerals from the protolith
(lherzolite, clinopyroxene-rich harzburgite, gabbro and diorite) [23–25,69,70].

Mn-oxyhydroxides, and in particular those of biogenic origin, present a high sorption
capacity because of their structure, variable (but low) crystallinity with a large surface
area, and a very low point of zero charge that promotes negative charged surface areas
under common soil pH values [64,71,72]. Phyllomanganates also present a high cation
exchange capacity [73]. Cobalt is easily adsorbed onto Mn-bearing minerals’ surfaces, and
despite Co(II) being the most thermodynamically stable oxidation state in environmental
conditions, it is easily oxidised to Co(III) by reduction of Mn(IV) to Mn(III) under supergene
conditions [7,71]. With ageing, Co enrichment increases, and the initially adsorbed Co
becomes permanently bound [56,74]. Repetition of this process would have led to an
enrichment of Co in relation to Mn. This is consistent with the highest content of Co in
the saprolite samples from Loma Caribe (Figure 11b). At higher pH, precipitation of Co
hydroxide minerals is enhanced (Figure 14a), which might represent an explanation of the
Co enrichment in saprolite [51]. Cobalt behaviour is also affected by Eh conditions. Under
reducing conditions, Co is released into solution because Co(III) is directly reduced or by
reductive dissolution of Mn and/Fe oxides (Figure 14) [75]. All these oxidation–reduction
processes take place under supergene conditions, implying good drainage and oxygenated
conditions, such as those near a fluctuating water table [51,56]. Therefore, Co–Mn-bearing
minerals can be considered a reliable indicator of the position of the paleo-water table
within a laterite profile.

Similar to Ni, the primary sources of Mn and Co in Loma Caribe and Loma de Hierro
can be found in the protolith [16,17]. Continuous weathering under tropical conditions
leaches most of the soluble elements of the protolith, and the least soluble ones, such as Fe
and Al, accumulate, forming their own minerals [6,51]. Nickel, Mn and Co are first retained
(e.g., sorption processes and/or replacement of Fe) in Fe and Al-bearing minerals [6], and
ultimately leached and concentrated in the saprolite-to-oxide zone interface.

6. Conclusions

The Co mineralisations in the Ni–Co laterite profiles of Loma Caribe and Loma de Hi-
erro were mainly associated with Mn-oxyhydroxide minerals, with a composition between
Ni asbolane and lithiophorite, found in the transition between the saprolite and the oxide
zone. In Loma Caribe, Co-bearing Mn-oxyhydroxide minerals showed colloform aggregate,
and globular to spherulitic granular textures, while in Loma de Hierro, they displayed
banded colloform, fibrous or tabular textures. In Loma de Hierro, Mn–Co phyllosilicates
were also identified. Most of the compositional analyses of Mn-oxyhydroxides yielded
20 and 40 wt.% Mn, with Ni and Co up to 16 and 10 wt.%, respectively, and only in a few
cases were Mn contents of up to 54 wt.% MnO on average, measured.

These type of Co mineralisations have also been identified in other laterite deposits
worldwide. Formation of Mn-oxyhydroxides in the transition zone is mainly due to the
change of pH and Eh occurring in this area and to the saturation of pore solution that may
lead to the formation of these minerals by precipitation. Co is considered to be firstly sorbed
onto Mn-bearing minerals, after being oxidised because of Mn reduction under supergene
conditions, becoming permanently bound into Mn-minerals. Therefore, these minerals are
considered to be an indicator of the water level during laterite profile formation.
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Abstract: The Piauí laterite (NE Brazil) was initially evaluated for Ni but also contains economic
concentrations of Co. Our investigations aimed to characterise the Co enrichment within the deposit;
by understanding the mineralogy we can better design mineral processing to target Co recovery. The
laterite is heterogeneous on the mineralogical and lithological scale differing from the classic schematic
profiles of nickel laterites, and while there is a clear transition from saprolite to more ferruginous
units, the deposit also contains lateral and vertical variations that are associated with both the original
intrusive complex and also the nature of fluid flow, redox cycling and fluctuating groundwater tables.
The deposit is well described by the following six mineralogical and geochemical units: SAPFE, a clay
bearing ferruginous saprolite; SAPSILFE, a silica dominated ferruginous saprolite; SAPMG, a green
magnesium rich chlorite dominated saprolite; SAPAL, a white-green high aluminium, low magnesium
saprolite; saprock, a serpentine and chlorite dominated saprolite and the serpentinite protolith. Not
all of these units are ‘ore bearing’. Ni is concentrated in a range of nickeliferous phyllosilicates
(0.1–25 wt%) including serpentines, talc and pimelite, goethite (up to 9 wt%), magnetite (2.8–14 wt%)
and Mn oxy-hydroxides (0.35–19 wt%). Lower levels of Ni are present in ilmenites, chromites, chlorite
and distinct small horizons of nickeliferous silica (up to 3 wt% Ni). With respect to Co, the only
significant chemical correlation is with Mn, and Mn oxy-hydroxides contain up to 14 wt% Co. Cobalt
is only present in goethite when Mn is also present, and these goethite grains contain an average of
0.19 wt% Co (up to a maximum of 0.65 wt%). The other main Co bearing minerals are magnetite
(0.41–1.89 wt%), chlorite (up to 0.45 wt%) and ilmenite (up to 0.35 wt%). Chemically there are
three types of Mn oxy-hydroxide, asbolane, asbolane-lithiophorite intermediates and romanechite.
Spatially resolved X-ray absorption spectroscopy analysis suggests that the Co is present primarily
as octahedrally bound Co3+ substituted directly into the MnO6 layers of the asbolane-lithiophorite
intermediates. However significant levels of Co2+ are evident within the asbolane-lithiophorite
intermediates, structurally bound along with Ni in the interlayer between successive MnO6 layers.
The laterite microbial community contains prokaryotes and few fungi, with the highest abundance
and diversity closest to ground level. Microorganisms capable of metal redox cycling were identified
to be present, but microcosm experiments of different horizons within the deposit demonstrated that
stimulated biogeochemical cycling did not contribute to Co mobilisation. Correlations between Co
and Mn are likely to be a relic of parent rock weathering rather than due to biogeochemical processes;
a conclusion that agrees well with the mineralogical associations.
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1. Introduction

Nickeliferous laterite deposits are an increasingly important resource for a range
of critical metals such as Ni and Co, e.g., [1–5], but also including rare earth elements
(REE), platinum group elements (PGE) and green technology elements such as Sc e.g., [6–9].
Nickel-cobalt lateritic deposits form in tropical and sub-tropical environments through
extensive weathering of ultramafic rocks. Variations in climate, weathering and erosional
environment have a significant impact on the nature of laterite deposits and, based largely
upon their nickeliferous mineralogy, they are often classified as one of three distinct deposit
types; oxide dominated, clay rich or hydrous Mg-silicate e.g., [10–14].

Many of the globally most significant Ni-Co laterite deposits occur in the humid tropical
regions within New Caledonia, Colombia, Cuba, Indonesia, Philippines, Dominican Republic
and Venezuela e.g., [11,15]. In addition to these deposits are those within more temperate,
semi-arid and arid regions such as Australia, USA, Central America, Brazil, Madagascar,
Kazakhstan, Russia, Turkey, Greece, and the Balkan region of Europe e.g., [11,14,16], and
these deposits are often referred to as palaeolaterites or palaeodeposits e.g., [11,12,15].
Distinct laterite deposits are distributed throughout Brazil though they are less common in
the south and northeastern regions [17,18] and are mostly correlated to the Sul Americano
and Velhas (Lower and Upper Tertiary, respectively) levelling cycles [18]. These Brazilian
lateritic deposits are broadly consistent with the general description for laterites from
around the world and there is a numerical dominance of hydrous Mg-silicate deposit types
over oxidised types [18]. One of these Brazilian nickeliferous laterites is that of São João
do Piauí, northeastern Brazil e.g., [19,20], and while being generally consistent with the
standard laterite description, the profile maintains an additional complexity due to a series
of mafic intrusions within the original dunite source.

The nickel-cobalt laterite deposit at São João do Piauí, located in Piauí State of north-
eastern Brazil (Figure 1), was acquired by Brazilian Nickel Ltd. (BRN) in 2014 with a view to
applying heap leach technology e.g., [21], for ore processing. The deposit resource is 72 Mt
with 1.00% Ni and 0.05% Co with 73% of the resource measured [22]. By the end of 2017 a
demonstration plant had successfully established a low-impact heap leaching, purification
and recovery process for the hydrometallurgical recovery of nickel and cobalt as mixed-
metal (Ni and Co) hydroxide products. This demonstration technology produced heap
extractions in excess of 80% Ni. By the end of 2022 it is hoped that BRN will be continuously
producing Ni and Co, aiming towards 1400 t of Ni and 35 t of Co per year [23].

In this manuscript we investigate the factors that contribute to the mobilisation and
enrichment of cobalt in a nickel-laterite deposit. We provide a description of the mineralogy,
geochemistry, geomicrobiology and evolution of the São João do Piauí nickel-cobalt laterite
deposit with an emphasis on the mobility and potential cycling of cobalt.
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Figure 1. (A) The Amazonian, São Luis, São Francisco and Rio de la Plata continental cratons of
South America with the poorly exposed areas indicated with dashed lines and the location of the
Piauí laterite shown by a star. Modified after [24]. (B) A geological map of the Brejo Seco Complex
with the location of the Piauí deposit shown by a star. Modified after [25].

2. Geological Context

The São João do Piauí deposit is situated in the igneous mafic-ultramafic Brejo Seco–
Piauí Complex in the São Francisco craton [20,24,25]. The complex is bound between two
contrasting tectonic settings with the metasedimentary Morro Branco Complex to the north
and the syn-collisional granite of the Rajada Suite to the south (Figure 1). The deposit is
set within a terrain of intensely deformed volcanic, volcano–sedimentary and sedimentary
rocks of Precambrian age that have been intruded by mafic-ultramafic bodies. These mafic-
ultramafic bodies are differentiated and comprise serpentinised ultramafics at their base with
the upward progression towards troctolites, metagabbros and anorthosites [22,25]. The entire
sequence has been intruded by granitic and granodioritic bodies and is unconformably
overlain by sediments of the Sierra Grande Formation, Pimenteiras Formation and Cabeças
Formation [25,26].

The Brejo Seco–Piauí Complex is dominantly gabbroic in nature and has been divided
into four zones [25,27] with a north to south progression starting with the lower mafic
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zone followed by the ultramafic zone, transitional mafic zone and the upper mafic zone.
The lower mafic zone is an olivine-rich troctolite cumulate, while the ultramafic zone is a
serpentinised dunite which grades through a complex of diorites, gabbros and troctolites
forming the transitional mafic zone and upper mafic zone [27]. The ultramafic body at
São João do Piauí lies within the ultramafic zone, is capped by a silcrete crust and has
undergone intense and extensive laterisation resulting in the formation of the nickel-cobalt
laterite deposit [18,19,25].

The ultramafic unit of the ultramafic zone outcrops in a zone some 3.5 km in strike
running east–west and 1.5 km wide at the widest point north–south. A pronounced silica
cap forms a 100 m high plateau that is related to the palaeosurface of the Sul Americano and
Velhas levelling cycle [18]. This silica cap overlies and protects the underlying mineralised
weathered ultramafic unit itself, and locally the cap forms a topographic plateau that
measures some 2 km × 0.2–0.7 km in extent. The mineralised profile is 30 to 50 m thick
below this cap and is partly exposed on the slopes of the dissected plateau, although
colluvium derived from the silica cap obscures much of the geology and the bulk of the
geology of the deposit has only been revealed by drilling [28].

3. Profile Description and Sample Collection

The laterite profile at the Piauí deposit site was exposed in a small trial open pit
excavated to remove 10,000 tonnes of ore for mineral test work, completed in early 2016
shortly before the authors visited the site. The maximum depth of the exposed profile was
approximately 30 m. Figure 2 shows the profile of the Piauí laterite as viewed from within
the test pit with the major lithological units indicated.

Figure 2. Profile of the Piauí deposit showing the rock units used during fieldwork ((A) looking west;
(B) looking southwest). Unit indicated with # is a silicified ferruginous saprolite (scale bar = 3 m).

The profile as sampled is rather atypical if compared to the classic published schematic
profiles [4]. At the base of the exposed profile is a yellow-white (occasionally yellow-green),
coarse to medium grained, strongly leached blocky saprolite that preserves its source rock
adcumulate texture and contains occasional clusters of magnetite/chromite. This unit is
labelled saprock in Figure 2B and shown in more detail in Figure 3A. Overlying the saprock
is an iron oxide rich silicified ferruginous saprolite that varies in colour from deep red-
brown to orange-ochre and occasionally sandy yellow close to the highly irregular contact
with the saprock (Figure 3A). The extent of the silicification is highly variable, present either
as a siliceous stockwork (Figure 4C,D) or as an extensive boxwork (Figure 4A). The silicified
ferruginous saprolite is volumetrically the most significant lithological unit exposed in
the profile.
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Figure 3. Details from the rock units observed in the profile of the Piauí deposit (A) Contact between
the saprock and the overlying siliceous saprolite. Scale bar is 1.5 m. (B,C) Examples of the green
saprolite components within the siliceous Fe-saprolite. Scale bar on B is 1 m. (D) Green saprolite
layer with white-green margins. Scale bar is 1 m. (E) Thick desiccating black coating on kaolinite rich
white-green saprolite.

Within the silicified ferruginous saprolite several layers of green saprolite are devel-
oped varying in thickness from a few cm up to ~2 m. These green layers generally have
white-green outer zones or margins, and, occasionally, white-green layers up to ~30 cm are
present within the green saprolite where multiple layers merge (Figure 3D). The layers are
generally horizontal in nature, but are occasionally steeply dipping (Figures 3B,C and 4B).
The interface of the white-green saprolite layers with the silicified ferruginous saprolite
are often found in association with black staining or concentrations of black Mn-oxide
rich saprolite (Figures 3E and 4E–G). The green or white-green layers are generally friable
though yield preserved igneous textures in places and, while the green parts of these layers
contain disseminated magnetite/chromite and are weakly magnetic, the white-green layers
contain ilmenite rather than magnetite and are therefore not magnetic. Rarely, elongate
nodules or veinlets (10s of cm in length and 2–5 cm thick) of massive bright green serpentine
or garnierite are present along the interface between these green or white-green saprolite
layers and the silicified ferruginous saprolite.

Overlying the silicified ferruginous saprolite is a red-brown or orange-ochre coloured
friable granular ferruginous saprolite dominated by iron oxides and clay minerals (e.g.,
Figure 2A). Within both the ferruginous saprolite and silicified ferruginous saprolites are
magnesite and kaolinite veins, either horizontal or very steeply dipping, that vary in
thickness from ~1 cm up to ~15 cm. At the very top of the profile an iron cap has developed
at the surface, partly formed of magnetic iron oxides, often containing colluvium of residual
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and transported material. The serpentinised dunite protolith did not outcrop within the
test pit.

Figure 4. Veining and boxwork textures from the saprolite units observed in the profile of the Piauí
deposit (A) Finely meshed silica boxwork within the silicified Fe-saprolite. (B) Flat and steeply
dipping, clay-rich, green saprolite veins commonly observed throughout the ferruginous saprolite
units. Scale bar is 30 cm. (C) Discrete fine-scale silica veining within the silicified ferruginous saprolite.
Scale bar is 15 cm. (D) Silicification within the silicified ferruginous saprolite facilitated by the discrete
fine-scale, late-stage silica veins. (E–G) Examples of black mineral aggregates and coatings associated
with the white-green saprolitic layers. Scale bar is 50 cm in (E) and (F).

In the test pit, two distinct sampling strategies were employed to sample the range of
lithologies in the profile. Firstly, a suite of samples was collected from across the profile in
order to define the variation of the major lithological units and also characterise specific
features including veins, nodules, clasts and unusual textural components. It should be
noted that the serpentinised dunite protolith was not sampled from within the test pit but
from a locality exposing unweathered bedrock, approximately 1.5 km from the pit towards
the processing plant.
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Secondly, a depth profile of fresh samples was collected from the newly exposed laterite
section for geomicrobiological investigation. These samples were collected from depths
of 1 m to approximately 5 m below the April 2016 ground level. Samples were collected
from the exposed rock face after removing approximately 15 cm of surface material with a
clean stainless steel trowel sterilised with 70% ethanol. For microbial community profiling,
a similarly sterilised hand auger was used to recover undisturbed sediment cores directly
into sterilised plastic core liners, which were immediately sealed to minimise air ingress.
Bulk samples were collected for mineralogical characterisation and microcosm experiments
and placed into sterilised containers with ambient air head space. The 10 samples were
stored in cool boxes and shipped back to the UK for analysis.

The Supplementary Materials contains a schematic of the Piauí test pit (Figure S1) and
details the spatial distribution of the samples (Figures S1–S3).

4. Experimental Methods
4.1. Whole Rock Geochemistry

Thirty-nine samples were analysed for a suite of 53 elements by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) and inductively coupled plasma atomic
mass spectrometry (ICP-MS) at the OMAC Laboratories Ltd., Loughrea, Ireland. For the
following suite of elements samples were prepared by lithium borate fusion and analysed
by ICP-MS: Ba, Ce, Cr, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sm, Sn, Sr, Ta,
Tb, Th, Tm, U, V, W, Y, Yb and Zr. Samples were prepared by 4 acid digestion and analysed
with ICP-AES for the remaining suite of elements: Ag, As, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Tl,
Zn and majors Si, Al, Fe, Ca, Mg, Na, K, Cr, Ti, Mn, P and Ba. For quality control purposes,
a set of standards, blanks and sample duplicates were analysed as independent laboratory
checks.

4.2. Bulk Mineralogy Using X-ray Diffraction

X-ray powder diffraction (XRD) patterns were collected with a Panalytical XPert Pro
MPD diffractometer (PANalytical, Almelo, the Netherlands) equipped with an Xcelerator
real-time strip with an active detector length of 2.122◦ and using either Cu Kα1 or Co Kα.
Data were recorded in continuous mode over the 3–70 2Theta range with 0.017◦ steps, 175 s
per step and a scan rate of 0.01◦ s−1. The total scan time was less than 2 h. Each sample was
powdered first using a mortar and pestle and then processed further by wet milling using
a Retsch XRD Mill McCrone to obtain a fine powder with narrow particle size distribution
(down to 3 µm). The powders were than packed into aluminium sample wells using a back
loading method with portions of loose powder pressed firmly to achieve good packing
density and a random orientation. Mineral identification from the XRD patterns was per-
formed using search-match routines with reference patterns from the ICDD database. The
following reference patterns were used for mineral identification: goethite (#00-029-0713),
hematite (#00-033-0664), maghemite (#00-039-1346), talc (#00-013-0558), quartz (#00-046-
1045), chlorite (#00-029-701), kaolinite (#00-083-0971), lizardite (#00-050-1625), antigorite
(#00-002-0095), ilmenite (#01-073-1255), nontronite (#00-29-1497), vermiculite (#01-76-0847).

4.3. Spatially Resolved Mineralogy Using Electron Microscopy

Electron microprobe analysis (EMPA) was performed using wavelength-dispersive
spectrometry on a Cameca SX100 electron microprobe. Operating conditions were: 20 kV
accelerating voltage, 20 nA current and a 1 µm spot size. Standards used were a combination
of natural minerals for Na (jadeite), Mg (olivine), Al (corundum), Ca (wollastonite), Si
(fayalite) and Ti (rutile); synthetic compounds for Ti and Mn (MnTiO3), P (ScPO4), K (KBr),
Fe (FeO), Ni (NiO2) and pure metals (Co). All data were matrix-corrected using the Cameca
version of the PAP PhiRhoZ programme after [29,30].

Quantitative X-ray microanalysis was performed using the Oxford Instruments INCA
XMax Energy Dispersive Spectrometer (EDS, Oxford Instruments, Santa Barbara, CA, USA)
on the Zeiss EVO 15LS scanning electron microscope (SEM, Zeiss, Oberkochen, Germany).
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Objective lens to specimen working distance was kept constant at 8.5 mm (fixed focus).
The electron beam accelerating voltage was 20 kV, and electron beam current 3 nA. X-
ray acquisition live-time was 20 s. Quant optimisation was performed on cobalt metal,
typically every 3 h. Beam current was monitored regularly during the analysis session.
Large area energy-dispersive X-ray (EDX) maps were collected on the polished block
samples. Rectangular areas were selected over a sample and split into individual tiles
using a minimum magnification of 250x per tile. Acquisition conditions for EDX smartmap
on individual tiles were set as follows: dwell time of 100 µs, process time of 2, minimum
30 frames, overlap of 20 pixels. Large area EDX maps were then montaged from individual
tiles using the Automate function in the Oxford Instruments INCA software.

FEI Quanta 650 FEG SEM (Thermo Fisher Scientific, Brno, Czech Republic) was used to
collect smartmaps in samples where high spatial resolution was required. EDX maps were
collected using the Bruker Nano XFlash® energy dispersive detector operating at 12 kV
with a sample working distance fixed at approximately 25–26 mm. Maps were processed
using ESPIRIT version 1.9 software. Pixel resolution for the maps collected varied from
50 nm to 0.4 µm depending on the area mapped and acquisition time for each map was at
least 45 min.

4.4. Synchrotron Analysis

Micro-focus X-ray absorption spectroscopy (µXAS) measurements were carried out
on the microfocus beamline I18 at Diamond Light Source Ltd. (DLS), Chilton, UK [31,32].
Data were collected in fluorescence mode with polished resin blocks mounted vertically
in reflection geometry and the Si-drift fluorescence detector with XSPRESS3 read-out
electronics set at 90◦ to the incident beam. X-ray energies were selected using a Si(111)
double crystal monochromator. Tests for self-absorption from the samples were carried out
by performing an XAS measurement at each edge with the sample set at varying degrees
to the incident beam. No changes to the spectral structure were evident as a function
of incident angle, suggesting that self-absorption effects, if present at all, were minimal.
µXAS spectra were acquired with the sample at 45◦ using a beam focussed to either 3.4 µm
vertically and 2.8 µm horizontally or 2.2 µm (vertically) and 2.2 µm (horizontally). X-
ray absorption near edge structure (XANES) and X-ray absorption fine structure (XAFS)
spectra were acquired at the Co K-edge (~7709 eV) and Ni K-edge (~8333 eV) to 12 Å−1.
A minimum of 2 scans per point were collected and no beam related degradation of the
sample was observed within the asbolane-lithiophorite minerals analysed.

XAS spectra were calibrated, background subtracted and normalised usi ng Athena [33],
and Artemis [33] was used for XAFS analysis. Shell-by-shell fits of the XAFS spectra were
developed with path lengths, Debye–Waller (σ2) factors, coordination number (CN) and
the relative energy shift (δE) allowed to vary independently while the amplitude function
(S0

2) remained fixed. Further shells were only added to the model if they were shown to
significantly improve the fit.

Scanning transmission X-ray microscopy (STXM) and L-edge XANES measurements
were performed at the I08 beamline at DLS, UK. Focused ion beam sections 100 nm thick
were extracted from Mn oxy-hydroxide grains in sample F030. Spatially correlated energy
dependent image stacks (~7 × 8 µm, 70 × 80 pixels) were acquired at the Co (770–810 eV),
Mn (630–668 eV) and Fe (700–735 eV) L-edges with a nominal beam size of ~100 nm and a
dwell time per pixel of 7 ms (Co, Mn) or 10 ms (Fe). For all measurements the energy step
size was 0.1 eV over the main L3 and L2 edges. The MANTiS program [34] was used to
align the image stacks, normalize to the background X-ray intensity (I0) and extract XANES
spectra from any pixel or specific regions of interest (ROIs) in the image stacks.

4.5. Identification of Microorganisms in Field Samples

The composition and abundance of microbial communities in different laterite hori-
zons were characterised by Illumina MiSeq amplicon sequencing and quantitative poly-
merase chain reaction (qPCR). Samples were selected to represent the range of litholo-
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gies present and different depths beneath the 2016 ground level. DNA was extracted
from six sediment core or bulk samples using a PowerSoil kit (Qiagen); two samples
yielded insufficient DNA, therefore, another extraction was performed using a FastDNA
spin kit for soils (MP Biomedicals), which yielded sufficient DNA from one sample
(Table S5, Supplementary Materials). To confirm the lithological unit classification and
geochemistry of the microbiology samples, the chemical composition was analysed by
X-ray fluorescence (XRF), mineralogy by XRD (Bruker D8 Advance), and total organic
carbon (TOC) was measured using a Shimadzu SSM5000A. The pH was measured using a
calibrated electrode 1 h after adding 1 g of laterite (wet weight) to 10 mL deionised water.
Full details of the DNA amplification, primers, sequencing, and qPCR are provided in the
Supporting Material. Briefly, DNA was sequenced using the Illumina MiSeq platform: for
prokaryotes, the 16S rRNA gene was amplified using the primers 515F and 806R; for fungi,
the ITS2 region was amplified using the primers ITS4F and 5.8SR. For qPCR, the primers
8F and 1492R were used to quantify prokaryotes and the primers EUKF and EUKR were
used to quantify eukaryotes.

Microcosm experiments were performed on seven samples of different laterite hori-
zons to investigate whether the microbial community present in different horizons could
mobilise metals by stimulating the development of reducing conditions. Laterite sediment
microcosms comprised 3 g laterite, 30 mL of sterile artificial groundwater and either 10 mM
glucose or a mixture of 5 mM acetate and 5 mM lactate as a source of organic matter and as
an electron donor [35]. The headspace was degassed with an 80:20 N2:CO2 mix and the
bottles were incubated in the dark at 30 ◦C. The sediment microcosms were periodically
monitored for geochemical changes by removing an aliquot of sediment slurry using a
N2 degassed needle and syringe. The Ferrozine assay was used to measure Fe(II) and
Fe(III); Fe(II) was assessed after digesting 0.1 mL of sediment slurry in 4.9 mL 0.5 N HCl
for 1 h, and then total Fe after an additional 1 h digest in 0.5 N hydroxylamine-HCl [36,37].
Supernatant was separated from the sediment slurry by centrifugation (16,200× g, 5 min).
Major anions and volatile fatty acids were measured by ion chromatography (Dionex ICS
5000), and pH and Eh by calibrated electrodes. To measure aqueous metal concentrations
the supernatant was diluted into 2% nitric acid and analysed by ICP-AES.

5. Results
5.1. Whole Rock Geochemistry

The bulk chemistries of the samples (Tables 1 and 2, with additional elements in
Tables S1 and S2 of the Supplementary Materials, with some minor and trace elements pre-
sented in Figure 5) describe the geochemical variation across the whole profile. Combining
these data with hand specimen and field observations (e.g., Figures 2–4), and adapting the
terminology adopted in the report of [28] and the previous work cited therein [38] we have
subdivided the deposit into seven fundamental lithological units: Serpentinite, Saprock,
SAPSILFE, SAPMG, SAPAL, SAPSFE and COB (Table 3).

The average bulk chemistries for these lithological units (Table 4) shows that across
the whole deposit, the composition of the samples (excluding the silica nodules and Mn
oxide rich sample) is dominated by SiO2 (average 36 wt%), with average concentrations for
Fe2O3, MgO and Al2O3 of 19 wt%, 17 wt% and 8.6 wt%, respectively. The Co content varies
widely from 47 ppm to 2960 ppm, with an average of 543 ppm, but is strongly enriched
in the SAPAL unit. The Ni content is heterogeneous (0.28–9.2 wt%) with an average of
2.70 wt%.
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Figure 5. (A–D) Concentrations of Ni, Co, MnO and ΣREE plotted against wt% Fe2O3. (E–I) Con-
centrations of Co, Ni, Cu, Zn and ΣREE as a function of wt% MnO. The dotted lines represent the
equal residual enrichment trends e.g., [15] qualitatively showing relative enrichment with respect to the
serpentinite.

The serpentinite is primarily MgO and SiO2 with about 10% Fe2O3. The saprock has
depleted MgO and elevated Fe2O3 compared to the serpentinite though sample F017 is
very similar geochemically to the serpentinite, with depleted Al2O3, MnO and Cr2O3 the
only clear differences in terms of major elements. Sample F017 was from the base of the test
pit and was potentially close to the serpentinite protolith (which was not actually exposed).
The ferruginous saprolite SAPFE has the lowest SiO2 (20 wt%) and highest Fe2O3 (47 wt%)
contents across the profile and its MgO content is depleted to the range 6.2–15 wt%. With
respect to the green and white-green saprolitic lithologies, SAPMG has higher MgO and
Fe2O3, and lower SiO2 and Al2O3 than SAPAL, with the MgO and Fe2O3 in the ranges
13–30 wt% and 3.3–16 wt% in SAPMG, and SAPAL containing 42–44 wt% and 22–28 wt%
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SiO2 and Al2O3, respectively. SAPMG and SAPAL have the highest levels of TiO2 from the
whole profile. The silicified ferruginous saprolite SAPSILFE has the highest SiO2 values
(average 46.8 wt%) of the lithological units, though this highly variable (29–64 wt%) with
the Fe2O3 content lowest for SAPSILFE samples with the highest SiO2 and vice versa.
Indeed, as the SiO2 content of the SAPSILFE decreases, the chemistry becomes increasingly
similar to that of the ferruginous saprolite SAPFE. The Cr2O3 values are highest in the two
ferruginous saprolites SAPFE (3.4 wt%) and SAPSILFE (2.2 wt%), compared to 1.7 wt% in
the serpentinite protolith. The saprock, SAPMG and SAPAL are increasingly depleted in
Cr2O3 with respect to the serpentinite protolith. TiO2 is significantly more concentrated in
the green and white-green saprolites SAPMG (0.93 wt%) and SAPAL (0.55 wt%) than in
any other unit (0.03–0.10 wt%).

Table 3. Definitions of the lithological units used in this work.

Lithological Unit Description

Serpentinite
Serpentinised dunite source rock that maintains its broadly igneous
though pseudomorphic texture and is geochemically described by

MgO > ~35 wt%, SiO2 >~40 wt% and Al2O3 <~5 wt%.

Saprock Highly leached yellow to white adcumulate with MgO between 25 and
35 wt%, high SiO2 and low Al2O3.

SAPSILFE Silicified ferruginous saprolite (silicious Fe-saprolite c/f Figures 2–4) and
is characterised by high Fe2O3 > ~25 wt% and high silica SiO2 >~ 25 wt%.

SAPMG Predominantly green saprolitic unit with MgO >~13 wt% and Al2O3 in
the range 3–20 wt%.

SAPAL White-green (occasionally pink) saprolitic unit with high Al2O3 >~20
wt% and low MgO <~5 wt%.

SAPFE Red brown ferruginous saprolite with high iron oxide Fe2O3 > ~40 wt%
and low silica SiO2 <~ 25 wt%.

COB Undifferentiated cover comprising an iron oxide sedimented breccia of
silicified laterite.

Table 4. Average bulk chemistries in wt% for the Piauí laterite lithological units as described in this
study and some green silica nodules from the SAPSILFE unit. F050 is an aggregate of black mineral
grains and coatings within the SAPSILFE unit directly associated with a white-green SAPAL layers
(see Figure 4F). * Co is listed in ppm except for ¥ where the value for F050 is in wt%.

Lithological Unit n SiO2 Fe2O3 MnO Al2O3 MgO CaO Cr2O3 TiO2 Ni Co *

SAPFE 4 20.00 47.25 0.54 4.87 10.19 0.04 3.43 0.10 2.13 666

SAPMG 14 35.12 12.36 0.33 9.97 20.43 0.10 0.57 0.96 4.41 485

SAPAL 3 44.40 6.07 0.98 24.93 3.68 0.09 0.06 0.30 1.80 1597

SAPSILFE 4 46.75 34.15 0.31 3.31 3.60 0.04 2.19 0.07 0.73 320

Saprock 2 38.10 14.98 0.16 1.76 31.10 0.03 1.24 0.03 0.78 191

Serpentinite 3 39.30 10.73 0.22 2.24 34.77 0.05 1.68 0.03 0.34 123

F050 1 6.31 10.1 40.3 3.39 2.01 0.05 0.167 0.01 3.55 4.36 ¥

Green silica nodules 5 90.16 1.308 0.018 0.082 2.738 0.02 0.012 0.035 1.6676 36

Geochemical analysis enables the recognition of general trends (Figure 5) for the
elements Mn, Ni and Co, and the trace elements Cu, Zn and rare earth elements (REE).
The green and white-green saprolite lithologies SAPMG and SAPAL have the highest
concentrations of Co and Mn and, aside from one SAPFE sample, also for Ni. Both Co
and Ni within the serpentinite, saprock, SAPFE and SAPSILFE are linearly correlated with
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Fe2O3. (Figure 5A,B). Concentrations of Ni reach > 9 wt% in SAPMG and 1.4–2.3 wt%
in SAPAL (Table 2, Figure 5A), and while there is some degree of correlation between
the Ni and MnO contents across all lithologies (Figure 5F) the SAPMG samples with the
highest Ni values (>~6 wt%) appear to have a fairly constant MnO concentration. Co is
strongly enriched in the SAPAL samples and most of the SAPMG samples, but no distinct
enrichment with respect to the serpentinite protolith is evident for the other lithological
units (Tables 1 and 2 and Figure 5B). Similarly, MnO is enriched in SAPAL and many of the
SAPMG samples, but is depleted with respect to the serpentinite for the other lithologies
(Tables 1 and 2 and Figure 5C). The Co and MnO are strongly correlated (Figure 5E)
throughout the profile. REEs appear to be enriched in the SAPAL and about half of the
SAPMG samples (Table 2, Figure 5D), with these REE enriched samples showing a possible
correlation with MnO (Figure 5I).

Appreciable concentrations of Ni (0.5–3.1 wt%) are also found in a layer of green silica
nodules from within the silicified ferruginous saprolite which had the lowest concentration
of Co amongst all samples tested. The highest concentration of Co (4.4 wt%) was measured
in the Mn oxide rich mineral aggregates associated with the SAPAL units which also contain
high concentrations of Ni (3.55 wt%). The magnesite veins have very low concentrations of
Ni and Co, while the kaolinite veins have 0.5 wt% Ni and >500 ppm Co as well as elevated
levels of Cu (652 ppm).

Cu is enriched in all units of the profile with respect to the serpentinite protolith
(Tables 1 and 2), with concentrations consistently higher than generally reported for other
Ni-Co laterite deposits e.g., [6,8,9,15]. Considering the saprock, SAPFE and SAPSILFE
units, the concentration of Cu is correlated to some degree with that of Fe2O3 and MnO
(Figure 5G). Zn is enriched in the SAPMG and SAPAL units compared to concentrations in
the serpentinite, saprock, SAPFE and SAPSILFE units (Figure 5H). The concentrations of
Zn in the green and white-green saprolite units are generally within the upper bounds of
the range reported by [8] and [15], though are consistently higher than reported elsewhere
e.g., [9,39]. Sc concentrations range up to 60 ppm, and, while slightly low, are within the
range presented for most other laterite deposits e.g., [6,8,9,15,39,40], though well below
those reported for the Syerston–Flemington deposit [41].

Chondrite normalised REE concentrations averaged across each profile unit are shown
in Figure 6 (sample specific REE plots are given in Figure S4 of the Supplementary Materials).
SAPMG and SAPAL show a negative slope across the sequence with SAPMG showing a
distinct negative Ce anomaly. The serpentinite protolith has a generally flat trend, while the
saprock displays a negative slope from La to Tb followed by a flat trend from Tb to Lu. The
silicified ferruginous saprolite SAPSILFE shows a negative sloping trend while the SAPFE
unit displays a negative slope from La to Er and a positive slope from Er to Lu.

5.2. Bulk Mineralogy

XRD analyses reveal the differences in bulk mineralogy between the lithological units
within the profile (Figure 7). The serpentinite is dominated by lizardite with traces of
chlorite, chrysotile, chromite and hematite evident in the XRD patterns. The overlying
saprock also contains significant serpentine minerals, predominantly lizardite, but in
association with chlorite minerals, Fe-oxides (hematite, maghemite and goethite), with
traces of chromite and magnetite subsequently confirmed from SEM analyses.
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Figure 6. Chondrite normalised REE plots averaged within the profile units. REE concentrations are
normalised to the CM values of [42].

The ferruginous saprolite SAPFE is dominated by Fe-oxides, with goethite generally
the most abundant, but occasionally hematite was the primary Fe-oxide mineral. Traces
of serpentine minerals remain in this unit, however there is a far more diverse suite of
layered silicates in SAPFE than for the serpentinite and saprock with chlorite, vermiculite,
saponite and nontronite all observed by XRD. Quartz was identified in about half of the
SAPFE samples. The silicified ferruginous saprolite SAPSILFE is dominated by goethite,
hematite, maghemite, quartz and hydrated silica, with traces of nontronite, chlorite and
saponite commonly observed. The relative variation of the different Fe-oxide minerals
within and between the two ferruginous units (SAPFE and SAPSILFE) can be seen in
Figure S5 (Supplementary Materials), associated with the bulk Ni content, highlighting
that the samples with the highest concentrations of Ni are all mineralogically dominated by
chlorite. XRD of the green silica nodules reveals that appreciable levels of talc are present
within the predominantly quartz samples

The green saprolitic SAPMG units are dominated by chlorite with traces of other
layered silicates lizardite, vermiculite and saponite, along with quartz being commonly
observed. Ilmenite is also frequently observed in SAPMG, with the presence of magnetite
and chromite confirmed as trace minerals using SEM analyses. The XRD patterns of the
SAPMG samples with the highest concentrations of Ni show very little mineralogical
variation, being dominated by chlorite (Figure S5), with vermiculite occasionally observed.
The white-green saprolite SAPAL, on the other hand, is dominated by kaolinite with
vermiculite and saponite, and only traces of chlorite and occasional quartz are observed.

5.3. Petrography and Mineral Chemistry of the Laterite Profile
5.3.1. The Serpentinite Protolith

The serpentinite protolith is a highly serpentinised dunite consisting predominately of
serpentine and opaque minerals (Figure 8A,B). It is characterised by the strong or complete
pseudomorph replacement of primary olivine into serpentine minerals, primarily lizardite,
along with fibrous chrysotile in the form of thick mm-sized veins (Figure 8C), which gives
the rock a mesh-like texture on both macro- and micro-scales, and chlorite is also occa-
sionally observed. These are type-I serpentines e.g., [43]. The prevalence of lizardite in
the serpentinite samples, as suggested by our characterisation, further from the saprock
boundary may suggest that the serpentinisation occurred below 300–320 ◦C e.g., [44]. The
alteration of serpentine into serpentine-II is evident along trans-granular cracks and frac-
tures, but also takes place as a coating along grain edges. Our characterisation suggests that
lizardite is the dominant component of serpentine-II. Secondary magnetite has precipitated
in fissures and the proportion of magnetite increases with increased weathering of the
serpentinite. Secondary Fe-oxides are also seen to have precipitated between serpentine
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grains, most significantly within chrysotile veins, and silica is observed in samples con-
sidered to be close to the serpentinite–saprock boundary, where magnetite is altering to
hematite (Figure 8B). The fibrous chrysotile veins are sheared in places and talc-magnesite
alteration of serpentine-I minerals is retained locally within some veins (Figure 8C,D). With
increased weathering, the birefringence of the chrysotile increases, possibly correlating
with an increased Ni content and suggesting that some chrysotile is second generation
serpentine-II type.

Figure 7. Representative XRD patterns from the different lithological units of the Piauí deposit (right).
The XRD patterns are plotted with a stylized schematic profile for the Piauí laterite (left) and the
associated average Co, Ni and Mn contents from Table 4 (centre). NB this is not a true representation of
the profile of the deposit; the Piauí laterite is vertically and horizontally variable and the schematic shown
here condenses the major features into a single representative profile. XRD patterns are from samples (top
to bottom): SAPFE (F019), SAPSILFE (F043), SAPAL (F014), SAPMG (F006), SAPAL (F015), SAPSILFE
(F030), green silica nodules (F008), saprock (F017), serpentinite (F046). chl = chlorite, lz = lizardite,
ka = kaolinite, qz = quartz, sap = saponite, gt = goethite, hem = hematite, mg = maghemite.
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Figure 8. Photomicrographs of the serpentinite protolith. (A) Serpentinised olivine minerals (Serp)
displaying meshwork textures. Secondary magnetite (Mag) has formed in fractures along serpen-
tine grain boundaries. (B) Pseudomorph replacement of olivine by iron oxides (Hem = hematite).
(C) Faulted fibrous chrysotile (Chry) veins and deformed secondary magnetite crystals suggesting
local tectonic activity. (D) Talc (Tlc) replacement of serpentine minerals within chrysotile veins.

While XRD shows lizardite to be the most abundant phase with traces of hematite, chlo-
rite and chrysotile, SEM-EDX also identifies magnetite, chromite and Mn oxy-hydroxides.
EPMA analyses show that Ni is most abundant in the magnetite and Mn oxy-hydroxides,
and present at <0.5 wt% levels in chromite, serpentine and hematite (Table 5). The hematite
additionally contains almost 1 wt% Cr2O3 (Table 5). Co was detected in Mn oxy-hydroxides,
magnetite and chromite (Table 5). Mn oxy-hydroxides generally show higher concentrations
of Co than Ni (Table 5).

Table 5. Average wt% chemical compositions of the main minerals in the serpentinite. n = number of
EPMA analyses; nd = not detected; na = not analysed.

Mineral n Al2O3 MgO Fe2O3 Cr2O3 SiO2 MnO Ni Co

Ferritchromite 81 2.03 3.98 59.58 29.69 na 2.67 0.16 0.06

Serpentine 106 0.41 38.22 2.42 nd 44.82 nd 0.38 nd

Hematite 110 nd 1.04 97.85 0.98 0.92 0.36 0.30 nd

Magnetite 48 nd na 51.71 nd na 0.10 8.93 1.18

Mn oxy-hydroxide 87 0.88 nd 7.48 nd nd 28.05 6.61 7.41

SEM imaging of the serpentinite revealed the presence of small (<2 µm in diameter)
faceted particles of roughly spherical morphology (Figure 9) similar (though smaller) to
those described by [15]. EPMA revealed them to be Fe-rich with unusually high Co and
Ni concentrations, though their small particle size precluded precise measurement of their
chemistry. Based on their different morphology to other Fe oxides in the serpentinite sam-
ples, elemental composition (in particular an unusual enrichment in Co, no detectable Al
and Cr) these particles were tentatively identified as magnetite and subsequently confirmed
via STXM Fe L-edge XAS spectra. Highly altered chromites are identified within the ser-
pentinite that show evidence of former martitisation and extensive weathering (Figure 9C).
These chromites are similar to the ferritchromites described by [45] within the Nkamouna
serpentinite, southeast Cameroon, and also display overgrowths of highly Ni enriched
Fe-oxides on the grain rims (Figure 9D).
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Figure 9. (A,B) SEM backscatter electron (BSE) images of small neoformed grains of Co enriched
magnetite within a serpentine matrix within the serpentinite protolith. (C,D) Element maps ((CEDX)
red = Cr; green = Fe; (D) blue = Ni) of highly altered relict chromite grains with outer rims of newly
formed Ni enriched Fe-oxides.

5.3.2. Co and Ni Mineralogy and Chemistry of the Saprolite Units

Cobalt concentrations vary widely across the Piauí profile, with the lowest concentra-
tion observed in a sample of SAPMG (47 ppm) and the highest concentration in a sample
SAPAL (2960 ppm), although 4.36 wt% Co was detected in a sample of Mn oxy-hydroxide
(F050, Table 1). While Co is clearly enriched in the majority of the green SAPMG and
white-green SAPAL saprolitic layers (Figure 5), the clearest correlations observed from
bulk chemical analyses across the profile (Tables 1 and 2) were between Co and Mn with
r = 0.86 (Figure 5) and between Co and Ni for all units excluding SAPMG and SAPAL
(r = 0.87). This is supported by SEM-EDX analysis which revealed that Co is predominantly
associated with Mn oxy-hydroxides and its distribution within the samples is much more
discrete compared to that of Ni. A range of minerals are identified as Co hosts in the Piauí
profile (Table 6).

The highest average concentrations of Co are associated with Mn oxy-hydroxides,
thus reflecting the significant Co-Mn correlation. Four different textures and morphologies
of Mn oxy-hydroxide grains frequently occur in the Piauí samples, including: aggregates of
plates/layers (5–10 µm thick) with highly zoned and chemically complex grains (>~25 µm),
thin (~10 µm thick) coatings on grain surfaces or in intragranular spaces, and highly
fractured and veined grains > 100 µm in size (Figure 10A–C respectively). The fourth mor-
phological type is occasionally observed within the ferruginous saprolites and potentially
reflects a grain size reduction and slight deformation of pre-existing Mn-oxyhydroxide
grains. Mn-oxyhydroxides infill spaces within the ferruginous saprolitic fabric, producing
very small grains and mineral coatings (Figure 10D).
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Table 6. Host minerals for Co in the Piauí laterite profile. n = the total number of points analysed
for each mineral across all samples tested. The average levels of MnO in manganoan goethite is
1.29 wt%, in manganoan ilmenite is 24.4 wt%, in aluminian chromite is 0.20 wt% and in ferritchromite
is 2.67 wt%. Data are from EMPA analysis.

Mineral
Concentration (wt%)

n Min Max Average

Mn oxy-hydroxide 284 0.35 14.2 3.44

Manganoan goethite 89 0.03 0.65 0.19

Magnetite 52 0.41 1.89 1.14

Chlorite 552 0.03 0.45 0.05

Manganoan ilmenite 42 0.04 0.35 0.12

Aluminian chromite 133 0.03 0.06 0.04

Ferritchromite 63 0.03 0.16 0.06

Figure 10. BSE images of the four main textures of Mn oxy-hydroxide grains within the Piauí profile,
as described in the text. (A–C) are from SAPMG and (D) is form SAPFE.

The Mn oxy-hydroxide phases vary chemically as a function of their host profile unit
as highlighted by a Co-Ni-Al diagram (Figure 11A). Based on the Al content, these phases
can be classified as asbolane and asbolane-lithiophorite intermediates e.g., [3,46,47]. Barium
was also detected in some grains and an inverse relationship was observed between the Ba
content and Co enrichment (Figure 11B). The presence of Ba indicates a transition of Mn
oxy-hydroxides from the phyllomanganate lithiophorite/asbolane type to the hollandite
group mineral romanechite. It is possible that there are multiple types of romanechite
within the Piauí deposit, similar, to some degree, to the two generations described for the
Wingellina laterite by [46]. The romanechites at Piauí were most commonly observed in
SAPAL with romanechite-I having higher Ba contents (>2 wt% Ba) but reduced Co and Ni
(average 1.82 wt% and 6.24 wt%, respectively), while romanechite-II had reduced Ba content
(<2 wt% Ba) with enrichment of Co and Ni (average 4.69 wt% and 12.15 wt%, respectively).
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Figure 11. (A) Relative contents of Al, Ni and Co (wt%) measured by EMPA in Mn oxy-hydroxide
grains from three units of the Piauí profile, and (B) the Co content (wt%) in the romanechite Mn
oxy-hydroxide grains separated by Ba concentration. The Ba content cut-off between romanechite-I
and romanechite-II was 2 wt%.

The highest concentration of Co from any of the bulk samples was found in F050
(4.36 wt%), an aggregate of black mineral grains and coatings both within and directly adja-
cent to a white-green SAPAL saprolitic layer (Figure 4F). SEM-EDX imaging and Fourier
transform infrared (FTIR) spectra (Figure S6, Supplementary Materials) indicated the pres-
ence of only one type of Ba-bearing Mn oxy-hydroxide, with the chemical composition most
closely matching romanechite, with concentrations of 12.5 wt% Ba, 48.0 wt% Mn, 1.8 wt%
Fe, 3.0 wt% Co, 0.63 wt% Ni and 0.97 wt% Cu. Cobalt concentrations varied considerably
from 1.5 to 10.4 wt% between all the grains probed. In contrast to other Mn oxy-hydroxides
in the Piauí samples, identified as asbolane and asbolane-lithiophorite intermediates, this
romanechite phase had Co concentrations significantly higher than Ni. Moreover, this
romanechite contradicts the inverse relationship between Ba and Co observed in all other
romanechite type Mn oxy-hydroxides of the Piauí deposit (e.g., Figure 11B). This suggests
a third type or generation of romanechite at Piauí, with romanechite-III being relatively
enriched in Ba and Co (12.5 wt% and 3.0 wt% respectively) and relatively depleted in Ni
(0.63 wt%) and appearing in concentrated locations at the interface between the ferruginous
saprolitic units and the white-green SAPAL saprolite layers.

In this study we employed a detection limit of 0.03 wt% for Co in our EMPA analyses
of goethite in order to reliably account for the impact of the Fe induced background and
provide consistency across this study and associated work e.g., [48,49]. Cobalt was detected
in goethite only when Mn was also present in the goethite, with the Mn either substituted
into the goethite at the atomic level or possibly present as nanoscale cobaltiferous Mn
oxy-hydroxide inclusions. Over half of the goethite analyses showed no Co present, and,
as such, there are two types of goethite in the Piauí deposit, Co-free and Co bearing
manganoan goethite (Table 6). Although Co was only present in manganoan goethite, there
is a distinct correlation between Co and Ni within the goethite (Figure 12), with correlation
values of 0.65 between Co and Ni compared to 0.56 between Co and Mn.
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Figure 12. Relationship between (A) Co and Mn, (B) Co and Ni, and (C) Ni and Mn as measured by
EMPA in goethite grains from the saprolitic units of the Piauí profile.

Chlorite, which is an important mineral host for Ni at Piauí, also contained small
quantities of Co with an average Co concentration of 0.05 wt%, however ranging widely
with a maximum concentration of 0.45 wt% (Table 6). There is a positive relationship
between the Co and Ni content in the chlorite, with the grains most enriched in Ni also
having the highest Co concentration.

The highest concentrations of Co in the chlorite phase were identified in SAPMG,
particularly sample F002, which also had a high bulk Co concentration of 1240 ppm (Table 2).
SEM-EDX mapping of this sample indicated that the primary hosts for Co were chlorite
and Mn-rich ilmenite with no Mn oxy-hydroxides identified. It is of course possible that
Mn oxy-hydroxides could be present as very small heterogeneously distributed grains not
detected or not present in the small subsample analysed, and Mn oxy-hydroxides were
detected in other Piauí samples with similar bulk Mn concentration to F002. High resolution
imaging and mapping of the chlorites in sample F002 revealed distinct Ni enriched silicate
inclusions within the chlorite fabric, that have an elongate laminate morphology up to
~60 µm long and <10 µm thick, that have levels of Co far higher than in the surrounding
chlorite (Figure 13). Co concentrations in these inclusions range from 0.10 wt% to 0.45 wt%
with an average of 0.24 wt%, consistently higher than the Co levels in the host chlorite
matrix (Figure 13). Average chemical analyses of these Co-bearing Ni-silicate inclusions
have compositions 19.95 wt% Ni, 4.95 wt% Mg, 3.10 wt% Al, 16.63 wt% Si and 5.92 wt% Fe,
consistent with a cobalt enriched nimite.

Of all the saprolitic units, sample F033 from the white-green SAPAL lithology has the
highest concentrations of Co (2960 ppm, Table 2, Figure 3E). The bulk mineralogy from XRD
comprises two crystalline phases, chlorite and vermiculite, and despite containing over
2 wt% MnO, no specific Mn oxy-hydroxide minerals were identified in the XRD pattern.
SEM-EDX imaging, however, revealed the presence of dispersed Mn oxy-hydroxides
primarily as grain boundary coatings and as void infillings, and EMPA analysis showed
that these Mn oxy-hydroxides had high concentrations of Co between 0.64 and 4.53 wt%
and Ni between 2.50 and 18.8 wt%, whereas the chlorite within the sample contained
0.94 wt% Ni and no detectable Co. While the majority of the Mn oxy-hydroxides in this
SAPAL sample are asbolane-lithiophorite intermediates, there are also areas of elevated Ba
where the EMPA analyses reveal the presence of a romanechite-type phase similar to that
described for F050 (also within or adjacent to SAPAL).
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Figure 13. (Left) Al, Si, Ni and Mg element maps overlain the secondary electron (SE) image of Co
enriched Ni silicate inclusions within the chlorite of SAPMG sample F002. (Right) Cobalt levels from
EMPA analyses of the Co enriched Ni silicate inclusions. Blue filled circles = nimite, brown filled
circles = chlorite.

Although there are limited chemical correlations with Ni across the profile (for Ni:Mn
and Ni:Fe in all units excluding SAPMG and SAPAL r = 0.71 and 0.68, respectively), XRD
and bulk chemistry showed that the bulk Ni contents of the five saprolitic lithologies is
ultimately linked to their mineralogy. The samples with the highest Ni concentrations in
SAPMG are dominated by the presence of chlorite and other layered silicates, while goethite,
which dominates SAPFE and SAPSILFE, consistently shows significant Ni incorporation,
albeit at lower levels compared to chlorites. SEM-EDX element maps reveal the ubiquitous
presence of Ni associated with chlorite, whereas Mn and Ti are present in discrete mineral
phases either as inclusions within the chlorite or filling in pores and cracks. Ni was detected
by SEM-EDX and/or EMPA in 11 different minerals (Table 7), whereby a relationship
between Ni and Mg within the silicate phases becomes evident (Figure 14). While the
pimelite and nickeliferous talc (found exclusively within the green silica nodules, see below)
has fairly well-defined Ni concentrations, there is a huge variation in the Ni abundance in
chlorites from the SAPMG lithology. Nickeliferous chlorite is also reported in the Vermelho
deposit of the Pará region of Brazil with 2–3 wt% NiO recorded in the chlorite of the silicate
zone and up to 12 wt% NiO in chlorites from the oxidised zone [50]. By contrast, smectites
In the clay bearing saprolites from Barro Alto (Goiás State, Brazil) only contain up to
3.3 wt% Ni [51]. Two distinct groupings of serpentine can be observed at Piauí (Figure 10),
highlighting the persistence of low Ni serpentine-I (Table 5) in the serpentinite and the
second-generation serpentine-II with elevated Ni contents e.g., [15,43] found mostly in
SAPMG and the saprock, but also in the serpentinite.

The goethite within the saprolite units incorporated a range of trace elements de-
tectable by EMPA (following the criteria of [52]) including Co, Ni, Mn, Al, Si and Mg
with the maximum wt% element measured being 0.65, 0.90, 5.87, 3.05, 4.65 and 2.25 wt%,
respectively. The highest total trace element substitution in goethite totalled 12.15 wt%.
The Al, Si and Mg all increase linearly in concentration as Fe decreases while Co, Ni and
Mn contents seem to be unrelated to Fe content. As reported above, there is a distinct
correlation between Ni and Co in the goethite, but no clear relationship between Ni and
Mn (Figure 12).
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Table 7. Host minerals for Ni in the saprolitic units of the Piauí laterite profile. n = the total number
of points analysed for each mineral across all samples tested. Data are from EMPA analysis.

Mineral
Concentration (wt%)

n Min Max Average

Chlorite 554 0.1 24.0 3.2 (med)

Nickeloan talc 101 5.8 15.3 13.5

Pimelite 28 19.5 25.0 21.7

Serpentine 154 0.04 3.52 0.40 (med)

Manganoan ilmenite 66 0.03 1.36 0.35

Ilmenite 119 0.03 1.55 0.27

Aluminian chromite 158 0.08 0.18 0.13

Ferritchromite 81 0.06 1.25 0.16

Goethite 116 0.03 9.0 1.32

Magnetite 52 2.84 14.1 8.60

Mn oxy-hydroxide 284 0.35 18.8 8.49

Figure 14. Partitioning of Ni within the silicate minerals across the Piauí laterite profile. The chlorite
analyses all come from the SAPMG lithology. The Ni-rich serpentine analyses come from serpentinite-
II, mostly in the SAPMG lithology and occasionally in the serpentinite. The low Ni analyses come
from serpentine-I in the serpentinite.

5.3.3. Ni mineralogy and Chemistry of the Green Silica Nodules

Within the SAPSILFE lithology close to the boundary with the saprock, three horizontal
layers of green silica plates and nodules were observed. Bulk chemical analyses of these
nodules (Tables 1 and 4) show that they contain up to 3.14 wt% Ni as well as up to 5.29 wt%
MgO and 3.48 wt% Fe2O3. XRD analyses identified the presence of talc minerals along with
quartz. SEM-EDX and EMPA analyses showed the presence of two distinct talc chemistries
and associated textures (Figure 15), and that the Ni was entirely partitioned into these talc
minerals.
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Figure 15. BSE images of silica nodules with (A) nickeloan talc and (B) pimelite.

Nickeloan talc was observed as very porous massive clusters (Figure 15A) and mi-
crocrystalline inclusions within the quartz matrix, and pimelite occurs as pockets of very
porous material embedded within the quartz matrix (Figure 15B). The average Ni content
in the nickeloan talc was 13.5 wt% with small variations observed (Table 7, Figure 14).
Other elements detected in this phase included Al, Fe, Ca, Cu (all below 1 wt%) and very
small quantities of Co, mostly at the detection limit of the electron microprobe (0.03 wt%).
Average composition of the pimeleite phase was 28.9 wt% NiO, 9.5 wt% MgO and 45 wt%
SiO2, while cobalt was not detected in this phase.

5.4. Cobalt and Nickel Speciation in Asbolane-Lithiophorite Intermediates

Microfocus XAS experiments were performed on asbolane-lithiophorite intermediates
from the SAPAL sample F033. This sample contains the highest abundance of Co (2960 ppm)
and Mn (1.71 wt%) of any of the rock samples, it was collected from a region of the SAPAL
unit containing black coatings (Figure 3E), and SEM and EMPA analysis showed asbolane-
lithiophorite intermediates mostly as grain boundary coatings and as void infillings.

Co K-edge XANES spectra, extracted EXAFS and their Fourier transforms (FT) are
presented in Figure 16. There is an energy shift of ~5 eV for the absorption edge and white
line intensity positions in the XANES spectra of Co2+ bearing erythrite (Co3(AsO4)2.8H2O)
compared to those of Co3+ bearing heterogenite (CoOOH) (Figure 16A). As reported by [53] we
also found that the XANES spectrum for Co in Co-doped synthetic goethite had an absorption
edge and white line position very similar to that of the Co2+ standard (see Figure 16A),
indicating that any Co within goethite in the Piauí samples may be present as Co2+.

While the Co XANES spectra of the asbolane-lithiophorite intermediates within F033
all appear broadly similar to each other with a general shape similar to that of Co3+

substituted phyllomanganates e.g., [35,53], there is a clear shoulder to the absorption edge
at ~7725 eV, equivalent to the white line position of the Co2+ standard. This low energy
shoulder is slightly more pronounced in the XANES spectra for grains 1 and 2 compared
to those of the grains 3 and 4. Moreover, there is a shift to lower energy in the position
of the XANES white line for grains 1 and 2 compared to those of grains 3 and 4. The
XANES spectra suggested that some Co2+ may be present in these asbolane-lithiophorite
intermediates with a Co2+/Co3+ ratio higher in grains 1 and 2 compared to grains 3 and 4.

The EXAFS spectra for grains 1 and 2 are similar to each other, as are the spectra
for grains 3 and 4 (Figure 16B). The principal difference between the spectra of grains 1
and 2 compared to those of grains 3 and 4 is in the region 4.8–6 Å−1 where the spectra of
grains 1 and 2 show a small feature at ~5.7 Å−1 on top of the rising slope of the asymmetric
maximum at ~6.8 Å−1, whereas the spectra for grains 3 and 4 show a distinct feature at
~5.6 Å−1, separated from the more symmetrical maximum at ~6.8 Å−1. Additionally, the
intensity of the feature at ~6.75 Å−1 is greater for the spectra of grains 3 and 4 than it is for
grains 1 and 2. The first peak in the FT of the EXAFS spectrum of grain 1 (Figure 16C) has a
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clear shoulder on the high R side, whereas this is marked by a single peak for the FTs of
the EXAFS spectra for the other three grains. Detailed results of the EXAFS modelling are
provided in Table S3 of the Supplementary Materials.

Figure 16. (A) Co K-edge XANES spectra of standards heterogenite, erythrite and synthetic Co-
doped goethite plotted with those for 4 asbolane-lithiophorite grains. (B) EXAFS spectra for the same
asbolane-lithiophorite intermediates points as shown in (A). (C) Fourier transforms of the Co EXAFS
spectra from (B). Dashed lines in (B,C) are the modelled fits to the experimental data (solid lines).

The best fit model for the spectrum of grain 3 is with a two shell model, such that
there is an oxygen shell at a distance of 1.91 (2) Å consistent with Co3+ in octahedral
coordination [53–56] and a cationic shell with Co-(Co,Mn) interatomic distances of 2.83
(2) Å, typical for Mn-Mn edge sharing octahedra [54–56]. These distances are consistent
with Co3+ substituting for Mn in the Mn layer of the asbolane-lithiophorite intermediates
e.g., [56]. The best fit model for the spectra of grains 2 and 4 are similar, though they
required a three shell model, with a Co-O distance of 1.96 (1) Å and 1.92 (2) Å, respectively,
a second shell Co-(Co,Mn) distance of 2.80 (1) Å and 2.85 (2) Å, respectively, and a 2nd
cationic shell (of a smaller intensity than the first cationic shell) with a Co-(Co,Mn) distance
of 3.46 (4) Å and 3.53 (6) Å, respectively, which is typical for Mn-Mn corner sharing
octahedra [56,57].

The spectrum of grain 1 however did not fit well to a 2 or 3 shell model as determined
for grains 2–4, with Co-O first shell fitting particularly poorly. Instead, it became evident
that a second Co species with a longer Co-O distance was required, and, as such, the best
fit model for this spectrum requires two specific clusters. The first cluster represents Co3+

substituting for Mn in the Mn layer of asbolane-lithiophorite intermediates with a Co-O
distance of 1.90 (5) Å, a Co-(Co,Mn) distance of 2.83 (3) Å and a Co-(Co,Mn) distance of
3.54 (9) Å. The second cluster comprises a single shell with a Co-O distance of 2.09 (7) Å,
indicative of octahedral Co2+ [56], and the fit to the data is optimum with this cluster being
present at the 40% level. This mixed Co3+ and Co2+ model also fits well to the additional
shoulder apparent on the first peak of the FT for grain 1.

A third shell Co-(Co,Mn) distance of ~3.5 Å is indicative of both Co3+, substituting
for Mn in the Mn layer of the asbolane-lithiophorite intermediate, but also of octahedral
Co2+ within the interlayer [56]. This shell is required for fitting the spectrum of grains 1
and 2, not required for fitting the spectrum of grain 3 and marginally improved the fit for
grain 4. The spectra of both grains 3 and 4 are well modelled by a single Co3+ species.
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However, the presence of this third shell is essential for the fit of the spectrum of grain 2
and, together with the lengthened Co-O distance in the model for the spectrum of grain
2, strongly suggests that a significant proportion of the Co in grain 2 is present as Co2+,
potentially up to 30% based upon the Co-O distance alone. While the two-cluster model
does fit the spectrum of grain 2 well, it does not show a significant improvement to the
fit compared to the single cluster 3 shell model. Nevertheless, supporting the qualitative
assessment of the XANES, there is strong evidence from the EXAFS analysis that Co2+ is
present at significant levels within the interlayer in some of these asbolane-lithiophorite
intermediates.

To try and further confirm the presence of Co2+ within the asbolane-lithiophorite
intermediates, as suggested by the Co K-edge XANES and EXAFS analyses, we per-
formed a STXM study to extract L-edge XANES spectra for Co, Ni and Mn from asbolane-
lithiophorite intermediate grains in sample F033. L-edge XANES spectra are excellent
fingerprints for transition metal oxidation states in minerals, e.g., [58–61], and have been
used recently to characterise Ni and Co in laterite materials e.g., [35,62]. The application of
STXM for extracting L-edge XANES spectra provides a spatial context for the spectra.

The Co L2,3 XANES spectra are presented in Figure 17 with the points from which
they were extracted shown in the STXM images. The L3-edge spectrum for octahedrally
coordinated Co3+ in heterogenite is dominated by a strong absorption peak at 783.6 eV
with smaller shoulders on the low (781.6 eV) and high (785.9 eV) energy sides (Figure 17).
The L3-edge spectrum for octahedral Co2+ in erythrite has a much broader main feature
with more spectral detail than for Co3+ that is centred around 781.8 eV. Six spectra (A-F)
extracted from the STXM energy stack for a F033 asbolane-lithiophorite intermediate are
shown in Figure 17. Spectra A, B and C are very similar to that of heterogenite, indicating
that the Co is trivalent and octahedrally coordinated. Spectra D, E and F, however, show
a progressively increasing intensity around 781.8 eV and a distinct change in the shape
of the absorption peak at 783.6 eV. This is strongly indicative of the presence of Co2+.
Also shown in Figure 17 are oxidation state images for Co3+ and Co2+ extracted from the
STXM energy stacks, demonstrating that the Co2+ is located in a distinct area within the
asbolane-lithiophorite grain. L-edge XANES analysis for Mn and Fe show no variation
across the sample indicating that the nature of the asbolane-lithiophorite intermediate
does not change and there are no goethite inclusions associated with these changes in Co
oxidation state (within the 100 nm resolution of the experiment).

The Ni K-edge XANES spectra (Figure 18A) of the same grains described above are
very similar, with a sharp white line and a broad two-component feature at ~8400 eV,
as described for a Ni species developing a Ni(OH)2 ‘brucite-like’ layer [47]. The EX-
AFS spectra (Figure 18B) and their associated FTs (Figure 18C) are similar for each grain,
with some variation evident within the EXAFS in the range 7–9 Å−1, and are similar
to those presented by [47] and [63]. All these spectra are well fitted to a 2 shell model
(Table S4, Supplementary Materials) with a Ni-O interatomic distance of 2.03–2.06 (1) Å
and a Ni-Ni distance of 2.97–3.08 (3) Å, indicative of Ni as Ni(OH)2. e.g., [47,55,63]. Al-
though we found no evidence for Ni-Al distances, as observed by [47] in their Co-poor
sample, it is likely that these Ni(OH)2 ‘brucite-like’ layers are associated with the Al(OH)3
layers in these asbolane-lithiophorite intermediates.

5.5. Composition and Diversity of the Microbial Community Present across the Piauí Laterite

DNA was extracted from laterite sediment and sequenced to investigate the composi-
tion and diversity of the microbial community and to look for the presence of potential metal
cycling microorganisms. The prokaryotic community was profiled in samples from five
different laterite horizons by 16S rRNA gene amplicon sequencing (Figure 19A,B). Three
samples were selected for fungal community characterisation, and two were successfully
profiled by sequencing the ITS region (Figure 19C).
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Figure 17. (A) L2,3 XANES spectra for Co extracted from STXM image stacks. The positions of the
absorption maxima associated with Co2+ and Co3+ are indicated on the spectra plot. (B) Oxidation
state images showing the distribution of Co2+ (top) and Co3+ (bottom) within the Mn oxy-hydroxide
grain from sample F033. The points from which the spectra have been extracted are shown on the
oxidation state images.

Figure 18. (A) Ni K-edge XANES spectra of 4 asbolane-lithiophorite intermediate grains from sample
F033. (B) EXAFS spectra for the same asbolane-lithiophorite intermediates points as shown in (A).
(C) Fourier transforms of the Ni EXAFS spectra from (B). Dashed lines in (B) and (C) are the modelled
fits to the experimental data (solid lines).
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Figure 19. (A) Prokaryote community composition at the phylum/class level, sequences > 1% in at
least one sample shown. (B) Rarefaction curve for prokaryotes. (C) Fungal community composition
at the class level.

5.5.1. Microbial Abundance and Diversity

The highest number (478) of observed prokaryotic species (operational taxonomic units,
OTUs) and the greatest Shannon diversity (7.38) were found in sample 20, a SAPSILFE collected
approximately 1 m below ground level (mbgl) (Figure 19B, Table S5 Supplementary Materials).
The number of OTUs was much lower (79–125) in the four other samples. The Shannon
diversity was higher in the three SAPSILFE samples (4.3–7.4) compared to the SAPMG (3.3)
and SAPFE (2.9) samples, but there is no trend with sample depth.

Correlation plots between prokaryotic diversity indicators (Shannon diversity and
number of OTUs) and geochemical variables (Table S5) were made to identify whether lat-
erite geochemistry may control microbial diversity. There is a positive relationship between
the diversity indicators and concentrations of K (R2 > 0.68), but few significant trends were
observed, including for essential elements (e.g., Mg, P, Mn, Na, Ca) and major laterite
components (Fe, Si). Positive correlations are evident for Al, Co and Ni concentrations
(elements sometimes considered toxic), and total organic carbon, but these are strongly
influenced by sample 20, which has the highest concentrations of these variables and the
highest prokaryotic diversity; the trends were not observed in the remaining four samples.

Of the five samples where 16S rRNA gene copies were quantified using qPCR, the
highest values were from sample 17 (1270 fg g−1 laterite), a SAPFE, followed by sample
20 (44 fg g−1 laterite), a SAPSILFE, while the other three samples were below detection
(Table S5). The value for sample 17 is broadly comparable with a previous study of Cuban
laterites, which reported data in the order of 1 × 107–1 × 108 copy number per gram dry
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sample [64] compared to 2.3 x 106 here (result converted from fg g−1 into copy number
g−1). The value for sample 20 is within the range reported for composite samples from
Piauí, which contain 32–49 fg g−1 laterite [35].

There were also very low numbers of observed fungal species, with only 21 and
32 fungal OTUs present in the two samples sequenced (samples 17 and 20) and insufficient
fungal DNA present for sequencing in sample 8, a SAPSILFE from 5 mbgl. The amount of
18S rRNA gene copies quantified by qPCR (note this will include all eukaryotes not just
fungi) was 125–167 fg g−1 laterite.

Overall, the microbial diversity in the Piauí laterite is low, perhaps reflecting the
challenges of living in a such a highly weathered, oxidising environment, with low concen-
trations of organic carbon and essential elements available to support growth (Table S5).
There do not appear to be any significant trends in microbial abundance and diversity with
depth, or by lithological unit type, or with geochemical conditions.

5.5.2. Prokaryotic Community Composition

The most common phyla/classes observed in the Piauí laterite samples are the Actinobac-
teria and Gammaproteobacteria (in particular, the Burkholderiaceae family) (Figure 19A). The
closest phylogenetic relatives to the five most frequently detected OTUs in each sample
were identified using Blastn (Table S6 Supplementary Materials). Commonly reported
are sequences closely related to those from soil environments, e.g., from studies of the
rhizosphere, endophytes, crops, ferralsol and also from human impacted environments
such as from studies of the impact of wetland restoration, wastewater irrigation, mining
and heavy metal contamination. Sequences closely related to those from studies of clays,
lithifying microbialites, ureolysis, soils with elevated CO2 conditions and bacteria involved
in hydrocarbon biodegradation are also common.

The dataset was analysed to identify the presence of metal-cycling prokaryotes, which
could potentially reduce or oxidise Mn, Fe and S minerals and therefore contribute to
the mobilisation and enrichment of Co via indirect redox transformations [35]. Many
sequences were assigned to the Burkholderiaceae (0.1% to 78%), some of which are known to
oxidise Mn(II) and Fe(II) [65]. Some sequences are closely related to genera with known
Mn(II)-oxidising activity, including Sphingopyxis (0%–1.8%), Streptomyces (0%–2.0%) and
Pseudomonas (0%–3.1%) [66]. Although some sequences were assigned to the Nitrospi-
rales (0.1%–0.9%) which contain known Fe(II) oxidisers, none were assigned to the Fe(II)-
oxidising Leptospirillum genus [67]. Other Fe(II)-oxidising groups include Acidithiobacillus
sp. (0%–7.6%); these are acidophilic prokaryotes, although the pH of the laterites was
circumneutral (5.1–7.4). Acidithiobacillus and Sulfurifustis sp. (0%–5.0%) are acidophiles
known to oxidise sulphur [68–70]. In general, relatively few sequences were assigned to
genera closely related to known Fe(III)- and sulfate reducers, although some sequences
were aligned with Desulfosporosinus sp. (0%–6.3%), which are known to reduce Mn(IV),
Fe(III) and sulfate, in some cases at low pH [71,72]. Microbial siderophores are able to com-
plex metals, especially Fe, and enhance their mobility. Some sequences in the Piauí laterite
are closely related to well-known siderophore producing genera included Acinetobacter
(0%–1.9%), Pseudomonas (0%–3.1%) and Streptomyces (0%–2.0%) [73–76].

Other prokaryotes of interest include nitrogen cycling organisms, which are fairly com-
mon in all samples, including sequences closely related to known nitrogen fixers such as
Burkholderia (0%–61%), Ralstonia (0%–2.6%) and Sphingomonas (0%–4.0%) spp. [77,78], and
anaerobic ammonium oxidisers including sequences from the Nitrospirales (0.1%–0.9%)
and Nitrosomonadaceae (0%–2.3%), and most closely related to Nitrososphaera viennensis
(0%–3.2%) [67,79,80]. Sequences assigned to Massilia spp. (0%–55%) are closely related to
species known to hydrolyse urea, reduce nitrate and metabolise organic compounds, and
Massilia spp. have previously been isolated from mining impacted soils [81,82]. Phosphorus
mobilising prokaryotes are also prevalent, including sequences assigned to Burkholderia
(0%–61%), Pseudomonas (0%–3.1%) and Ralstonia (0%–2.6%) spp., all of which have been
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shown to solubilise inorganic phosphorus and/or mineralise organic phosphorus com-
pounds [83].

Overall, the composition of the prokaryote communities in the laterite sediments
shows the presence of sequences closely related to organisms known to oxidise Mn, Fe
and S minerals at different horizons within the deposit. These microbes can trap cobalt
e.g., through the formation of Mn(IV)/Fe(III) oxides, or mobilise cobalt e.g., through the
dissolution of sulphide minerals. As well as this, sequences closely related to organisms
known to reduce metals (which could mobilise Co associated with Mn(IV)/Fe(III) oxides
under anoxic conditions) and those that secrete siderophores (which could solubilise Co
associated with Fe(III) oxides) were also identified, which could support the hypothesis
that microbes contribute to the weathering of laterite and enhance the mobility of cobalt.
Although the concentrations of elements essential for growth in the laterite were low,
sequences closely related to organisms capable of fixing N and mobilising P were present,
suggesting these may be able to provide these elements and support microbial growth.

5.5.3. Fungal Community Composition

The Piauí laterite contained very few fungal OTUs identified by ITS sequencing
(Table S5). Samples 17 and 20 predominantly contained sequences assigned to Ascomycota
(Figure 19C). Of the five most abundant OTUs for each sample (ten in total), only five
sequences could be identified with confidence (Table S7 Supplementary Material). Four
were from sample 17 and comprised common environmental yeast and mould and a
pathogenic fungus that infects plant roots, the other was a versatile saprotroph from sample
20. Siderophore-producing fungi were identified to be present including Rhodotorula sp.
(0%–0.2%) and Aspergillus sp. (0%–5.5%) [84].

5.5.4. Microcosm Experiments

Previous data for composite Piauí samples showed that adding an organic substrate
stimulated the development of metal-reducing conditions and enhanced the recovery of
cobalt [35]. Here, microcosm experiments were set up to investigate whether this would
also be the case for individual horizons of the Piauí deposit collected for these experiments,
stimulated using glucose or an acetate/lactate mix as a source of carbon and electron donor,
and to see whether the heterogeneity in the microbial community was reflected in the
biogeochemical response to redox cycling.

No significant changes in sediment texture were observed during the 105 day in-
cubation, unlike in previous experiments comprising composite samples from the Piauí
laterite [35]. Geochemical monitoring showed that nitrate reduction was stimulated in all
samples with both electron donors (Figures S7 and S8 Supplementary Materials). Trace
amounts of Mn and Fe were released to the aqueous phase, but there was no clear evidence
of Fe(II) production or sulfate reduction with either electron donor. Volatile fatty acids
(VFAs) were measured as a proxy for glucose breakdown products or to show consump-
tion of acetate/lactate; the overall results from these experiments showed the indigenous
microbial community was stimulated by the addition of organic substrates, but this did not
lead to substantial microbial metal reduction and dissolution of cobalt.

The results of the sediment microcosm study show that, for the most part, the microbial
community is able to metabolise carbon compounds and reduce nitrate. This is consistent
with the results of the DNA sequencing analysis which identified that the microbial com-
munity is dominated by prokaryotes involved in C and N cycling. There was no conclusive
evidence that microbial metal reduction had been stimulated in the seven samples of the
different Piauí laterite horizons. This is in contrast to earlier work that demonstrated that
microbial Mn(IV) and Fe(III) reduction was stimulated by the addition of organic electron
donors in composite samples of the Piauí laterite; samples collected from heaps created
from the excavation of 10,000 tonnes of laterite [35]. This suggests that mineral processing,
including the physical disaggregation of Piauí sediment into composite samples during
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mining (and the consequent exposure to air and rainfall) may have somehow primed the
microbial community to favour the capacity for metal reduction.

6. Discussion
6.1. Mineralogical Development the Piauí Lateritic Profile

The dunite of the ultramafic zone of the Brejo Seco–Piauí Complex originally com-
prised >90 vol% olivine with substantial chromite (<7 vol%) and a small proportion of
plagioclase, clinopyroxene, orthopyroxene and phlogopite [27]. Serpentinisation replaced
the olivine with serpentine-I and magnetite (e.g., Figure 8) with the ongoing replacement
of chromite by ferrichromite and magnetite (e.g., Figure 9) [27].

During the laterisation process, the serpentine-I and any remaining olivine and pyrox-
ene is altered into Ni-bearing serpentine-II, Fe-oxides including Ni-rich goethite, hematite
and magnetite. Where Al is available, Ni bearing chlorite and/or other clays (mostly
smectite) formed. Continued leaching, particularly of Mg and Si, results in the formation of
the saprock and ferruginous saprolite that comprise the majority of the Piauí laterite and a
significant Mg-discontinuity between these two units. This typical progression for laterite
formation under tropical to sub-tropical climatic conditions, e.g., [11], can be visualised in
a Si-Al-Fe (SAF) ternary plot (dotted line, Figure 20A) and quantified using the index of
laterisation (IOL), as defined by [85] and expressed in Equation (1):

IOL = 100 × [(Al2O3 + Fe2O3)/(SiO2 + Al2O3 + Fe2O3)] (1)

The IOL (calculated in wt%) gives average values of 24 and 30 for the serpentinite
and saprock at Piauí, slightly higher than similar lithologies formed from serpentinised
harzburgite and peridotite [86]. The oxide zone at Piauí represented by the SAPFE lithology,
however, has IOL values between 63 and 83 within the moderately laterised division of
the IOL scheme [85,86], reflecting the presence of numerous phyllosilicates and clays.
Had laterisation continued under these conditions, it may be expected that the SAPFE
lithology would have completely transformed into a strongly laterised traditional limonite,
however, an extended period of silicification occurred throughout the lower two thirds of
the ferruginous saprolite unit cementing Fe-oxides, forming extensive silica vein networks,
stockwork alteration and boxwork structures (e.g., Figure 4A,C,D).

This silicification process is suggestive of a wet-to-dry scenario, whereby a change
either in weathering conditions from a tropical climate to a seasonal or semi-arid environ-
ment promotes silica precipitation [12,14] or a restriction to drainage, promoting extensive
silicification at the water table [14]. The extent of the silicification and its impact upon the
IOL is evident in Figure 20A, with the seemingly retrograde laterisation step shown by the
dashed line, whereby the samples of silicified ferruginous saprolite (SAPSILFE) have an
average IOL value of 45.

Considering the importance of MgO and SiO2 in the weathering of ultramafic bodies
and the enrichment of Fe2O3 and Al2O3 during the laterisation process, [9] developed
the quantitative ultramafic index of alteration (UMIA) that has recently been utilised to
describe laterite development e.g., [6,9,15,86]. The UMIA is calculated using molar ratios
from Equation (2):

UMIA = 100 × [(Al2O3 + Fe2O3)/(SiO2 + MgO + Al2O3 + Fe2O3)] (2)

The serpentinite at Piauí has an UMIA between 5 and 6 while the saprock evolves
from 5 at the lower part of this unit up to 10 close to the Mg-discontinuity at the saprock-
SAPSILFE interface. These values are well matched to those for similar rocks at other
laterite deposits [9,15,86]. The ferruginous saprolite SAPFE varies from 25 to 55, well below
the values calculated for limonite horizons [9,15,86], again reflecting the persistence of
phyllosilicates and clays within SAPFE. This developmental pathway can be indicated on
the AF-S-M plot in Figure 20B by the dotted line where the loss of MgO and SiO2, and
limited enrichment on Fe2O3 is evident. The silicification process is also well highlighted
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in Figure 20B where the enrichment of the ferruginous saprolite in SiO2 is indicated by the
dashed line and the SAPSILFE samples develop lower UMIA values (13–31) compared to
those of the SAPFE samples.

Figure 20. (A) Wt% SiO2-Al2O3-Fe2O3 (SAF) ternary plot showing the alteration trend during
laterisation of the dunite protolith (dotted arrow) and the subsequent impact of late stage silicification
(dashed arrow). (B,C) Molar ternary plots in UMIA space (SiO2-MgO-Fe2O3-Al2O3) showing the
weathering trends of the dunite and troctolitic intercalations. (B) Highlighting the changed trend
due to silicification of the SAPFE unit. Gold star represents average troctolite composition from [27].
(C) The bauxitisation trend associated with the formation of SAPMG and SAPAL compared to the
laterisation process of the saprock SAPFE and SAPSILFE units.

The bulk chemistry for the ultramafic zone dunite reported by [27] is very similar
to that of the serpentinised dunite of the Piauí laterite (Table 4), with the olivine of the
ultramafic zone dunite containing 1000–3000 ppm NiO [27], suggesting this is the source of
the Ni in the bulk of the laterite profile. The dunite olivine has up to 2800 ppm MnO [27],
but the serpentinisation phase does not produce nickeliferous or manganiferous serpentine
(Table 5). Instead, the serpentine-I is low in trace elements although Mn-bearing Ni and
Co-rich magnetite (Figure 9) formed along with asbolane (Figure 11) containing ~7 wt% of
both Co and Ni (Table 5).

The weathering process consumed any remaining olivine, producing Ni-bearing
serpentine-II in the saprock. This serpentine-II is richer in Ni and Fe than serpentine-I and
thus, is substantially more resilient within the weathering profile than the first formed,
trace element-poor serpentine. This process preserved the igneous textures and further
increased the porosity with the Si/Mg ratio increasing from 0.75 in the serpentinite to 0.98
in the saprock, just below the Mg-discontinuity e.g., [15]. High Si/Mg ratios during this
phase may have induced the formation of the pimelite and nickeliferous talc bearing silica
nodules within the ferruginous saprolite (prior to the late-stage conversion of SAPFE to
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SAPSILFE) just above the saprock e.g., [15,87]. Continued saprolitisation developed the
ferruginous saprolite above the saprock and Mg-discontinuity, within which the less mobile
elements Fe, Cr and Al are concentrated (Table 4) relative to the saprock and serpentinite.

In addition to the silicification process, the Piauí laterite profile is further complicated
by the presence of the green (SAPMG) and white-green (SAPAL) layers. These have
weathered via a different mineralogical pathway to the main parts of the profile based in
part on a different starting mineralogy, geochemistry and texture, but perhaps also due
to enhanced fluid flow pathways at the interfaces between the ferruginous saprolite and
these layers. SAPMG and SAPAL are, in general, substantially richer in Al2O3 compared
to SAPFE or SAPSILFE, while SAPMG has retained between 13 and 30 wt% MgO, levels
approaching those of the saprock and serpentinite (Tables 1, 2 and 4).

Salgado et al. (2016) [27] show that the ultramafic zone dunite has numerous troctolite
intercalations or layers, with significant levels of plagioclase associated with the olivine.
Moreover, in places, the ultramafic zone dunite possesses layers (from a few cm to several
metres thick) characterised by larger amounts of interstitial minerals, particularly plagio-
clase. Troctolites within the transition and upper zones of the Brejo Seco–Piauí Complex
possess 16–21 wt% Al2O3, 10–20 wt% MgO and 5–15 wt% Fe2O3 [27]. Importantly, however,
the analyses of [27] show that these troctolites contain substantially lower Ni (100–750 ppm)
than the dunite (1500–3300 ppm). The SAPMG and SAPAL units at Piauí likely derive
from similar troctolitic intercalations/layers, and while the geochemistry of SAPMG is very
variable (Table 2), average values (Table 4) do relate well to the troctolite chemistry of [27].

Considering the high concentrations of Al2O3, the initial serpentinisation of the troc-
tolitic layers may have produced a mixed chlorite and serpentine (serpentine-I) assemblage
where both phases had low Ni contents. The onset of saprolitisation provided substantial
Ni into these chloritic layers, stabilising the chlorite by Ni for Mg exchange while the
more soluble serpentine is lost [14], with the elevated levels of Ni permitting the occa-
sional formation of nimite. During continued saprolitisation of the whole profile fluid
flow may have become concentrated around the margins of the intercalated layers, as
reported to have occurred at the Siberia Complex, Western Australia [88], further depleting
the MgO and SiO2 in these areas, leaving Al2O3-rich layers dominated by kaolinite (with
aluminous vermiculite and smectite), associated with the margins of the chloritic SAPMG
layers. Moreover, if the Ni content of the chlorite in these margins was less than for the
chlorite in the core regions of the layers (as suggested by Table 2) then these would have
been preferentially solubilised [14], enhancing the alteration in the margins to produce the
SAPAL units (Figure 3D).

Such an alteration pathway can be envisaged in Figure 20B, where an initial troctolite
composition evolves into a MgO enriched saprolite (SAPMG), while the highly leached
margins of the intercalated troctolite become very depleted in MgO. The alteration pathway
of these green and white-green saprolitic layers may be better described as bauxitisation
rather than laterisation, as it progresses entirely along a SiO2 + MgO − Al2O3 join, as seen
in the A-SM-F plot of Figure 20C.

6.2. Element Mobility during the Piauí Laterite Formation

Within the main part of the Piauí profile, the silicified ferruginous saprolites have
the highest average ΣREE (36 ppm), while the serpentinite, saprock and SAPFE all have
similar abundances with average values of 3.5, 5 and 12, respectively. Although only two
saprock samples were analysed, the one closest to the serpentinite has the lowest levels of
REE, while the one closest to the Mg-discontinuity has REE values between those of the
two ferruginous saprolite units, with a general trend very similar to that displayed by the
SAPSILFE samples (Figure 6) and the overlying SAPSILFE. While there is no true limonite
unit in the Piauí profile, elevated REE levels in the upper saprock are similar to those
reported for the saprolites of Loma de Hierro [15] and Ibra [89], in contrast to the highest
levels being reported for the limonites at Punta Gorda, Loma Caribe, Loma Peguera [8]
and Wingellina [6]. In general, though not always, the oxide-rich zones have REE trends
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revealing enrichment in LREE, while the saprolite and protolith/bedrock show flat trends
across the REEs. At Piauí, the SAPSILFE and upper part of the saprock show LREE
enrichment, while the serpentinite, saprock and SAPFE show no consistent enrichment
across the REEs (Figure 6).

The SAPMG and SAPAL units are very much enriched in REE relative to the other parts
of the Piauí profile, with maximum ΣREE values of 626 ppm and 1292 ppm, respectively,
reflecting their troctolitic source, and all of these samples show a negative slope. There is
good correlation between the ΣREE and Mn (r = 0.70) and Co (r = 0.69) for the SAPMG and
SAPAL units, suggesting that the REEs may be hosted within Mn oxy-hydroxide phases,
but, contrary to previous findings [6,8,15], not across the other lithologies.

Serpentinisation of the dunite mobilised the Co and Ni to magnetite/spinel and into
asbolane, with a Co:Ni ratio averaging close to 1 (Table 5; Figure 11). Serpentine-I contains
very little Ni and no detectable Co (by EMPA), and the weathering stages of the profile
development initially resulted in Ni-bearing serpentine-II and nickeliferous chlorite. We
have no evidence for Co hosted within serpentine, contrary to the findings of [53], who
used linear combination fitting of XANES data to confirm that serpentine in laterites from
the Goro Peninsula, New Caledonia, contain Co. As the saprolitisation process continues,
asbolane within the serpentinite is reworked to produce low-Al asbolane-lithiophorite
intermediates with an average Ni:Co ratio of about 3.5 (Figure 11), reflecting the increased
availability of Ni as the silicates are removed. While Ni-rich goethite is commonplace
across the main lateritic profile units, SAPSILFE and SAPFE, we find that Co incorporation
into goethite has a strong dependency upon Mn, such that the only Co bearing goethites
are those with significant levels of Mn. This may reflect local reworking or dissolution
of asbolane within an increasingly Fe-rich environment, or direct formation from Co and
Mn-rich magnetite.

The uppermost unit of the profile (SAPFE) has the highest levels of Co, Ni and Mn from
the main profile, with these elements hosted primarily within low-Al asbolane-lithiophorite
intermediates and goethites, and there is no textural or geochemical evidence to suggest
that the asbolane-lithiophorite intermediates within SAPFE are a different generation to
those from SAPSILFE. Indeed, there is no strong evidence for multiple generations of
Mn oxy-hydroxides within the SAPFE or SAPSILFE profile units. Moreover, it is possible
that the remobilisation of Ni and Co downward within the profile, as is common in other
deposits, has not occurred at Piauí, as either the lateritisation process has not proceeded
far enough, or perhaps due to the change in weathering environment and the extensive
late-stage silicification. Limited downward mobilisation and enrichment of Ni was also
suggested for the Intex deposit, correlating with the less advanced degree of weathering
overall [86].

This observation correlates with the limited evidence found for microbial weathering
or a microbial contribution to metal enrichment. The present day Piauí laterite contains a rel-
atively low diversity of prokaryotes and fungi, commonly associated with soil/rhizosphere
environments, rather than necessarily reflecting the laterite geochemistry. While it was not
possible to identify many of the fungal species, the prokaryotic community is primarily
composed of bacteria capable of oxidising simple N and C compounds and Mn(II) and Fe(II)
under oxic or suboxic conditions, and a small proportion of sequences are closely related to
Fe(III)- and sulphur-reducers, which could suggest there is potential for active microbial
metal cycling in the Piauí laterite, and associated redistribution of redox sensitive metals.
However, microcosm experiments conducted to stimulate metal-reducing conditions in
sediments collected from different horizons of the laterite showed limited evidence for
metal mobilisation. Therefore, it is unlikely that active biogeochemical cycling of metals is
occurring and contributing to Co enrichment in the present day Piauí laterite. Correlations
between Co and Mn are likely to be a relic of parent rock weathering, rather than due to
biogeochemical processes; a conclusion that agrees well with the mineralogical associations.

The presence of the SAPMG and SAPAL layers within the Piauí profile have had a
profound effect upon the mobility of Co, Ni and Mn. The chlorite dominated SAPMG
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layers have the highest Ni concentrations, with substantial amounts of Ni hosted within
chlorite (Table 7; Figure 14). Additionally, chlorite within SAPMG is also the only silicate
phase we identified that hosts levels of Co detectable by EMPA (Table 6). SAPAL has the
highest levels of Mn and Co across the entire deposit, more than double the levels of Co
and almost double the levels of Mn compared to SAPFE, the next most concentrated unit
(Table 4). The elevated levels of Mn in SAPAL are reflected by the high number of Mn oxy-
hydroxide grains, and the field observations of regions of concentrated Mn oxy-hydroxide
formation as layers or coatings at the SAPAL boundary with the ferruginous saprolite
(e.g., Figures 3E and 4E –G). These Mn oxy-hydroxides, along with those in SAPMG, are
all rich in Al and are classed as asbolane-lithiophorite intermediates (Figure 11) and have
an average Ni:Co ratio of ~4. Within these intermediates, the Ni is incorporated as Ni(OH)2
within the interlayer.

Dublet et al. (2017) [53] proposed that within laterite profiles Co is progressively
incorporated in Mn oxy-hydroxides as oxidized Co3+ as the serpentinite is weathered to
saprolite and further to limonite. Using XANES, EXAFS and STXM we find, however,
that in the Al-rich, clay dominated SAPMG and SAPAL, there is substantial Co2+ in the
asbolane-lithiophorite intermediates hosted within the interlayer, while the Co3+ replaces
Mn in the MnO6 layers. There is no evidence for the presence of nanoscale goethite, that can
contain Co2+ [53], and it is possible that in parts of the asbolane-lithiophorite intermediate
grains all the available sites in the MnO6 layers that are required for the oxidation of
Co2+ to Co3+ are used up. Potentially, the geochemical and Eh/pH properties of the Mn
oxy-hydroxide forming fluids within SAPMG and SAPAL are different to those of the
ferruginous saprolite at Piauí and in other laterite deposits, promoting the precipitation
of asbolane-lithiophorite intermediates as surface coatings and that limit the oxidation
of Co2+ upon incorporation into the Mn oxy-hydroxide structure e.g., [56,90]. In essence
there is the potential for the development of redox fronts at or close to the SAPAL and
ferruginous saprolite boundary, similar to the changes in Eh and pH between lateritic clay
and limonite zones [88], a mechanism suggested for the similarly silicified, clay rich deposit
at Ravensthorpe [91].

Additionally, it may be that the seasonal or reduced rate of the lateritisation process at
Piauí related to a change in climatic conditions, silicification and limited drainage promoted
more reducing conditions with hydromorphic activity at the SAPAL–ferruginous boundary,
e.g., [3], or even precluded the gradual reworking of these Mn oxy-hydroxides and subse-
quent complete oxidation of Co2+ to Co3+. The presence of Al in the asbolane-lithiophorite
intermediates may make these Mn oxy-hydroxides more resistant to weathering and subse-
quent reworking e.g., [92]. Nevertheless, the presence of these SAPMG and SAPAL layers
have clearly influenced the local precipitation and nature of the Mn oxy-hydroxides, and
moreover, the fluid flow within the adjoining ferruginous saprolite, further supported
by the localised precipitation of romanechite phases. The SAPMG and SAPAL layers
have effectively created a hydrologic barrier promoting Eh/pH conditions suitable for Mn
oxy-hydroxide precipitation further into the ferruginous saprolite and channelling Ni and
Co-rich fluids into these regions (e.g., Figure 4E,F), as shown to have occurred in the laterite
deposit over the Siberia Complex Laterite, Western Australia [88].

7. Conclusions

The laterite profile at Piauí is essentially an oxide type deposit, though the lack of a
true limonite layer and the presence of clay rich units dominated by chlorite, smectite and
kaolinite give the profile some clay silicate deposit characteristics. The deposit formed on a
serpentinised dunite that contained many troctolitic intercalated layers relatively rich in
Al compared to the rest of the ultramafic protolith. The profile was further complicated
by a change in climatic and weathering conditions that induced late stage silicification
throughout the saprolite units.

Within the ferruginous saprolite layers (SAPSILFE and SAPFE), goethite is volumetri-
cally the most significant Co and Ni bearing mineral, while low-Al asbolane-lithiophorite
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intermediates possess the highest concentrations of these elements. Within the intercalated
green and white-green layers (SAPMG and SAPAL) chlorite is volumetrically the most
significant Ni bearing mineral, with concentrations of Ni up to 24 wt% Ni. Al-rich asbolane-
lithiophorite intermediates and Ba-rich romanechite with high concentrations of both Co
and Ni are associated with these two layers often concentrated at the interface between the
SAPAL and ferruginous saprolitic units.

The Co and Ni are structurally bound within the asbolane-lithiophorite intermediates,
such that Co3+ substitutes for Mn in the MnO6 layers and Ni is hosted as Ni(OH)2 within the
‘brucite-like’ layers. Substantial levels of Co2+ are identified structurally bound within the
asbolane-lithiophorite intermediates, a finding that may be unique to Piauí, associated with
its complex petrologic structure and formation history, or may reflect the limited number
of equivalent studies on other similar deposits. The formation of the asbolane-lithiophorite
intermediates, romanechites and other Mn oxy-hydroxide minerals is associated with redox
cycling whereby fluid flow is strongly affected by the presence of the SAPMG and SAPAL
layers or where these layers locally impart a defining influence on the redox properties of
the metal loaded fluids.

The mineralogy of limonites has a profound impact on their leaching properties [93]
and knowledge that Co is predominantly present in Mn oxy-hydroxides and Ni in clays may
be used to target mineral processing methods to recover these elements. The mineralogy
and geotechnical properties of the Piauí laterite make it very amenable to long term
atmospheric heap leaching to extract the Co, Ni and other technologically significant metals.
Indeed, the application of tailored short-duration bioreductive technologies, e.g., [48,49],
have the potential to specifically target the Mn oxy-hydroxides and the Ni-rich clays at
Piauí to recover the Co and Ni hosted within these phases [35,94].
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Abstract: As the global energy sector is expected to experience a gradual shift towards renewable
energy sources, access to special metals in known resources is of growing concern within the EU and
at a worldwide scale. This is a review on the Fe–Ni ± Co-laterite deposits in the Balkan Peninsula,
which are characterized by multistage weathering/redeposition and intense tectonic activities. The
ICP-MS analyses of those laterites indicated that they are major natural sources of Ni and Co, with
ore grading from 0.21 to 3.5 wt% Ni and 0.03 to 0.31 wt% Co, as well as a significant Sc content
(average 55 mg/kg). The SEM-EDS analyses revealed that fine Fe-, Ni-, Co-, and Mn-(hydr)oxides
are dominant host minerals and that the enrichment in these elements is probably controlled by the
post-formation evolution of initial ore redeposition. The paucity of rare earth element (REE) within
the typical Fe–Ni laterite ore and the preferential occurrence of Co (up to 0.31 wt%), REE content (up
to 6000 mg/kg ΣREE), and REE-minerals along with Ni, Co, and Mn (asbolane and silicates) towards
the lowermost part of the Lokris (C. Greece) laterite ore suggest that their deposition is controlled by
epigenetic processes. The platinum-group element (PGE) content in those Fe–Ni laterites, reaching
up to 88 µg/kg Pt and 26 µg/kg Pd (up to 186 µg/kg Pd in one sample), which is higher than those
in the majority of chromite deposits associated with ophiolites, may indicate important weathering
and PGE supergene accumulation. Therefore, the mineralogical and geochemical features of Fe–Ni
laterites from the Balkan Peninsula provide evidence for potential sources of certain critical metals
and insights to suitable processing and metallurgical methods. In addition, the contamination of
soil by heavy metals and irrigation groundwater by toxic Cr(VI), coupled with relatively high Cr(VI)
concentrations in water leachates for laterite samples, altered ultramafic rocks and soils neighboring
the mining areas and point to a potential human health risk and call for integrated water–soil–plant
investigations in the basins surrounding laterite mines.

Keywords: Fe–Ni–Co laterites; critical metals; REE; PGE; Cr(VI) contamination

1. Introduction

As gradual shift towards renewable energy sources on a global scale, access to partic-
ular raw materials or critical metals (CM), such as platinum-group elements (PGE), rare
earth elements (REE), and scandium (Sc), with potential presence in known resources is a
growing concern within the European Union (EU) and in a worldwide scale [1,2]. Although
the production for these metals is mostly derived from magmatic deposits, volcanogenic
massive sulfide (VMS) deposits, the black shale-hosted deposit in Finland and Sweden,
and deposits of supergene origin associated with the release of major and trace elements
from the alteration of related rocks [1,3–7], deposits of Fe–Ni ± Co laterite may be a po-
tential resource for critical metals as well [8,9]. Ni laterites contain about 60–70% of the
world’s nickel resources and account for about 40% of the world’s nickel production, with
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the remainder coming from sulfide ores [10]. The Ni–Co laterite deposits provide one of
the two major natural sources of nickel and cobalt and became of economic importance
with the recent increasing industrialization of developing countries [11]. The type of Ni–
Co laterites developed by chemical weathering of ultramafic rocks with potential post
redeposition enrichment of weathering products may occur above weathered bedrock.
Among others, they have been described in the Philippines (Taganito/Adlay), in Western
Australia (The Murrin Murrin deposit), in New Caledonia, Indonesia, and the Dominican
Republic [11–13]. Recently, the Fe–Ni ± Co type of laterites is an attractive research topic
due to their large tonnage, easy exploitation (open pit mining), a significant development
of a Ni and Co demand, and the technological innovations implemented by exploration
companies [11,12]. With respect to known classifications, three mineralogical subtypes
of Fe–Ni ± Co laterite deposits are recognized: the oxide, hydrous Mg–silicate, and clay
types, with median Ni and Co grades, 1.14% and 0.09% of the oxide type, 1.44 and 0.06%
for the Mg type, and 1.27 and 0.06% for the clay type [11,13]. The Fe–Ni laterite deposits
in the Balkan Peninsula are associated with ophiolites, which represent a remnant of the
Tethyan oceanic lithosphere, located in the Mirdita–Sub-Pelagonian and Pelagonian geotec-
tonic zones [14]. They provide some 2–3% of the World’s total Ni and include deposits in
Serbia (Topola), in N. Macedonia, former F.Y.R.O.M. (Rzanovo), Albania (Bitincka, Gouri-
Perjuegjiun, and Katjeli) and Greece (Lokris, C. Evia, Kastoria, Vermion, Paleochori, Edessa,
Olympos) (Figure 1) [15–21].

Figure 1. Sketch map showing the Pelagonian (A), Sub-Pelagonian (B), and Axios (C) geotectonic
zones in the Balkan Peninsula, and the distribution of ophiolites and the associated Fe–Ni ± Co
laterite deposits.

Furthermore, the weathering/alteration of laterite deposits and parent ultramafic
rocks, mining, and large volumes of smelting residues (slag) are potential sources of envi-
ronmental hazards for terrestrial and aquatic ecosystems, food quality, and socioeconomic
problems [1–4,10,11]. An evaluation of the environmental risks associated with a possible
exploitation of the deposits may contribute to the potential ways forward to protect soil
and groundwater for human health and ecosystems. The present study focuses on the
combination of Ni–Co–Mn mineral chemistry with geochemical characteristics of laterites
from the Balkan Peninsula, which offer a variety of laterite types. The aim is the delineation
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of geochemical constraints as a contribution from the origin, genesis and exploration of
critical metals (REE, PGE, Co, Sc) in laterites to the environmental impact from mining and
plant processes of laterite ores.

2. Geological Outline of Fe–Ni ± Co Deposits and Occurrences in the
Balkan Peninsula

Based on national mineral resource agencies, approximately 500 Co-bearing deposits
and occurrences have been identified in 25 countries in Europe [9]. The measured mineral
resources in Greece are 220,000,000 tons [9,11]. The Ržanovo deposit, located close to the
contact between the Axios zone and the Pelagonian massif, is one of the largest Fe–Ni
± Co deposits in the Axios zone [20]. In general, large Fe–Ni–Co laterite deposits, which
have been exploited for many years, are mainly related to the extensive lateritization of
ultramafic ophiolites in the Balkan Peninsula (Shebenik–Pogradec Massif at the central
and southern part of the Mirdita ophiolites—Sub-Pelagonian and Pelagonian geotectonic
zones) into Greece and by extension the Anatolides zone of western Turkey [20,22]. Major
deposits show a complete weathering profile that comprises: (1) a lower zone of saprolitized
peridotite with or without partially weathered core stones; (2) a transition zone which
may be dominated by quartz or smectite clays; (3) a ferruginous saprolitic limonite zone;
(4) a recrystallized and locally transported limonite zone; and (5) a goethite–hematite
zone [23]. Although Fe–Ni ± Co laterites in the Balkan Peninsula, related to Upper
Jurassic–Lower Cretaceous serpentinized ultramafic ophiolites, may be partially preserved
in situ, they are mostly allochthonous, redeposited as marine sediments, and buried by
later sedimentary rocks [22]. The laterite ores have commonly been transported and
redeposited either onto peridotites, such as at Kastoria, W. Vermion, and Palaiochori
(Greece), Bitincka and Guri–Pergjegjum (Albania), or onto limestones, such as at Lokris
(Aghios Ioannis), Katjeli (Albania) (Figures 1 and 2A). Those laterite deposits are often
overlain by a sequence of mudstone, limestones, and organic carbon-rich mudstones,
which have been attributed to a stagnant reducing marine environment during tectonic
down warping [15]. In particular, the Katjeli Fe–Ni deposit lies on karstified Jurassic
limestone, and it is conformably overlain by a Tertiary series consisting of small beds of
lignite and sandstone intercalation and molasses. The exploited ores have been reworked
due to repeated marine transgression and regression, deposited in a shallow marine
environment, and affected by thrust faulting [15,17,22,24]. They can be divided into those
which are unconformably overlain by Early Eocene shallow marine sediments, such as the
Kastoria and Katjeli deposits in the Balkan Peninsula, and those overlain by Cretaceous
limestones, such as the Lokris [15,17]. Specifically, the Kastoria Fe–Ni deposit is located in
northern Greece (Figure 1), NNW of Kastoria town, is developed on Upper Jurassic–Lower
Cretaceous serpentinized ultramafic ophiolites of the Mirdita–Sub-Pelagonian zone, and is
overlain by Tertiary molasses. A goethite zone, 5-m thick, consisting mainly of goethite and
hematite overlies a weathering crust [18,25]. At the W. Vermion (Profitis Elias), ophiolites
are mainly comprised of large peridotite masses of harzburgite, dunite, and orthopyroxene–
dunite. The weathering crust is overlain by a highly silicified zone, while the ore is pelitic
at its lowest part and becomes pisolitic towards the top. The Fe–Ni ore is mainly composed
of goethite, hematite, Ni-bearing chlorite, quartz, calcite, and chromite. Talc is common
in the lowest part of the ore, while illite is dominant in its upper part. In a distance of
less than 1 km north of the Profitis Elias Ni laterite deposit, the Parhari deposit of bauxite
laterite is located in an area where mafic rocks (diabases) are the dominant rock types [18].
More attention is paid to the Lokris (Aghios Ioannis) Fe–Ni laterite deposits (Figure 2) of
allochthonous origin because of the association of Fe–Ni ore with the bauxite laterite at the
Nissi–Patitira location, and the relatively high contents of critical metals [22,24,26].
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Figure 2. (A) Schematic stratigraphic sections of the most representative laterite deposits in the Balkan Peninsula. (B) Sim-
plified geological map, after LARCO GMM (General Mining and metallurgical Company), cited in ProMine Project [27]
showing the location of the main Fe–Ni laterite deposits at Lokris (Aghios Ioannis).

Small (1 m × 15 m) lens-like Fe–Ni occurrences, metamorphosed to amphibolite
facies (probably erosional remnants of redeposited laterites), are found in the E. Vermion,
Edessa, Olympos, and Skyros islands of Greece (Figures 1 and 2A) and are overlain by
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Cretaceous limestones [19]. The dismembered ophiolite masses of Upper Jurassic–Lower
Cretaceous age, which consist of mainly serpentinized harzburgite and, to a lesser extent,
crustal magmatic rocks (pyroxenites and gabbros), outcrop along the eastern margin of the
Pelagonian massif [28]. Due to intense tectonism, the Fe–Ni laterite occurrences are often
entirely enclosed within serpentinized harzburgites [19].

3. Methods of Investigation

Due to the heterogeneous character of most Ni laterite deposits, samples of a mini-
mum 2 kg weight were collected from surface exposures. Although the analytical methods
applied for the determination of major and trace elements in rocks, laterite ores, groundwa-
ter, and water leachates, including Cr stable isotopes and As speciation, is provided in the
relative publications [29–31], a brief outline is given here. Two samples of metallurgical
residue (slag samples, Slag96 and Slag14) from the Larymna plant, kindly provided by
the mining company GMM LARCO (March 1996 and November 2014, respectively), and
representative samples of ultramafic altered rocks were analyzed. Major and trace elements
were determined by atomic absorption at the Institute of Geology and Mineral Exploration,
Greece, and minor and trace elements were obtained by Inductively Coupled Plasma Mass
Spectrometry (ICP–MS) analysis, after multi-acid digestion (HNO3–HClO4–HF–HCl) at the
ACME Laboratories Ltd., Vancouver, BC, Canada. Platinum-group element (PGE) analyses
were carried out using the Ni-sulfide fire-assay pre-concentration technique, with the nickel
fire-assay technique from large (30 g) samples at Genalysis Laboratory Services, Perth,
Australia. This method allows for complete dissolution of samples. The detection limits
were 1 ppb for Pd, 10 ppb for Pt, and 5 ppb Au. CDN–PGMS–23 was used as standard.

Representative surface (up to 20 cm) soil samples from the rhizosphere of plants and
corresponding plants/crops covering some sites surrounding laterite deposits have been
analyzed by inductively coupled plasma mass spectroscopy (ICP/MS) after aqua regia
digestion at ACME Laboratories Ltd., Vancouver, BC, Canada.

A series of batch leaching experiments have been carried out, using natural water in
order to study the long-term leaching responses of Cr under atmospheric conditions [31].
For these experiments, 20 g of a crushed ore, metallurgical residue (slag), rock, or soil
sample and 150 mL of natural water were transferred in a 200 mL Erlenmeyer flask at
room temperature. The reaction flask was shaken at approximately 120 rpm by a reciprocal
shaker for 5 weeks. After the period of shaking, the slurries were filtered through a 0.45 µm
polyamide membrane filter. Furthermore, following the same methodology, except the
shaker time, which was 24 h in this case, water leaching experiments were carried out in
the present study.

Since oxidative weathering of Cr-bearing ultramafic rocks facilitate the oxidation of
Cr(III) into water-soluble Cr(VI) and back again, the chromium isotopes have been applied
in the investigation of contaminated groundwater and water leachates. Water and water
leachates in an appropriate amount to have approximately 1 µg of Crtotal were used for
the determination of the Cr isotope composition following the method described by [29].
Both Cr concentrations and isotope ratios were analyzed using an IsotopX/GV IsoProbe
T thermal ionization mass spectrometer (TIMS) equipped with eight Faraday cups at the
University of Copenhagen, Denmark. Four Cr beams (50Cr+, 52Cr+, 53Cr+, and 54Cr+)
were analyzed simultaneously with 49Ti+, 51V+, and 56Fe+ beams, which were used to
monitor interfering ions. The final isotope composition of a sample was determined as the
average of the repeated analyses and reported relative to the certified SRM 979 standard as
follows: δ53Cr(‰) = [(53Cr/52Crsample/53Cr/52CrSRM979) − 1] × 1000. The raw data were
corrected for naturally and instrumentally induced isotope fractionation using the double
spike routine. To assess the precision of the analyses, a double spike-treated, certified
standard reference material (NIST SRM979) was used.

A representative ore sample from the Nissi (Lokris) bauxite laterite deposit with
remarkably high As content (350 mg/kg in bulk) was investigated by Synchrotron Radia-
tion (SR). The SR micro-X-ray Fluorescence (µ-XRF) elemental mapping and micro-X-ray
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Absorption Fine Structure (µ–XAFS) spectra were both obtained in the X-ray beamline of
the Laboratory for Environmental Studies (SUL-X) of the ANKA Synchrotron Radiation
Facility (Karlsruhe Institute of Technology/KIT, Karlsruhe, Germany). For this purpose,
solid fragments of the ore were embedded into resin and polished, whereas powders of
reference minerals and compounds were pressed with cellulose to pellets. The SR µ-XRF
elemental maps and the As K-edge of the µ–XAFS spectra revealed that As is exclusively
correlated to Fe, occurring as As5+ in the form of arsenate anions (AsO4

3−) [30].
Thin polished sections of Fe–Ni laterites were investigated using a reflected light

microscope, a scanning electron microscope (SEM), and energy dispersive spectroscopy
(EDS). The SEM–EDS semi-quantitative analyses were carried out at the Department of
Geology and Geoenvironmemt, National and Kapodistrian University of Athens (NKUA),
using a JEOL JSM 5600 SEM (JEOL, Tokyo, Japan), equipped with the ISIS 300 OXFORD
automated energy dispersive X-ray analysis system. Analytical conditions were 20 kV
accelerating voltage, 0.5 nA beam current.

4. Mineralogical Characteristic Features

The texture characteristics of Fe–Ni ± Co ores from the Balkan Peninsula reflect
a multistage evolution of the mineralogy and mineral chemistry of the mineralization.
Specifically, the Lokris Fe–Ni ± Co laterite deposits are mostly composed of goethite,
limonite, hematite, Ni-bearing chlorite, Fe-chlorite, rutile, quartz, calcite, and chromite,
while AlOOH polymorphs boehmite and diaspore are dominant minerals in the bauxite la-
terite; gibbsite, illite, kaolinite, montmorillonite, smectite, takovite, and Ni–Co lithiophorite
(13 wt% Ni and 9.2 wt% Co) replaced commonly by asbolane, manganomelane (6.2 wt%
Ni and 4.9 wt% Co), halloysite, and Al–Ni–Co–Mn silicates are more abundant towards
fractures and the lowest parts of the deposit [15,17,18,24–26]. A characteristic feature of
the transitional zone between the overlying sequence of limestones and the carbonate
basement of the laterite ores and organic carbon-rich mudstones is the presence of organic
matter (Figure 3c,d) [24]. In addition, the lowermost part of the Lokris bauxite laterite
deposit lying on karstified Jurassic limestone is characterized by the presence of abun-
dant rare earth minerals (Figure 3e,f), such as authigenic (hydroxyl)bastnaesite-(Nd) and
(La,Nd,Y)-bastnaesite, [26,29]. The Kastoria laterites, overlying a weathering crust, are com-
posed of a pelitic matrix (goethite, hematite), clastic grains of quartz and chromite, as well
as silicates (Fe–serpentine, talc), carbonates (calcite, siderite) and Mn-oxides (pyrolusite,
lithiophorite), occurring as more than one type: rounded fragments of goethite occur in a
subsequently formed matrix of (Fe, Mn, Ni)-hydrous oxides associated with detrital quartz
and chromite, while siderite and calcite cross-cut all previous formations (Figure 3g,h).
Fine-grained goethite, growing over the vestiges of microorganism cells (Figure 3i) suggests
the involvement of microorganisms in the deposition of goethite [24,26].
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Figure 3. Selected back scattered electron (BSE) images from the Lokris and Kastoria laterites. A
general overview from Lokris (a); the transitional zone between ore and overlying limestone showing
neoformed clusters of framboidal pyrite with fine crystals at the contour of early framboidal pyrite
(b); isolated and aggregates of bacteriomorphic goethite (goe) associated with quartz (qtz) (c,d) and
REE-minerals (e,f) from the contact of the lowest part of the Nissi–Patitira deposit with the carbonate
basement. Similarly, from the Kastoria Fe–Ni laterites showing different morphologies: Rounded
fragments of goethite in a matrix of (Mn,Ni)-goethite with goethite fragments of an earlier stage,
detrital quartz, and chromite (g); close-up view of morphology of fine-grained hematite crosscutting
earlier mineral phases (h); Mn-bearing siderite cutting all previous phases (h) and neo–formed
goethite growing over microorganism cells (i). Abbreviations: goe = goethite; chr = chromite;
py = pyrite; qtz = quartz; cal = calcite; sd = siderite; hem = hematite; REE = Rare Earth Elements.

In addition, a salient feature of the Nissi–Patitira deposit at Lokris is the existence
of transitional zones between a typical brown-red laterite ore, gradually grading to grey-
white, grey-black, pinkish-white, and pale green zones (Figure 4a), as well as different
goethite morphologies, with sub-micron spherulitic aggregates being the dominant micro-
textures (Figure 4b–f). The occurrence of As-bearing bacteriomorphic goethite in samples
with significant organic matter and the presence of C, N, Fe, Al, K, Si, Ca, Mn, and Ni
in goethite, probably due to the presence of microorganisms, has been emphasized in
previous studies [24,26].

120



Minerals 2021, 11, 1009

Figure 4. Field photograph (a) and BSE images (b–f) from unpolished parts of the Nissi–Patitira
bauxite laterite ore. Highly tectonized reddish to deep red laterite gradually grading to gray, pinkish
white, and pale green laterite ores along fractures and towards the carbonate basement limestones
(a); goethite (goe) of different morphologies, with sub-micron spherulitic aggregates being the
dominant microtextures (b–f); close-up view morphology of goethite (c,e) of the (b,d) corresponding,
resembling bacterial cells coated by goethite (black and white arrows).

The groundmass of pisolitic and pelitomorphic ore in the Palaiochori and Katjeli
deposits is fine grained, and it is mainly composed of iron oxides (goethite, magnetite, and
hematite), clastic grains of chromite, quartz, Fe-chlorite (chamosite), calcite, Mn-bearing
siderite, and Mn-oxides (pyrolusite) (Figure 4) [19]. Chromite grains are present in a
relatively small proportion, whereas the pisolitic ore overlies the pelitomorphic ore [32].
The occurrence of fossilized organic matter and different morphologies of goethite and/or
carbonate minerals (siderite) are common in the Lokris, Kastoria, Palaiochori, Katjeli, and
other deposits (Figures 3 and 5). The occurrence of chromite grains, inherited from the
parent ophiolitic rocks, is a common feature of all Fe–Ni laterite ores and bauxite-laterites.
They usually show a cataclastic texture, cemented by magnetite, or occur as chromite cores
surrounded by a zone of Fe chromite, showing a gradual decrease of Cr, Al, and Mg as
Fe increases outward from the core [33,34]. However, the alteration zone along cracks
and peripheral parts of chromite from the Palaiochori and Katjeli deposits is very limited,
and it is commonly darker in the BSE images (Figure 5c,e,f). A small amount of apatite is
also present in the ores from Edessa (Figure 5g), while the presence of organic matter is
common in Palaiochori and Katjeli deposits (Figure 5a,b,d).

The Fe–Ni ore in the W. Vermion is mainly comprised of goethite, hematite, Ni-bearing
chlorite, quartz, calcite, and chromite. Talc is common in the lowest part of the deposit,
while illite is dominant in its upper parts. Although the majority of the W. Vermion laterites
are classified as Fe–Ni–Co laterites, bauxite-laterite has been located lying on serpentinized
peridotites, at the Parchari area, in a distance of less than 1 km north of the Profitis Ilias
Ni laterite deposit [18]. The bauxite laterite ore is mainly comprised of goethite, hematite,
boehmite, Ni–Fe chlorite, illite, quartz, calcite, chromite, rutile, and small amounts of
pyrite [18]. Apart from the dominant peridotites, mafic rocks (diabases) are also present in
the Parchari area.
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Figure 5. Selected BSE images showing fossilized organic matter and different morphological forms
of goethite and/or siderite in Fe–Ni laterite ore from the Palaiochori and Katjeli deposits (a,b,d);
very limited alteration zone along cracks and peripheral parts of chromite from the Palaiochori and
Katjeli deposits (c,e,f); apatite in the ores from Edessa (g); magnetite and Fe-chromite surrounding
chromite cores (g,h); a negative correlation between (MnO + CoO + ZnO) content versus (FeO + MgO)
content (i) data from [19]. Abbreviations: ap = apatite; Fe-chl = Fe-chlorite; O.M. = organic matter;
mt = magnetite; as in Figure 3.

Most Fe–Ni ± Co deposits are dominated by Fe-oxyhydroxides as the main nickel
carrier, while the Mn-oxides are commonly enriched in Co and Ni, and zoned chromite
grains may contain Mn, Co, and Zn as well [19]. A common feature of the E. Vermion,
Olympos, Edessa, and Skyros small laterite occurrences, which are found on serpentinized
harzburgites, is the gradual increase of Mn, Co, and Zn outwards of the chromite, attaining
the greatest values at the periphery of chromite cores and in the Fe-chromite, reaching
values up to 13.0, 4.1 and 2.1 wt%, respectively, and dropping off to negligible values
in magnetite, as is exemplified by the plot of (MnO + CoO + ZnO) versus (MgO + FeO)
content and the strong negative correlation between them (Figure 5i) [19].

At the area of E. Vermio, there is abundant garnet (grossular) and calcite, while Ni is
mainly hosted in chlorite, serpentine, and theophrastite (Figure 6a), the latter containing
80 wt% NiO [35]. A (Co,Mn,Ni)-hydroxide with a wide compositional range occurs in
a spatial association with theophrastite and organic matter (Figure 6a,b,c). Hydroxides
dominated by Co, occur towards the central parts of the concentring development, while
the peripheral parts are dominated by Mn (Figures 6c–f and 7, Table 1). The association of
(Co,Mn,Ni)(OH)2 and theophrastite with silicate minerals (mostly Ni-serpentine), garnet,
and magnetite, all cross-cutting earlier deformation events (Figure 6), may have a common
origin in space. The theophrastite coexists with magnetite and frequently encloses tiny
grains of magnetite, both showing an orientation parallel to the general direction of the
schistosity (Figure 6a).
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Figure 6. BSE images of metamorphosed Fe–Ni laterites from E. Vermion. Theophrastite associated
with magnetite and garnet, in the form of crosscutting veinlets (a); the (Co–Mn–Ni)(OH)2 associated
with organic matter (O.M.) in a matrix dominated by garnet, well observed in unpolished parts
of the studied sections (b,c); close-up view morphology of (Co–Mn–Ni)(OH)2 (d–h), showing suc-
cessive thin layers, composed by fine fibrous crystals (h). Abbreviations O.M. = organic matter;
mt = magnetite; grt = garnet; chl = chlorite; Ni-srp = Ni-serpentine.

Figure 7. Plots CoO versus MnO, NiO, (a,b) and (CoO + NiO) versus MnO (c). Data from Table 1.
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Table 1. Representative SEM–EDS analyses of (Co–Mn–Ni)-hydroxides from metamorphosed Fe–Ni laterites from E.
Vermion.

Content in wt%
No. MnO CoO NiO Total No. MnO CoO NiO Total
V.1 25.0 38.0 17.4 80.4 V.12 34.0 25.7 19.6 79.3
V.2 40.0 14.5 26.0 80.5 V.13 14.6 53.9 10.9 79.4
V.3 14.0 54.3 11.2 79.5 V.14 20.0 44.3 15.4 79.7
V.4 15.4 52.5 11.4 79.3 V.15 35.0 16.2 29.1 80.3
V.5 15.3 51.3 13.1 79.7 V.16 32.0 24.6 22.0 78.6
V.6 17.3 49.7 12.8 79.8 V,17 33.0 24.6 22.0 79.6
V.7 17.1 49.4 12.9 79.4 V.18 34.0 25.0 21.0 80.0
V.8 19.2 46.9 13.3 79.4 V.19 53.0 9.5 18.0 80.5
V.9 21.2 44.4 13.9 79.5 V.20 42.0 17.6 20.0 79.6

V.10 25.0 37.3 17.3 79.6 V.21 41.0 21.7 17.0 79.7
V.11 35.0 23.4 21.3 79.7 V.22 50.0 10.4 19.2 79.6

4.1. Chemical Composition of Fe–Ni ± Co Laterite Ores

Detailed studies on major Fe–Ni laterite deposits of Greece, in the frame of the Euro-
pean GeoNickel project, reported several typical bulk compositions for major and trace
elements [36]. Representative analyses of various Fe–Ni laterite deposits and occurrences
from Greece, as well as Albania, Serbia, and N. Macedonia (former F.Y.R.O.M.), completed
for some critical element contents are shown in the Tables 2–5. Cobalt contents in laterite
samples from Fe–Ni laterite deposits of Greece (Lokris, Kastoria, Palaiochori, W, Vermion,
Olympos, Edessa, E. Vermion, and Skyros), Albania (Bitincka, Guri Pergjegjum, and Kat-
jeli), Serbia (Topola), and N. Macedonia, former F.Y.R.O.M. (Rzanovo), range from 180
to 1600 mg/kg, reaching values over 3100 mg/kg Co at the lowest contact of the Lokris
bauxite laterite deposit with the carbonate basement (Table 2). In addition, it is clear that
the REE, U, and Th are mostly associated with bauxite-laterites and to a lesser degree with
Fe–Ni laterites of karstic-type, whereas in Fe–Ni laterites with in situ features, such as the
Kastoria and Bitincka, the ΣREE content is <10 mg/kg, which appears to be consistent
with their mineralogical composition (Figure 3e,f). In particular, the lowest part of the
deposit lying on karstified Jurassic limestone is accompanied by an enrichment in ΣREE,
reaching values over 6000 mg/kg ΣREE, 66 mg/kg U, 25 mg/kg Th, and 1800 mg/kg As
(Table 2). In general, the Co grades in the Balkan Peninsula range between 0.02 and 0.16%
wt% Co and show a positive correlation with Ni and Mn (Figure 8). The majority of the Sc
contents of lanthanides were 32–90 mg/kg in the Lokris deposits; 41–77 mg/kg Sc in the
Kastoria, Palaiochori, and W. Vermion deposits; 30–82 mg/kg Sc in the Olympos, Edessa,
E. Vermion, and Skyros Fe–Ni laterite occurrences; and 12–96 mg/kg Sc in the Albania,
Serbia, and N. Macedonia, former F.Y.R.O.M., deposits (Tables 2–4). Increasing Fe contents
are accompanied by elevated Sc, the best positive correlation between Sc and Fe being
evidenced in the Lokris deposit and W. Vermion (Tables 2–5 and Figure 9).
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Figure 8. Plots of Co versus Ni and MnO from the Lokris (a,b), and other Fe–Ni laterite deposits
from Greece, Albania, Serbia, and N. Macedonia, former F.Y.R.O.M. (c,d), revealed the pronounced
positive correlation between Co and Ni, Mn at the lowest parts of the Lokris deposit, near the contact
with the carbonate basement. Data from Tables 2–5.

Figure 9. Plots of Sc versus Fe2O3 for Fe–Ni laterites and bauxite laterites from the Balkan Peninsula. The best posi-
tive correlation between Sc and Fe is observed in the Fe–Ni laterite deposits of Lokris (a) and W. Vermion (b). Data
from Tables 2–5.

Assuming that values >1 and <1 are called positive and negative anomalies, respec-
tively, chondrite normalized REE patterns show in general negative slopes from La–Eu and
slight positive slopes from Tb–Lu for the Fe–Ni laterites and bauxite laterite samples from
the Lokris and Evia (Figure 10a) and W. Vermion (Figure 10b), except the samples from the
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lowest part of the Lokris deposit, showing a negative Ce anomaly (Figure 10a). In addition,
a positive Nd anomaly in the later samples is observed that seems to be consistent with the
occurrence of (hydroxyl)bastnaesite-(Nd) and (La,Nd,Y)-bastnaesite (Figure 3e,f) [26,29,30].
Laterites from W. Vermion are characterized by positive Ce and Eu anomalies. In general,
negative slopes are a common feature of the chondrite normalized REE patterns of laterites
from northern Greece (Figure 10c), Albania, Serbia, and N. Macedonia, former F.Y.R.O.M.
(Figure 10d), with varying positive and negative anomalies.

Figure 10. Chondrite normalized REE-patterns for average values of samples from Fe–Ni laterites and bauxite laterites,
from the Lokris and Evia (a), Palaiochori and W. Vermion (b), Olympos, E. Vermion, Edessa, and Skyros (c) and Albania,
Serbia and N. Macedonia (former F.Y.R.O.M.) (d). Data from Tables 2–5.
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In general, the PGE content, reaching up to 88 µg/kg Pt and 45 µg/kg Pd (up to
186 µg/kg Pd in one sample), is higher in Fe–Ni ± Co laterites than in bauxite laterites
(Tables 2–5 and Figure 11d–f) and bauxites [37]. A common feature of the studied deposits
from the Balkan Peninsula, including two Fe–Ni laterite profiles from the Gouri-Perjuegjiun
and Bitincka deposits of Albania, the Kastoria, and W. Vermion laterites, is the higher
Pt than Pd contents in ores compared to parent peridotites, their concentration mostly
occuring in the pelitomorphic and pisolitic–oolitic types (Tables 2–5) [16,18].

Figure 11. Plots of Pt and Pd versus MnO (a–c) and chondrite normalized PGE patterns for Fe–Ni laterites and bauxite from
W. Vermion and Lokris (d–f). Data from Tables 2–5.

Any relationship between Sc and Pt or Pd is not clear, but there is a positive trend
in the laterite samples from W. Vermion (Figure 12a,b), whereas both Pt and Pd exhibit a
negative trend with the ΣREE (Figure 12b). In contrast, there is a positive trend between
the ΣREE and Th, U, and P2O5 contents (Figure 12c–e), as well as between Sc–P2O5
contents (Figure 12f).
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Figure 12. Plots of Pt versus Sc and ΣREE (a,b); Th and U versus ΣREE (c,d), and ΣREE, Sc versus P2O5 (e,f). Data
from Tables 2–5.
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4.2. Environmental Impact from Mining and Smelting of Fe–Ni Laterites

Integrated approaches to the soil–groundwater–plant/crops compositional variations
related to the weathering of rocks/ores, mining, and smelting of laterites and the prelim-
inary results of leaching experiments of Fe–Ni laterite have been presented in previous
publications and will be discussed. Furthermore, BSE images from the unpolished parts of
the Nissi (Lokris) bauxite laterite ore are given in the present study (Figure 4) in order to
discuss the role of organic matter into heavy metal biomobilization and biomineralization
in soil and the contamination of groundwater affected by rock/ore weathering and mining
of laterite deposits.

4.2.1. Metallurgical Residues (Slag)

The result of the reductive smelting of the laterite is the formation of two separate
phases, the metallic Fe–Ni and the slag residue. Bulk chemical analyses of representative
samples of pyro-metallurgical residue (slag96 and slag14 samples) from the Larymna plant,
indicated a significant Cr content (Table 6).

Table 6. Chemical composition of slag (smelting residue) from Fe–Ni–Co laterites, Larymna plant, Lokris.

Detection Detection
mg/kg Slag96 Slag14 limit mg/kg Slag96 Slag14 limit

Cu 16 15 0.5 Yb 1.0 1.1 0.5
Pb 5.0 6.2 0.5 Lu 0.5 0.5 0.5
Zn 180 92 5 Nb 4.3 4.1 0.5
Ni 2400 930 0.5 Y 16 15 0.5
Co 210 110 1 Hf 1.3 1.4 0.5
Mn 2700 2820 5 µg/kg
Cr 19,000 20,600 1 Pt <10 <10 10
As 12 6 5 Pd <1 <1 1
U 3.1 2.6 0.5 Au <5 <5 5
Th 5.8 5.3 0.5 wt%
V 250 260 10 Si 15.6 14.5 0.01
Zr 39 43 0.5 Fe 29.60 27.88 0.01
Sc 51 50 1 Al 2.81 3.97 0.01
La 20 16 0.5 Ti 0.07 0.17 0.001
Ce 39 27 5 Mg 3.70 5.15 0.01
Nd 10 10 10 Ca 2.58 3.97 0.01
Sm 2.3 3.3 0.5 Na 0.08 0.07 0.01
Eu 1.0 1.3 0.05 K 0.30 0.29 0.01
Tb <0.5 <0.5 0.5 S 0.16 0.17 0.05

However, preliminary results have shown that the Cr(VI) concentrations in water
leachates from the metallurgical residue (slag) of Fe–Ni laterite samples from Lokris were
very low (below 1 µg/L) [31].

4.2.2. Concentrations of Cr(VI) in Water Leachates for Fe–Ni Laterites and Bauxite Laterites

Preliminary results of the water leaching experiments for Fe–Ni laterite ores have
shown very low Cr(VI) concentrations in the samples from Lokris and up to 1200 µg/L
Cr(VI) in samples from the Kastoria deposit [31]. Further leaching experiments carried
out in the present study for Fe–Ni laterite deposits from the Balkan Peninsula showed
significant Cr(VI) concentrations in certain laterites from W. Vermion, the Bitincka, and
Guri– Pergjegjum (Albania) deposits and bauxite laterite samples from the lowest parts of
the Nissi deposit at Lokris (Table 7).
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Table 7. Concentrations of Cr(VI) in water leachates for Fe–Ni laterites and bauxite laterites from the Balkan Peninsula.
Present study and [31]. Symbol * = samples analyzed in a previous study.

Location Sample Cr(VI) Location Sample Cr(VI)
I.D. (µg/L) I.D. (µg/L)

Kastoria Guri-Pergjegium
Pisolitic z. Ka-7 * 750 Pisolitic z. G.P.40 40

Ka-6 460 G.P.41 50
Ka-5 500

Goethite z. Ka-4 * 1200 Goethite z. G.P.39 60
W. Vermion Lokris
Pisolitic z. W.V5 7 Laterite LT-18 * 1.8

W.V.6 26 LN-12 * 1.3
W.V.P2 12 LN-15 * 0.6

Goethite z. W.V.4 <4 LN-1 * 0.7
Bitincka Bauxite laterite LAR.4 140

Pisolitic z. Bi43 27 N3A 10
Bi44 90 N3B 21
Bi45 17 N-9A 200

N-9B 60
Goethite z. Bi47 4 N-P1 24

N-P2 66

5. Discussion

The development of critical elements’ production from local sources is considered to
be crucial in view of the future needs of industry in the EU [1]. The investigation of critical
metals in the frame of research projects, including the ProMine databases and EURARE
provide geological information and mineral resources for mineral deposits, mines, and
mining wastes and their assessment in relation to the importance of laterites for the EU
economy [1–8,27]. Although the production of Co in Europe is derived from magmatic
sulfide deposits, volcanogenic massive sulfides (VMS), hydrothermal deposits, and the
black shale-hosted deposit in Finland and Sweden, the Fe–Ni–Co laterite deposits may be
a potential resource for Co as well [6,9,11].

5.1. Cobalt Potential in Fe–Ni Laterites and Genesis of Co-Bearing Minerals

In hydrous Mg silicate type of deposits Ni and Co are higher in the lower part of the
saprolite, where nickel is hosted by Ni-bearing layer silicates, often referred to as garnierite
and Al–Ni–Co–Mn silicates [23,38]. The best-known example of this sub-type is the Goro
deposit in New Caledonia, which has a resource of 323 million tons, grading 0.11% Co
and 1.48% Ni [11]. In the clay silicate sub-type of laterites, Ni and Co are enriched in clay
minerals such as saponite and smectite in the mid to transition zone between the saprolite
and the limonite zone. Murrin Murrin in Western Australia is a good example of a large
Ni–Co deposit of this type. It has a combined resource of 231 million tons, grading 1.01% Ni
and 0.08% Co [39]. However, in the Balkan Peninsula and Turkey, Co grades and tonnages
are low compared to other deposits in New Caledonia, Australia, and Cuba [9].

The Fe–Ni laterite deposits in Greece account for about 80% of the nickel production
in the the Balkan Peninsula [40], while the Co reserves reported for the Fe–Ni–Co laterite
deposits in Greece contain almost 50,000 tons, including the Lokris, Evia, and Kastoria
deposits [22,41]. The cobalt contents in Fe–Ni laterite deposits of the Balkan Peninsula
rane from 180 to 1600 mg/kg Co and reach values over 3100 mg/kg Co at the lowest
contact of the Lokris bauxite laterite deposit with the carbonate basement, which also
yield the highest (0.8 wt%) Mn content (Table 2). In the Kastoria laterite deposit and at
the lowermost parts of the Lokris Fe–Ni laterite and bauxite laterite deposits, the highest
Co, Mn, and Ni contents (Table 2 and Figure 7) are mostly hosted in Ni–Co lithiophorite
replaced commonly by asbolane and manganomelane, which are more abundant towards
fractures [15,17,18,24,29].
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The presence of fragmented (Co, Mn, Ni)-hydroxides cemented by secondary silicates
at E. Vermion and the replacement of serpentine by Ni serpentine (Figure 6) suggest that
the Ni enrichment event post-dated that of the (Co, Ni, Mn)(OH)2 fragmentation. There
is a wide compositional variation in the (Co, Mn, Ni)(OH)2 and an excellent negative
correlation between MnO and the sum (CoO + NiO) (Table 1; Figure 7) with the highest Co
content (54 wt% CoO) of an unknown Co-hydroxide occurring towards the central parts of
the concentric aggregates (Figure 6). Those (Co, Mn, Ni)-hydroxides appear clearly post-
dated the transformation (schistosity) of main Fe–Ni laterite ore (Figure 6). The occurrence
of the nickel hydroxides [Ni(OH)2] in nature is rare. Theophrastite and Ni(OH)2 were
discovered in the metamorphosed laterites of the E. Vermion [35], and subsequently, it was
described in chromitites from the Hagdale Quarry, Unst, Shetland Islands [42]; in nickel
ores of the Lord Brassey mine, Tasmania, Australia [43]; and elsewhere [44]. Although a
significant mutual substitution of Mn2+, Ni2+, and Co2+ is facilitated in those hydroxides,
due to the similarity in their ionic radius, Co2+ (0.72 Å), Ni2+ (0.69 Å), and Mn2+ (0.80 Å),
they are very rare in nature [45]. The association of (Co, Mn, Ni)(OH)2 and Ni(OH)2 in
the studied deposits may reflect a common origin, subsequently of a strong late tectonic
evolution, which obscures earlier deformation events. The formation processes of the
Ni-hydroxide have been attributed to alkaline (in the pH region of 7 to 8) conditions due
to the neighboring limestone and to the low temperature (<200 ◦C) [46]. However, the
extremely tiny crystal size of these hydroxides and the unnamed Co-dominant hydroxide
require further research and interpretation.

5.2. The Co, Mn–Zn-Bearing Fe Chromite

A (Mn, Zn, Co) enrichment in the Fe chromite of zoned chromite grains (Figure 5g,h),
due to the substitution of Mg2+ and Fe2+ by Mn, Zn, and Co in the chromite lattice
(Figure 4i), has been recorded only in certain Ni laterite deposits and has been attributed
to the availability of Mn2+, Zn2+, and Co2+ in solution and to the Eh and pH conditions,
probably during diagenetic and meta-diagenetic stages of the laterite ore [19]. The lack of
any significant Mn, Zn, or Co enrichment and Fe chromite along cracks or peripheral parts
(Figure 5c,e) of chromite hosted in laterite ores from the Palaochori and Katjeli deposits,
hosting abundant fossilized organic matter (Figure 5a,b,d) may reflect a significant role of
the organic matter in the reduction of metals (Figure 5i). Nevertheless, the small portion
of chromite grains or fragments in Fe–Ni laterites and the occurrence of elevated Co in
small Fe-chromite zones of certain laterite occurrences only (E. Vermion, Olympos, Edessa,
Skyros Island) suggest that they must be considered a negligible source for Co production.

5.3. REE and Sc Potential and Their Genetic Significance

The highest productive potential of REE in the EU is recognized for alkaline igneous
rock deposits (Sweden, Greenland/Denmark), while a smaller potential is known for skarn
hydrothermal deposits and iron oxide-apatite deposits (in Sweden). Small carbonatite
deposits are known in Finland and Germany, while small placer deposits are located in
Spain [1,8]. In general, karst-type Fe–Ni laterites display REE contents ranging from a few
tens to thousands of mg/kg, depending on the site of the Ni laterite samples along vertical
profiles and on the post-deposition processes that affect their composition. Specifically, the
Fe–Ni laterites lying on peridotites such as the Kastoria, Bitincka, and Guri–Pergjegjum
(Albania) deposits show a low REE content, in contrast to the lowest part of the Lokris
deposit lying on karstified Jurassic limestone, exhibiting an enrichment in ΣREE, reaching
values over 6000 mg/kg ΣREE, 66 mg/kg U, 25 mg/kg Th, and 1800 mg/kg As (Table 2).
Such elevated REE content, along with Co, Mn, and Ni, may indicate the mobilization of
these metals under reducing and acidic conditions, and subsequently, redeposition under
alkaline conditions at the lowest parts at the contacts between laterites and carbonate rocks,
which is supported by the presence of the authigenic REE minerals (hydroxyl)bastnaesite-
(Nd) and (La, Nd, Y) bastnaesite at the Lokris deposit (Figure 3e,f); [26,30].
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The difference between the REE patterns of the laterite samples from the lowest part
with a negative Ce anomaly and the upper parts of the Lokris deposit with positive Ce
anomalies (Figure 10a) may reflect the oxidation of Ce3+ to Ce4+ and its incorporation into
other Ce-rich minerals [26]. In addition, a good positive correlation between the ΣREE
and P2O5 content (Figure 12e) may suggest the existence of secondary phosphate minerals
in the Vermion laterites, which have a significant P2O5 content (Tables 3 and 4). Thus,
Fe–Ni ± Co laterites in the Balkan Peninsula may contain a significant REE potential, but
it is probably controlled by the redox and pH conditions during the mobilization and
reprecipitation processes that caused metal leaching and residual enrichment throughout
deposit profiles and REE concentration at the lowest parts of the deposits [26,30,47].

Scandium, another critical element, is classified as a rare earth element by the Interna-
tional Union of Pure and Applied Chemistry, but although all the other REEs are present
in certain deposits, the Sc content may be insignificant [48]. Due to the similarity of the
Sc ionic radius with that of Mg2+ and Fe2+, which is smaller than that of any other REE, it
is mainly hosted in clinopyroxenes, in contrast to the REE-minerals [48]. After pyroxene
breakdown, Sc is released into percolating water where it is transported and exhibits a
positive correlation with Fe2O3 (Figure 9), suggesting its association with the Fe-oxides
in laterites. It is low (0.6 to 12 mg/kg) in weathered peridotites and saprolite zones, but
in laterite ores, it varies from 41 to 79 mg/kg (average 60 mg/kg) (Tables 2–5) [16,18,49].
Higher Sc contents, about 120 mg/kg (average approximately 70–80 mg/kg Sc) have been
recorded in the Fe–Ni laterites from Cuba and the Dominican Republic [12]. Thus, assum-
ing that Sc can be produced as a by-product of metallurgical processes or from tailings
and residues [49,50], resources with more than 20 mg/kg, such as Fe–Ni laterites from the
Balkan Peninsula can be considered as a Sc source.

5.4. Genetic and Economic Significance of PGE

The total PGE contents in Fe–Ni laterites around the world are in the range of less than
100 µg/kg to up to a few hundred µg/kg [51,52]. However, lateritic crust with 2 mg/kg
PGE over the Ora Banda Sill in Western Australia has been reported [53], as well as
more than 4 mg/kg PGE from Burundi [54]. In general, the platinum-group element (PGE)
content, reaching up to 88 µg/kg Pt and 186 µg/kg Pd is higher in Fe–Ni ± Co laterites than
in bauxite laterites (Tables 2–5 and Figure 11d–f), bauxites [37], and chromite concentrates
from ultramafic rocks [55]. A common feature of the studied deposits from the Balkan
Peninsula, including two Fe–Ni laterite profiles from the Gouri-Perjuegjiun and Bitincka
deposits of Albania, the Kastoria, and W. Vermion, is the higher Pt than Pd contents, higher
(Pt + Pd) contents in ores compared to parent peridotites, and their concentration mostly in
the pelitomorphic and pisolitic–oolitic types (Tables 2–5) [16,18]. Although PGE-bearing
or PGE minerals were not identified yet in laterites of the Balkan Peninsula, the elevated
PGE content in those laterites, and the presence of PGE-bearing mineral compounds at the
border of secondary Fe oxide(s) grains elsewhere [12] support the PGEs’ mobility during
weathering [56–60]. The higher solubility and mobility of Pd compared to that of Pt [61]
may be reflected in the observed decoupling between Pt and Pd in the allochthonous
laterites, as is exemplified by the higher value of the Pt/Pd ratio in the laterite deposits
than in the lowermost part of the Lokris deposit (Table 2). In addition, it has been suggested
that high Eh (0.3–1.11 V) and low pH (3–5) conditions caused the mobility of PGEs with
subsequently incorporation into Fe oxides in laterites of southeast Cameroon [52]. The
occurrence of secondary PGM in laterite profiles support the mobilization of PGEs during
weathering, lateritization, and post-depositional processes [12,18]. Thus, the existence of
high Pt and Pd (up to 88 µg/kg Pt and 186 µg/kg Pd) in laterite samples from the Balkan
Peninsula, which are much higher compared to those in typical chromitites [62], may be
related to the mobilization of PGEs during weathering, lateritization, and post-depositional
processes. In addition, the chromium isotope data for laterite are limited, laterite samples
from the Lokris and Kastoria deposits have shown highly variable δ53Cr values ranging
from −0.2 in the former to 1.08 ‰ in the latter, while the average (n = 3) of the δ53Cr values
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in water leachates was 0.79 ‰ for weathered ultramafic rocks [31], showing a negative
correlation with the Pt content (Figure 13).

Figure 13. Plot of Pt versus δ53Cr values for Fe–Ni ± Co laterites, chromitites, and weathered
ultramafic rocks from Greece and the Dominican Republic. Data from [12,31,63].

Therefore, the redox processes have a significant effect on the Cr isotope fractionation
and the Pt distribution in laterites. The low Pt contents and the low δ53Cr values in
chromitites may reflect mostly magmatic conditions (less redistribution), while the low
δ53Cr values and the relatively high Pt content in the Kastoria laterites suggest oxidation
of Cr to Cr(VI) during the redeposition of the laterite ore, the adsorption on goethite, and
the limited back-reduction to Cr(III). Assuming that during the reduction of the Cr(VI) to
Cr(III) the lighter chromium isotopes (52Cr) are preferentially reduced, an enrichment of
53Cr relative to the values of 52Cr is recorded [29]. Thus, the lower Pt content and higher
δ53Cr values in the Lokris deposits may indicate that Cr released from parent ultramafic
rocks and oxidized to Cr(VI) due to the presence of Mn-oxides [64] was subsequently
back-reduced to Cr(III) under more reductive conditions [29,65].

6. Environmental Risk from Laterite Ores

The environmental impact from metals/metalloids may be related to the mineralogical
and geochemical characteristics of the ore, the effect during mining, pre-concentration, and
smelting processes of Fe–Ni laterite ores. High Co concentrations have been reported in
mine waters and groundwater related to the weathering and dissolution of Co-bearing
sulfide ores and secondary minerals in regions of acidic pH, while in water flowing from
the leach plant at pH 2.9 may occur up to 34,400 mg/L Cr(VI) [66]. With exception of the
Bou Azzer deposit, where Co is the chief commodity [66], Co is almost always mined as
a by-product, including the Fe–Ni laterite deposits, the main product being Ni and Cu,
depending on the deposit type [66,67]. Cobalt’s aqueous geochemistry is dominated by +2
and +3 oxidation states, with Co3+ being thermodynamically unstable and changing under
Eh–pH conditions [67]. Mining activity and the associated Co-bearing wastes are potential
sources of contamination by Co. However, knowledge gaps include the mechanism
and kinetics of secondary Co-bearing mineral transformation, the extent at which such
environmental cycling is facilitated by microbial activity, the nature of Co speciation across
different Eh–pH conditions and Co toxicity for human/ecosystems [66–68].
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6.1. Environmental Impact from Mining/Smelting Processes

The soil contamination by heavy metals (Cr, Fe, Mn, and Co) due to the weather-
ing/alteration of laterite deposits and parent ultramafic rocks, mining, and large volumes
of smelting residues (slag) and their transfer into groundwater and plants/crops is common
in many countries of the world [31,51,63–65,69].

Available data on the bioavailability and bioaccumulation of metal in C. Evia and the
Assopos–Thiva Basins contaminated by weathered ophiolites/laterite mining, agricultural,
and industrial activities have shown that the Cr content in plants/crops (dry weight)
ranges from <1 to tens of mg/kg, and it is higher in the roots compared to being poorly
transported to the shoots [69]. Another threat from the exploitation of Fe–Ni laterites may
be fine particles with a diameter of less than 10 microns (PM10) and of 2.5 microns or less
(2.5 PM), which are considered to be among the greatest health risk since they are deposited
and remain within the respiratory system [70]. The measuring and monitoring of PM10
and PM2.5 particles with distance from the dust source is required for the establishment of
background particulate levels to be used in the air quality modelling and health protection.
The processing for the production of Fe–Ni alloys at the Larymna plant is accompanied
by the production of millions of tons of slag and the emission of tons of fly ash and fine
dust collected in the anti-pollution systems [40]. The detailed investigation of slag and
fly ash from laterite smelting (Niquelandia, Brazil) has shown that leaching was highly
pH-dependent for both slag and fly ash, the highest releases of harmful elements occurred
between pH 3 and 7, and the fly ash was significantly more reactive, suggesting that the
disposal sites for the fly ash can represent a significant source of local pollution [70,71].

6.2. The Cr(VI) Concentrations in Water Leachates from Fe–Ni ± Co Laterites

Although Cr(III) is a required nutrient, the form of oxidized Cr(VI) is highly toxic,
very soluble, and causes serious health problems [72]. Thus, further Cr(VI) concentrations
in water leachates for the majority of Fe–Ni laterites were determined. The groundwater
from Neogene shallow aquifers (10–100 m) throughout C. Evia (Messapia), characterized
by the extensive presence of ultramafic rocks and F–Ni laterite deposits, contains over the
maximum acceptable level for Crtotal in drinking water (50 µg/L), reaching up to 360 µg/L
Cr(VI) in irrigation water [63,69]. In addition, relatively high Cr(VI) concentrations are
known in the leachates of Fe–Ni laterites from the Kastoria deposit [31]. The present
study revealed significant Cr(VI) concentrations in leachates from the Gouri-Perjuegjiun
and Bitincka deposits of Albania and the W. Vermion laterites, all lying on weathered
peridotites, as well as in bauxite laterites from the Nissi–Patitira deposit (Table 7). The
latter bauxite laterite samples come from highly tectonized zones, towards the contact of
the deposit with carbonate basement, commonly grading from red to a gray, pinkish-white
color (Figure 4a). They are characterized by hundreds of mg/kg of As, elevated contents of
REE and Co (Table 2), while in laterites from Kasroria, W. Vermion, Gouri-Perjuegjiun, and
Bitincka deposits, the REE and As contents are relatively low (Tables 3 and 5). Since As in
soil, plant/crops, and drinking water is a crucial contaminant for human health and ecosys-
tems [72–74], the As oxidation state was studied in a bauxite laterite sample, by Synchrotron
Radiation (SR) spectroscopic techniques, and it was found to be adsorbed exclusively onto
goethite-type phases, occurring in the form of arsenate anions (AsO4

3−) [30]. Although
there is still debate on whether the mineral is of direct organic or inorganic origin [75,76],
recent studies of the internal structure of framboids within a microbial biofilm suggest that
the organic matrix may play a central role in the nucleation of pyrite microcrystals that
form framboids [77,78].

6.3. The Role of Organic Matter into Biomobilization and Biomineralization

In general, the presence of organic matter and microorganism traces in highly tec-
tonized zones of the metamorphosed Fe–Ni laterites (Figures 3–6) may suggest the direct
involvement of microorganisms and appropriate conditions for metal bioleaching and
biomineralization [24,79–87]. It is well known that microorganisms of varying morphologi-
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cal forms produce enzymes which are considered to be a powerful factor to catalyze redox
reactions and act as nucleation sites for the precipitation of secondary minerals [83–87].
The negative δ34S values (−25.0‰ to −26.2‰) [24] for sulfide-bearing samples and the
presence of bacterio-morphic goethite in the Lokris deposit (Figure 3) have been suggested
to reflect the existence of the appropriate conditions for metal bioleaching and biominer-
alization [24]. This review highlights that the occurrence of organic matter is a common
feature in many laterite deposits of the Balkan Peninsula, such as a sequence of carbon-rich
mudstones in Lokris and elsewhere [15], the Kastoria deposit (Figure 3), the Paleochori
and Katjeli deposits (Figure 5), and the E. Vermion metamorphosed laterite occurrence
(Figure 6). In addition, the Katjeli Fe–Ni deposit is conformably overlain by a Tertiary series
consisting of small beds of lignite and sandstone intercalations (Figure 2A). In the rework-
ing of laterites, due to the repeated marine transgression/regressions and its deposition in
a shallow marine environment [15,17,18,24], microorganisms which reduce Mn(IV) and
Fe(III) and use the gained energy for their growth [88,89] may facilitate the dissolution
of Mn(IV) and Fe(III) minerals under reducing and slightly acidic conditions, forming
aqueous Mn(II) and Fe(II) [90].

The negatively charged surfaces of bacteria cells offer extensive surfaces for biosorp-
tion of metals where elements with a higher positive charge are preferentially adsorbed [80].
Both the metabolic activity and the biomineral precipitation by organisms may play an
important role in trace element co-precipitation [77,81,82]. Thus, the described bacterio-
morphic goethite at the Nissi–Patitira deposits, coupled with the negative δ34S values for
sulfide-bearing samples towards the top of the deposit [24] may suggest the existence
of the appropriate conditions for iron bioleaching, the top-down remobilization of the
laterite deposit, and the biomineralization at the contact with the carbonate basement [24].
The existence of significant As only in bacteriomophic goethite type in the Patitira–Nissi
deposits [26] and the presence of Cr(VI) in water leachates from such ore samples may
reflect that both bacteria and chemical processes may be invoked in the As and Cr redox
reactions, and the need for monitoring of the Cr(VI) content in groundwater aquifers
affected by the mining of Fe–Ni laterites. In addition, a quantitative relationship between
the Cr(VI) production rates and Cr(III) solubility of CrxFe1−x(OH)3 has been established in
an attempt to predict Cr(VI) production rates at different conditions [81]. These authors
showed that soluble Cr(III) released from CrxFe1−x(OH)3 solids to aqueous solution can
migrate to MnO2 surfaces and provide a major geochemical pathway for Cr(VI) occurrence
from Cr(III) in groundwater, soils, or sub-seafloor environments.

Therefore, the association on (Mn, Ni, Co)-hydroxides with fossilized organic material
(Figures 3–6) may indicate that microbial metal cycling play an important role in controlling
the mobility of Co, Ni, REE, Sc, and PGE downward and their redeposition under alkaline
conditions, probably during post-depositional and diagenesis stages. Based on such
evidence on the biogeochemical cycling of Co, Mn, and Ni in several laterite deposits,
new bioprocessing techniques have been proposed to recover these metals [68,70,71]. In
addition, the investigation of the ability of organic matter in reducing Cr uptake by crops
irrigated with Cr(VI) water provides a way for the restriction of Cr transfer to plants/crops
from contaminated soils and irrigation water. Specifically, using organic matter in the
form of leonardite (an oxidized form of lignite), due to its high content of humic acid, is
considered to be a useful organic fertilizer that provides possibilities for combining food
production with soil protection [91].

7. Conclusions

The presented data combined with the review of the available geological, mineralogi-
cal, and geochemical features of Fe–Ni ± Co laterites from the Balkan Peninsula led us to
the following conclusions:

• The bulk ore analyses indicated that the Fe–Ni ± Co laterites from the Balkan Penin-
sula are a potential source of nickel ranging from 0.21 to 3.5 wt% Ni, and of cobalt
ranging from 0.03 to 0.31 wt% Co. In addition, an average content of 55 mg/kg Sc,
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which is more than 20 mg/kg, and is considered as a Sc source suggests that laterites
are a potential source of Sc as well.

• In general, the REE potential in the Fe–Ni ± Co laterites of the Balkan Peninsula is
relatively low, but metal-leaching and reprecipitation of REE at the lowest parts of
the karst-type deposits, controlled by the redox and pH conditions, may result in a
significant REE content.

• The existence of up to 88 µg/kg Pt and 186 µg/kg Pd in laterite samples from the
Balkan peninsula, which are much higher compared to those in typical chromitites
(the main collector of PGE in ophiolites) and the positive Pt–Fe2O3 correlation in the
goethite and pisolitic–oolitic zones of laterites, support the PGE mobilization during
weathering, lateritization, and post-depositional processes.

• Present textural, mineralogical, and geochemical data on the Ni–Co laterite deposit
from the Balkan Peninsula with elevated Co, Mn, and Ni have evolved through the
redeposition and post-deposition processes rather than during lateritization.

• The association on (Mn, Ni, Co)-hydroxides with fossilized organic material and the
interelement relationships may indicate that microbial metal cycling play an important
role in controlling their downward mobility and their redeposition under alkaline
conditions, probably during post-depositional and diagenesis stages.

• The relatively high Pt content versus low δ53Cr values and high Cr(VI) concentrations
in leachates from the Kastoria laterite samples suggest the oxidation of Cr to Cr(VI)
during the redeposition of the laterite ore, the adsorption onto goethite, and the limited
back-reduction to Cr(III). In contrast, the Lokris laterite deposits with lower Pt content
exhibit higher δ53Cr values, suggesting that the oxidation of the released Cr from
ultramafic rocks into Cr(VI) is followed by a back-reduction to Cr(III) under more
reductive conditions.

• The bioaccumulation of Cr in contaminated soil and irrigation groundwater coupled
with the elevated Cr(VI) concentrations in natural water leachates for Fe–Ni laterite
samples from the Kastoria, Bitincka, Guri–Pergjegjum, and Nissi–Patitira (Lokris)
deposits point to the potential human health risk and environmental significance
of an integrated water–soil–plant investigation of the Cr contamination in basins
surrounding laterite mines.
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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 Camán 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, Fe2O3, and Al2O3), 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.
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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, Serranía
de Ronda, in the Málaga province of Spain [8]; and (2) a laterite profile formed from the
weathering of oceanic lithospheric mantle (OLM) peridotites exposed in Camán, 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, Serranía 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 Málaga 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 km2). 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].
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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 Camán Ultramafic Body, Chilean Coastal Cordillera

This weathering profile developed on the Camán 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 Camán ultramafic body and showed that it is a portion
of lherzolitic upper oceanic mantle affected by antigoritization at medium P–T conditions in a
subduction channel.
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showing the location of the Camán 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 m2 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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The weathering profile at Camán in south-central Chile covers an area of approxi-
mately 5 km2 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 Camán 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-

149



Minerals 2023, 13, 844

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-HClO4).
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 HCl 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-Kα radiation at 40 kV and 30 mA at the Universidad Complutense de
Madrid (Spain). Randomly oriented powders were scanned from 5 to 55◦ (2θ) at a scanning
rate of 2.0◦/min. To confirm the presence of expandable clay silicates in the samples, the
<2 µm 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 µm 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-Kα radiation at 30 kV
and 20 mA. The samples were scanned from 2 to 30◦ (2θ) at a scanning rate of 0.02◦/s.

The powdered samples from Camán were analyzed in a PANalytical X’Pert PRO MPD
Alpha1 diffractometer in a Bragg-Brentano h/2h geometry with a 240 mm radius and
nickel filtered Cu Kα radiation (k = 1.5418 Å), 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◦ 2θ 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 Ciències 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 µm beam diameter,
and a counting time of 20 s per element. The calibration standards used were wollastonite
(Si, Ca), corundum (Al), orthoclase (K), hematite (Fe), periclase (Mg), rhodonite (Mn), NiO
(Ni), metallic Co (Co), Cr2O3 (Cr), and barite (Ba).

4. Results
4.1. Los Reales
4.1.1. Geochemistry

The SiO2 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 Al2O3 (~2 to 8.5 wt.%), Fe2O3 (from 8.5 to 26.7 wt.%), Cr2O3,
TiO2, 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).
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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 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
(Ol), 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,f,j,n).
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Minerals 2023, 13, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 8. X-ray diffraction patterns of the four analyzed samples collected from the Los Reales 
weathering profile. Key: Fo: forsterite; En: enstatite; Chr: Chromium spinel; Dio: diopside; Act: ac-
tinolite; Gth: goethite; Chl: chlorite; Qtz: quartz. Numbers 0-4 indicate location of the studied sam-
ples. 

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,f,j,n). 

 
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–l) 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. 

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–l) 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 9c,g,k,o). 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(Si1.99Al0.02O5)(OH)4. Olivine is typi-
cally magnesian (Fo88–91), and pyroxenes consist of enstatite (average structural formula:
Mg1.72Fe0.18Al0.09Cr0.01(Si1.91Al0.05)O6; En90–91) and diopside (average structural formula:
Ca0.87Mg0.91Fe0.08Al0.08Cr0.03(Si1.92Al009)O6; Di91–93).
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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 Cr2O3 (up to 23.59 wt.%) than the
aforementioned silicates. Its structural formula is (Mg2+

0.72Fe2+
0.24)(Al3+

1.53Cr3+
0.37)O4,

with Cr# (Cr/Cr + Al) ranging from 1.38 to 1.67 and Mg# (Mg/(Mg + Fe2+)) from 0.69
to 0.76.

Goethite showed significant contents of MnO (up to 7.4 wt.%), NiO (up to 2.04 wt.%),
Cr2O3 (up to 0.44 wt.%), and CoO (up to 0.40 wt.%), as well as conspicuous amounts of
SiO2 (up to 9.43 wt.%) and Al2O3 (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. Camán
4.2.1. Geochemistry

SiO2 and MgO in Camán 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 Al2O3 and especially Fe2O3 increased from the parent
bedrock to the lower and upper oxide zones (Al2O3 from ~1 to ~14 wt.% and Fe2O3(t) from
~8 to ~50 wt.%) (Figure 11).

Cr2O3 decreased while MnO and TiO2 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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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 ser-
pentinite 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 

Figure 11. Schematic weathering profile in Camán, 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 Fe2O3, with
a sharp increase from the bedrock (~10 ppm) to lower and upper oxide zones (~70 ppm)
(Figures 11 and 12).
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Figure 12. Schematic weathering profile in Camán, 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 Camán 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.
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Figure 13. Optical micrographs of the typical mineralogy and fabric of the serpentinite parent rock in
the Camán 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 S2). 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 Camán weather-
ing profile. Key: Atg: antigorite; Ctl: chrysotile; Gth: Goethite; Srp: serpentine. Numbers 0-6 indicate
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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 15c). 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 15o). 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).
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Goethite had detectable contents of MnO (up to 2.1 wt.%), NiO (1.9 wt.%), Cr2O3 (up 
to 0.73 wt.%), and CoO (up to 0.44 wt.%), as well as high amounts of SiO2 (up to 9.78 wt.%) 
and Al2O3 (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.%), 
Al2O3 (4.08 to 15.5 wt.%), and FeO (1.4 to 23.48 wt.%, with most analyses being above 10 

Figure 15. Backscattered electron images (SEM-BSE) showing the textures of minerals in the Camán
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–l), 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.%), Cr2O3 (up
to 0.73 wt.%), and CoO (up to 0.44 wt.%), as well as high amounts of SiO2 (up to 9.78 wt.%)
and Al2O3 (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.%), Al2O3 (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 SiO2 (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 Camán 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 Camán 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 × [(Al2O3 + Fe2O3(T))/(SiO2 + MgO + Al2O3 + Fe2O3(T))] (in molar ratios)

This geochemical index considers MgO and SiO2 to be the dominant components in
the parental rock, while CaO, Na2O, and K2O 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 Camán, 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 Camán, 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 Camán 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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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]. 

The low UMIA of the Los Reales saprolite (Figure 17b,c; Table S1) supports the pres-
ence of abundant mineral relicts (altered olivine, pyroxenes, and chromium spinel) from 
the partially serpentinized peridotite bedrock. The angular outlines of the broken frag-
ments of orthopyroxene (e.g., Figure 9f) and chromium spinel (e.g., Figure 9c,g,k,o) evi-
dence 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]. 

Figure 17. SiO2–Fe2O3–Al2O3–MgO (bulk-rock geochemistry in wt.%) ternary plots showing the
weathering trends of Los Reales (left) and Camán (right). (a) Ternary SiO2–Fe2O3–Al2O3 diagram
illustrating the degree of weathering in relation with decreasing SiO2. (b) Ternary Fe2O3+Al2O3–
SiO2–MgO diagram displaying the increase in the UMIA [2] with increasing Fe2O3 and Al2O3.
(c) Ternary Al2O3–Fe2O3–SiO2 + MgO diagram showing the increase in the UMIA with increasing
Fe2O3 (laterization) or Al2O3 (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 9c,g,k,o) 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)3Si2O5(OH)4 + 3H2O =
Serpentine

Mg3Si4O10(OH)2•4H2O + 2Mg2+ + FeO(OH) + 3OH− (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 Fe2+ structurally founded in olivine and/or serpentinite can be released and
easily transported by oxidizing seeping pore waters, being eventually fixed as Fe3+ in Fe-
oxy-hydroxide-forming, open-space-filling textures (e.g., Figure 9p). Through this reaction,
Mg2+ 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,l)
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 Camán 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 Camán 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 Ni2+, 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 Al–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 Camán 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 Camán 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 Camán. 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 Camán (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 Al2O3 and Cr2O3, 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 Co2+ and Mn2+ 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, Co2+ would be adsorbed on the surface of the low-crystalline,
Mn-rich oxy-hydroxides via its oxidation to Co3+ by Mn4+ vacancies and the subsequent
replacement of Mn3+ in the crystal lattice by Co3+, owing to the acidic nature of the solu-
tions [27,43].

In the Camán 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
ΣREE (~3.5–4 ppm). However, the Los Reales saprolite had much lower ΣREE contents
(<50 ppm) than the Camán 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 Al2O3, and especially
MnO. This is consistent with previous reports that REE enrichments are related to Al2O3-
rich zones in the oxide orebodies of the Moa Bay in Cuba [2], and in the Wingellina laterite
deposit in Australia [28]. Such REE–Al2O3 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 Camán 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 SiO2 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 Fe2O3 (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 Camán. 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 Camán (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
(r2 = 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 Camán, 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 Cr2O3, Al2O3, MnO, and
TiO2, 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 Camán
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 Camán laterite. Relatively high
Ru and Ir contents in the nearby La Cabaña saprolite have been attributed to laurite (RuS2)
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 (PtAs2) 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 Camán 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 (53Cr/52Cr) and Re-Os (187Re/188Os)
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., Pd2+(OH)2(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 Cabaña 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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Abstract: Scandium (Sc) is used in several modern industrial applications. Recently, significant
Sc concentrations (~100 ppm) were reported in some nickel-cobalt lateritic ores, where Sc may be
valuably co-produced. However, Sc is typically not included in routine analyses of Ni-Co ores. This
contribution examines the relevance of using routinely analysed elements as geochemical proxies for
estimating Sc concentration and distribution. Three Ni-Co lateritic deposits from New Caledonia
were investigated. In each deposit, Sc is well correlated with Al2O3. The slopes of deposit-scale
Sc-Al2O3 regression lines are remarkably controlled by the composition of enstatite from the parent
peridotite. In all deposits, maximum Sc enrichment occurs in the yellow limonite, above the highest
Ni and Co enrichment zones. Sc- and Al-bearing crystalline goethite is predominant in the oxide-rich
zones, though Sc shows a higher affinity for amorphous iron oxides than Al. We propose that, in
already assayed Ni-Co lateritic ores, the concentration and distribution of Sc can be estimated from
that of Al. Deposit-scale Sc-Al2O3 correlations may be determined after analysing a limited number
of spatially and chemically representative samples. Therefore, mining operators may get a first-order
evaluation of the Sc potential resource in Ni-Co lateritic deposits at low additional costs.

Keywords: scandium; laterite; Ni-laterite; sequential extraction; New Caledonia

1. Introduction

Scandium (Sc) is mainly used as a hardening additive to aluminium to form Al-Sc
alloys for aerospace industries and high-quality sports equipment [1,2]. In addition, Sc
is notably used in high-temperature lights, lasers, and ceramics manufacturing and finds
promising applications in the development of Solid Oxide Fuel Cells (SOFCs). The global Sc
supply and consumption remain marginal (~15 to 25 t/yr Sc2O3, [3]). Sc is solely recovered
as a by-product through titanium, zirconium, uranium, cobalt, and nickel process streams.
Nevertheless, the development of energy-saving technologies and Sc extraction techniques
have raised interest in this metal. In the last decade, Sc-rich occurrences with economically
attractive grades and tonnages have been identified in some oxide-rich laterites developed
after mafic and ultramafic rocks [4–14]. There, Sc enrichment is largely residual and
results from the intense leaching of mobile cations during the lateritisation of the parent
rock. Scandium is, thus, trapped and concentrated in neo-formed goethite, and moderate
remobilisation can occur during repeated stages of goethite dissolution-recrystallisation
and transformation into hematite. The chemical speciation of Sc in laterites from Australia
and the Philippines has been investigated using a combination of X-ray absorption near-
edge structure (XANES) spectroscopy and sequential extractions [7,8,11]. These studies
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further support the preferential affinity of Sc for goethite compared to hematite or smectite.
However, the relative importance of adsorption and incorporation processes and the impact
of goethite crystallinity in the formation of Sc-rich goethite zones remain debated. They
may vary from one deposit to another. In New Caledonia, significant Sc concentrations
were reported in several Ni-Co lateritic oxide ores [13,14]. There, maximum Sc grades reach
~100 ppm in the yellow limonite horizon. Although such concentrations are too low to be
economically attractive as primary resources, Sc could be a valuable by-product of Ni and
Co processing, provided that Sc-rich zones sufficiently overlap Ni- and Co-rich zones [13].

Scandium is, however, not routinely analysed during exploration and resource esti-
mation of Ni-Co laterites. Consequently, mining operators do not evaluate the potential
Sc resources hosted in Ni-Co lateritic ores. In contrast, Fe, Al, and Cr are routinely anal-
ysed. As suggested by previous investigations, they could serve as geochemical proxies
for inferring the distribution of Sc concentrations in lateritic Ni-Co ores [13]. Although
Fe is the predominant constituent of lateritic oxide ores with up to 80 wt% Fe2O3, Teitler
et al. [13] suggested that Fe may be correlated to Sc only in the lower to intermediate
sections of the lateritic profiles and that the Sc-Fe2O3 correlation is usually not valid in
the Sc-rich, yellow limonite horizon. In contrast, Sc is better correlated with Al in all the
facies of the lateritic profiles, except for the uppermost ferruginous duricrust. The similar
distribution patterns of Sc and Al in nickel laterites may result from a similar behaviour
during weathering. Indeed, as for Sc, Al is mostly immobile during lateritic weathering
though it can be, to some extent, expelled from iron oxides-oxyhydroxides during repeated
stages of dissolution-recrystallisation [6,13].

Nevertheless, the Sc-Al2O3 correlation proposed by Teitler et al. [13], based on the
combined analysis of individual vertical profiles from several deposits, shows significant
dispersion and does not assess how reliable the Sc-Al2O3 proxy is at the deposit scale.
In this contribution, we discuss the relevance of the Sc-Al2O3, Sc-Fe2O3 and Sc-Cr2O3
correlations at the deposit scale in three Ni-Co deposits from the Koniambo, Cap Bocage,
and Tiébaghi massifs, New Caledonia, based on the geochemical analysis of spatially and
lithologically representative samples from each deposit. Using laser ablation inductively
coupled mass spectroscopy (LA-ICP-MS), we then examine the dependency of bedrock
mineral compositions on the Sc-Al2O3 regression coefficients and the variability of Al and
Sc contents in secondary-formed minerals. Third, we conduct selective chemical leaching
on some Sc-bearing samples to provide further insights into the speciation of Sc in the
investigated deposits. These results are used to discuss the potential of the Al proxy for
the evaluation of Sc concentrations and distribution in peridotite-hosted laterites in the
perspective of Ni-Co-Sc co-valorisation.

2. Regional Geology

The “Grande Terre” island of New Caledonia (Figure 1a) consists of a 300 km long
allochthonous peridotite ophiolite referred to as the “Peridotite Nappe”. The Peridotite
Nappe, formed at ca. 35 Ma [15–17], is primarily composed of harzburgite locally inter-
layered with dunite, except in the northernmost klippes where lherzolite dominates [18].
The extensive lateritisation of the peridotite ophiolite led to the formation of world-class
Ni-Co(-Sc) lateritic resources representing about 10% of the world’s nickel reserves [19].
The development of Ni-Co(-Sc) laterites in New Caledonia resulted in the formation of two
main ore types, (i) the saprolite ore dominated by Ni-bearing phyllosilicates and (ii) the
oxide ore dominated by Ni-bearing ochreous goethite [20–27]. The Ni-rich (>2.0 wt% Ni)
saprolite ore reserves are rapidly being depleted as they have been actively mined since the
late 19th century. Lower-grade (1.0–2.0% Ni) oxide ore (“limonite”) reserves will therefore
represent the bulk of Ni reserves of New Caledonia in the future. Moreover, Ni oxide
ores often yield elevated Co (>2000 ppm) and Sc (60–100 ppm) concentrations adding
significant value to the ore (Figure 1b, [6,13]). Maximum Co concentrations (>2000 ppm)
typically occur at the interface between saprolite and limonite (referred to as transition
zone), where Co is mainly associated with Mn-oxides. Upwards in the limonitic horizons,
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Co concentrations decrease, partially scavenged and trapped in ochreous goethite [28].
Maximum Sc grades are reached in the yellow limonite horizon (Figure 1b). Therefore, Ni-,
Co-, and Sc-rich zones in limonite may partly overlap, and the degree of such overlap is
critical for co-valorising Ni, Co, and Sc from lateritic Ni ores [6,13].

Figure 1. (a) Geological map of New Caledonia and location of the investigated mining massifs.
Modified from Maurizot and Vendé-Leclerc [29]. (b) Geochemical evolution along a typical Ni-lateritic
profile in New Caledonia (modified from Bailly et al. [6]).

3. Methodology
3.1. Sampling Strategy

Sampling was conducted in multiple locations within the investigated deposits, along
several drillcores and pit walls, encompassing the diversity of representative lithofacies.
The objective was to check whether Sc-Al2O3 correlations may be generalised at the deposit
scale. At the Ma-Oui deposit (Koniambo massif), 39 samples were collected along six
drillcores and one pit wall profile (Figure 2a). At the Coquette Red tenement (Cap Bocage
massif), 27 samples were collected along two drillcores and one outcrop profile (Figure 2b).
At the East Alpha deposit (Tiébaghi massif), 48 samples were collected along nine pit wall
profiles, including three samples of saprolitised gabbro (Figure 2c).
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Figure 2. Outline of the investigated deposits and location of collected samples. (a) Ma-Oui de-
posit (Koniambo massif). (b) Coquette Red tenement (Cap Bocage massif). (c) East Alpha deposit
(Tiébaghi massif).

3.2. Analytical Strategy

Among the 114 samples collected for whole-rock geochemical analysis, 49 sam-
ples (batch 1) were analysed at the SARM analytical service of the CRPG (France), and
65 samples (batch 2) were analysed at the NILAB laboratory (New Caledonia). Batch
1 sample pulps were analysed for whole-rock major- and trace-element geochemistry using
the procedure of Carignan et al. [30]. Major element oxides and Sc were analysed using an
iCap6500 ICP-OES with Li borate fusion. Trace elements were analysed using an iCapQ
ICP-MS with Li borate fusion followed by nitric acid digestion. Analytical accuracy (2 s
standard deviation) lies within the typical uncertainty of the analytical data for both major
element oxides and trace elements, which is less than 1% for major oxides and less than 5%
for most trace elements. Batch 2 samples were analysed for major elements, Ni, Co, and Sc,
using an Axios FAST Wavelength Dispersive XRF spectrometer with LiF200 crystal. The
detection limit for Sc is 12 ppm, and analytical accuracy is less than 7% in the 50–120 ppm
concentration range. The relative analytical precision between the two datasets, tested by
duplicating the analysis of three samples in both laboratories, is better than 2% for Sc.

Principal Component Analysis (PCA) was conducted on whole-rock geochemical
data using the atomic weight percentages of Mg, Al, Si, Sc, Cr, Mn, Fe, Co, Ni, and LOI
following centred log-ratio (CLR) transformation to avoid spurious proportionality and
boundary effects [31,32]. PCA consists in transforming a multivariate dataset—here, each
elemental concentration represents a variable—into a lower-dimensional dataset while
preserving as much of the data’s variation as possible. The dataset is projected into a
new coordinate system based on the principal components, which are orthogonal linear
combinations of original variables corresponding to the eigenvectors of the covariance ma-
trix. The advantage of such analysis is that mineral stoichiometry likely controls principal
components, providing a more realistic representation of geological variability. Centred
log-ratio transformation of Mg, Al, Si, Sc, Cr, Mn, Fe, Co, and Ni concentrations and LOI
performed before PCA has the benefit of removing the proportionality effect (i.e., the
predominance of major elements on the geochemical variability) and the boundary effects
(negative bias and spurious correlation effect [33]). Saprolitised gabbro samples from East
Alpha were excluded from PCA calculations to better explore the impact of weathering
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on peridotite bedrocks alone. In a covariance biplot of log-ratio transformed data, a short
distance between the ray tips of two variables (i.e., coincident rays) indicates that these
variables are highly proportional [32].

Sixteen polished, thin sections were prepared and examined using reflected/transmitted
light and scanning electron microscopy with a JEOL JSM7600F at Georessources Laboratory
and SCMEM. In situ mineral chemistry analysis for major/minor elements (Mg, Al, Si,
Ca, Cr, Mn, Fe, Co, and Ni) was conducted using a CAMECA SX100 electron probe micro
analyser (EPMA) at the SCMEM with typical beam conditions of 15 kV and 10 nA. In
situ analysis for Sc and minor/trace elements was conducted using LA-ICP-MS (193 nm
MicroLas ArF Excimer coupled with Agilent 7500c quadrupole ICP-MS). LA-ICP-MS
analysis of Sc and Al in silicates and phyllosilicates was performed with the NIST610
reference standard using Si concentration obtained from EPMA as the internal standard.
For oxides, analysis was performed with the StdGoe 1.1 pelletised goethite standard
developed and validated by Ulrich et al. [14] and using Fe concentration as an internal
standard. Reference standards were analysed before and after every 15 ablations conducted
on samples. Before each analysis, the background signal, or gas blank, was measured
for 25 s. Ablation time, spot sizes, and laser pulse frequency were 45 s, 60 µm, and 5 Hz,
respectively. Data processing was conducted using the SILLS program [34]. The detection
limit was below 1 ppm for most trace elements.

Sequential extractions were performed at the CEREGE laboratory on seven Sc-bearing
samples from Coquette Red and East Alpha, encompassing earthy saprolite, smectitic
saprolite, and yellow and red limonite facies. Sequential extractions were not conducted
on Ma-Oui samples as their mineralogy and chemistry are similar to that of Coquette
Red samples. Four reagents were successively used to extract major and trace elements
selectively: (i) ultrapure water for easily soluble elements; (ii) 0.1 mol·L−1 hydroxylamine
hydrochloride NH2OH-HCl at pH = 3.5, which is particularly efficient and selective for
manganiferous phases; (iii) 0.2 mol·L−1 ammonium oxalate (NH4)2C2O4 at pH = 3 for
amorphous and poorly crystallised iron oxides; and (iv) citrate-bicarbonate-dithionite
Na2S2O4 (22% Na-citrate and 1 g Na-dithionite) for well-crystallised iron oxides [6]. For
each extraction, approximately 1 g of sample powder (<50 µm) was weighed into 50 mL
of reagent solution and agitated for 76 h. Each tube was then centrifugated at 10,000 rpm,
and the supernatant liquid was filtered at 0.2 µm before ICP-AES analysis. The residue was
then rinsed with Milli-Q® water and used for subsequent extraction after re-suspension.

4. Lithofacies and Mineral Assemblages

The investigated Ni-Co deposits exhibit a continuum of alteration facies with specific
mineral assemblages and textures. At Ma-Oui, moderately serpentinised harzburgite is
the predominant parent rock of Ni-Co laterites (Figures 3a and 4). At Coquette Red, the
laterite is developed both on harzburgite and dunite. At East Alpha, lherzolite dominates
over harzburgite, although the intensive serpentinisation of the peridotite complicates
its univocal recognition in the field. In the saprock, weathering initiates through the
progression of the mantle silicate alteration front, marked by the onset of forsterite and
enstatite hydrolysis and the development of Ni-rich (up to 15–20 wt% Ni), greenish talc-like
(kerolite) veins that root into the unweathered peridotite (Figure 4). Serpentine (mostly
lizardite) is preserved from dissolution in the saprock. The evolution from the saprock
to the saprolite, wherein weathering is more pronounced but remains isovolumetric, is
characterised by the complete disappearance of mantle silicate and the partial replacement
of serpentines by goethite. In contrast, at East Alpha, smectite extensively develops from
primary silicates and serpentine (Figures 3b and 4). It remains preserved throughout most
of the saprolite until it is eventually replaced by ochreous goethite. The interface between
the saprolite and the overlying limonite, referred to as the transition zone, is marked by
the progressive accumulation of Mn-Co-Ni oxides (lithiophorite, asbolane). Upwards, the
transition zone evolves into the yellow limonite, wherein ochreous goethite predominates.
The yellow limonite then grades into the red limonite, wherein hematite forms at the
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expense of ochreous goethite resulting in a mineral assemblage dominated by goethite
but containing significant amounts (>5 vol%) of hematite (Figure 4). Lateritic profiles are
capped by a ferruginous duricrust that is either directly developed after the underlying
limonite or derived from the ferrugination of transported material (Figures 3b–d and 4).
Following Anand et al. [35], the term duricrust describes regolith materials cemented by
Fe, irrespective of the substrate origin. When it is residual, the iron-cemented material is
called a lateritic residuum, and when it is formed and indurated in a transported cover,
ferricrete. Lateritic residuum exhibits, at the microscopic scale, some locally preserved
textural relics (Figure 3e). There, both goethite and hematite are largely recrystallised into
coarser crystallites. In contrast, ferricrete shows angular goethite and hematite nodules
with goethite pisolitic envelopes. They are cemented by vitreous goethite (Figure 3f).
Subvertical dykes of amphibolitic gabbros locally exposed at East Alpha alter to form a
mineral assemblage composed of kaolinite-gibbsite-hematite (Figure 3g,h and Figure 4).

Figure 3. (a) Typical sharp transition from silicate-dominated bedrock and saprock to oxide-
dominated saprolite and limonite (Ma-Oui). (b) Well-developed Ni smectite-rich zone (up to >15 m in
vertical thickness) above lherzolitic serpentinite at East Alpha. (c) Vesicular hematite-goethite-bearing
lateritic residuum (East Alpha). (d) Nodular/pisolitic ferricrete (East Alpha). (e) Recrystallisa-
tion of goethite and hematite with local preservation of inherited textures at the microscopic scale
in the lateritic residuum, East Alpha (BSE imaging). (f) Goethitic pisolitic cortexes overgrowing
onto nodular hematite in a goethite-bearing cement, ferricrete horizon, East Alpha (BSE imaging).
(g,h) Kaolinite-gibbsite-hematite mineral assemblage in saprolitised gabbro at East Alpha (BSE imag-
ing). Mineral abbreviations: Gth = goethite, Hem = hematite, Kln = kaolinite, Gbs = gibbsite. Onset
(b) is modified after [13].
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Figure 4. Stratigraphic logs of representative Ni-Co laterites from the Ma-Oui deposit, Coquette Red
tenement, and East Alpha deposit. Modified after [13].

5. Whole-Rock Geochemical Correlations at the Deposit Scale

Whole-rock geochemical analysis of the investigated lateritic profiles shows that the
lateritisation of unweathered peridotites is associated with the progressive enrichment
of poorly mobile elements. In particular, Fe, Al, Cr, and Sc concentrations co-increase
during weathering, exhibiting positive correlation trends (Figure 5, Table S1). In the Ma-
Oui deposit, Al2O3, Fe2O3, Cr2O3, and Sc concentrations progressively increase from the
bedrock to the oxide-rich horizons up to about 6 wt%, 80 wt%, 4.5 wt%, and 80 ppm,
respectively. The Sc-Al2O3, Sc-Fe2O3, and Sc-Cr2O3 linear regression models encompassing
variable lithofacies (unweathered harzburgite, saprock, saprolite, Mn-Co-rich transition
zone, and yellow and red limonite) provide a particularly relevant fit of the data (Figure 5a).
Scandium concentrations may be approximatively estimated from the Al2O3, Fe2O3, and
Cr2O3 concentrations from the bedrock to the red limonite as follows:

Sc (ppm) = 12.03 × Al2O3 (wt%) + 2.42; R2 = 0.93 (1)

Sc (ppm) = 0.92 × Fe2O3 (wt%) + 0.07; R2 = 0.86 (2)

Sc (ppm) = 16.27 × Cr2O3 (wt%) + 0.31; R2 = 0.91 (3)
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Figure 5. Sc-Al2O3, Sc-Fe2O3, and Sc-Cr2O3 scatter plots and regression lines obtained for samples
collected at (a) the Ma-Oui deposit (Koniambo massif), (b) the Coquette Red tenement (Cap Bocage
massif), and (c) the East Alpha deposit (Tiébaghi massif). Peridotite-derived duricrust and gabbro-
derived saprolite samples lie out of the correlation trends and are therefore excluded from the
regression line modelling.

The Sc-Fe2O3 correlation trend shows low dispersion in the low-Sc concentration range
(0–50 ppm) but significant dispersion in the higher-Sc concentration range (50–80 ppm). In
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addition, two samples collected in the transition and yellow limonite zone, respectively,
fall well out of the Sc-Fe2O3 regression line. The Sc-Cr2O3 correlation trend is better
defined, yet it presents moderate data dispersion. Comparatively, the best fit is obtained
for the Sc-Al2O3 regression line, which exhibits the lowest dispersion of the data. Notably,
the decrease in Al and Sc concentrations from the yellow to red limonite, as commonly
identified by Teitler et al. (2019) in New Caledonian lateritic profiles, is not observed
in the Ma-Oui geochemical dataset. In the Coquette Red tenement (Cap Bocage massif),
Al2O3, Fe2O3, Cr2O3, and Sc concentrations increase to about 5 wt%, 80 wt%, 5.5 wt%, and
65 ppm in the limonite, respectively. Like the Ma-Oui deposit, the Sc-Al2O3 regression
line efficiently fits the data from the bedrock to the red limonite, although the laterite is
developed on dunite and harzburgite (Figure 5b). Analysed duricrust samples exhibit
a large offset from the trend, with a substantial depletion in Sc relative to Al2O3. It is
worth noting that the Sc-Al2O3 regression lines obtained at Ma-Oui and Coquette Red have
similar regression coefficients (respectively 12.03 and 12.84; Equations (1) and (4)).

In contrast, Fe2O3, Cr2O3 and Sc concentrations do not correlate when considering the
limonitic horizons. Therefore, Al2O3 here constitutes the only relevant explanatory variable
for Sc concentrations among major elements. More specifically, Sc and Al2O3 are signifi-
cantly enriched compared to Fe2O3 in the yellow limonite and, on the opposite, depleted in
the red limonite. Regression lines obtained from Coquette Red samples, accounting for all
lithologies apart from the duricrust, may be expressed as follows:

Sc (ppm) = 12.84 × Al2O3 (wt%) + 1.52; R2 = 0.93 (4)

Sc (ppm) = 0.68 × Fe2O3 (wt%) + 3.91; R2 = 0.82 (5)

Sc (ppm) = 9.20 × Cr2O3 (wt%) + 12.05; R2 = 0.62 (6)

The East Alpha deposit (Figure 5c), developed after strongly serpentinised lherzolite,
exhibits Sc concentrations up to 115 ppm in the limonite, i.e., significantly higher than
those observed at Ma-Oui and Coquette Red. Moreover, Al2O3 concentrations reach about
15 wt% in the lherzolite-derived limonite, i.e., about three times more elevated than in
the harzburgite ± dunite-derived limonite at Ma-Oui and Coquette Red. In comparison,
gabbro-derived saprolite yields Al2O3 concentrations up to about 30 wt%. Maximum
Fe2O3 and Cr2O3 concentrations at East Alpha are similar to those observed in the other
investigated sites, at 80 and 4 wt%, respectively. The Sc-Al2O3 regression line modelled for
East Alpha samples fits the data relatively well, except for duricrust and gabbro samples
that fall well out of the correlation trend. The regression coefficient of the Sc-Al2O3 line is
about two times lower at East Alpha than at Ma-Oui and Coquette Red (Equation (7)). It is
worth noting that smectitic saprolite samples from East Alpha exhibit Al, Sc, Fe, and Cr
co-variations and a quite extensive concentration range (Figure 5c).

Nevertheless, significant dispersion from the regression line is also observed in the
yellow and red limonite horizons compared to the Ma-Oui deposit and the Coquette Red
tenement (Figure 5c). Similar to Coquette Red, Sc and Al2O3 are significantly enriched in
the yellow limonite and depleted in the red limonite compared to Fe2O3. The Sc-Fe2O3 and
Sc-Cr2O3 correlations in the East Alpha deposit are poorly defined, especially in the yellow
and red limonite, wherein Fe2O3, Cr2O3, and Sc concentrations do not correlate. Regression
lines obtained for East Alpha, modelled after exclusion of duricrust and gabbro-derived
samples, may be expressed as follows:

Sc (ppm) = 6.56 × Al2O3 (wt%) + 7.55; R2 = 0.83 (7)

Sc (ppm) = 1.18 × Fe2O3 (wt%) + 8.47; R2 = 0.66 (8)

Sc (ppm) = 24.08 × Cr2O3 (wt%) + 9.48; R2 = 0.62 (9)

Principal Component Analysis (PCA) allows us to explore further the overall com-
positional variability of the samples and the strength of the colinearity between Sc and
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poorly mobile elements. The PCA, performed after centred log-ratio transformation of the
data, shows that the cumulated explained variance in the PC1-PC2 plane reaches 78.4% of
the overall variability of the initial dataset (respectively, 53.0 and 25.4% for PC1 and PC2,
Figure 6). All of the elements constitutive of the samples, except Mn and Co, predominantly
contribute to PC1, with Mg, Si, and Ni having a positive contribution to PC1. At the
same time, Fe, Al, Cr, and Sc negatively contribute to PC1 (Figure 6b). PC1 underlines a
contrast between Mg-Si-Ni and Al-Sc-Fe-Cr, and PC2 describes the Mn and Co positive
correlation. LOI exhibits a strong negative contribution to PC2. It is worth noting that the
angles between Mg, Si, and Ni rays are low, yet these rays are not coincident. Similarly,
Sc and Al, on the one hand, and Fe and Cr, on the other hand, form two pairs of strongly
coincident rays. These two pairs of coincident rays are at a relatively low angle, yet they
are not colinear with one another. Sc is, therefore, better correlated with Al than with Fe or
Cr. Regarding sample scores, bedrock samples fall close to the Mg ray. Saprock samples,
in contrast, appear globally shifted towards the Si and Ni rays. Most smectitic saprolite
samples still display a positive PC1 score, but lower than that of bedrock and saprock
samples, with a low PC2 score. Earthy saprolite samples exhibit small positive and negative
PC1 scores and a significant shift towards positive PC2 scores. Earthy saprolite samples
represent, therefore, intermediate compositions between the Mg-Si-Ni and the Al-Sc-Fe-Cr
groups along PC1, together with the onset of an Mn-Co compositional signature along PC2.
Comparatively, transition zone samples are slightly shifted towards negative PC1 scores,
indicative of an increasing contribution of the Al-Sc-Fe-Cr group. Moreover, transition
zone samples exhibit the highest PC2 scores, consistent with their enrichment in Mn and
Co. Yellow limonite samples are further shifted towards negative PC1 scores while still
displaying positive PC2 scores indicating the subsistence of an Mn-Co signature. Red
limonite samples also show negative PC1 scores but appear to be forming two subgroups,
one with positive PC2 scores similar to the yellow limonite and one with negative PC2
scores, identical to duricrust samples.

Figure 6. Results of PCA performed after centred log-ratio transformation of Mg, Al, Si, Sc, Cr,
Mn, Fe, Co, and Ni concentrations and LOI from the global whole-rock geochemical dataset of
peridotite-derived laterites (Ma-Oui, Coquette Red and East Alpha). Saprolitised gabbro samples
from East Alpha were excluded from PCA calculations. (a) Scree plot. (b) PC1-PC2 biplot showing
variable loadings (arrays) and sample scores (circles). See Figure 5 for lithology colour coding.
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6. Mineral Chemistry

The mineral chemistry data obtained from LA-ICP-MS analyses (Table S2) allow us
to assess the contribution of primary silicates and serpentine to the Al and Sc budget in
the unweathered peridotites. Forsterite has a low Sc content in all investigated sites, about
3–6 ppm at Ma-Oui and Coquette Red, about 7 ppm at East Alpha (Figure 7), and Al below
detection limits. Enstatite yields higher Sc and Al concentrations, which vary from one site
to another. Sc concentrations in enstatite from Ma-Oui and Coquette Red are similar (24
and 22.5 ppm, respectively). Al2O3 concentrations in enstatite are slightly higher at Ma-Oui
(about 1.8 wt%) than at Coquette Red (about 1.4 wt%). In contrast, enstatite from East
Alpha is enriched in Sc (about 32 ppm) and Al2O3 (about 3.4 to 3.8 wt%). Diopside yields an
Al2O3 content similar to that of enstatite, with a higher Sc content (about 50 ppm in Ma-Oui
and 65 ppm in Coquette Red). The mineral composition of lizardite developed after mantle
silicates (forsterite, enstatite, and rarer diopside) commonly reflects the composition of
their precursor mineral. Indeed, lizardite developed after forsterite yields low Sc and very
low Al2O3 contents, whereas lizardite developed after enstatite and diopside yields higher
Sc and Al2O3 contents (Figure 7). Lizardite forming the mesh network typically has Sc and
Al2O3 contents intermediate between forsterite and enstatite. Chromiferous spinel yields
elevated Al2O3 contents (>12 wt%) together with very low Sc contents (<3 ppm, Table S2).
Importantly, Sc-Al2O3 regression lines obtained from major bedrock minerals (forsterite,
enstatite, lizardite after enstatite and forsterite, and lizardite mesh) in each investigated site
(Figure 7) closely match those obtained from whole-rock geochemical analysis throughout
the weathering sequences (Figure 5). More specifically, regression coefficients estimated
from bedrock mineral chemistry vs. global whole-rock geochemistry, respectively, are
(i) 10.95 vs. 11.02 at Ma-Oui, (ii) 13.53 vs. 12.84 at Coquette Red, and (iii) 6.60 vs. 6.56 at
East Alpha.

Further support for the intimate relationship between Sc-Al2O3 contents of peridotite
mantle silicates and Sc-Al2O3 contents of peridotite-derived laterite samples is provided by
the mineral chemistry data of secondary mineral phases along laterite profiles as analysed
at East Alpha (Figure 8, Table S2). Together with forsterite and enstatite, Sc and Al2O3
concentrations in smectite, ochreous goethite from the limonite zone, and goethite-hematite
from the lateritic residuum appear to be strongly proportional, with a regression line
closely similar to that obtained from whole-rock geochemistry. Smectite in the smectitic
saprolite and ochreous goethite in the limonite exhibit variable yet proportional Sc and
Al2O3 concentrations. Indeed, Sc and Al2O3 concentrations in smectite vary from 20
to 80 ppm and from 2.5 to 10 wt%, respectively, while Sc and Al2O3 concentrations in
limonitic, ochreous goethite vary from 55 to 122 ppm and from 7 to 16 wt%, respectively.
Goethite-hematite from the lateritic residuum is depleted both in Sc and Al2O3. In contrast,
goethite and hematite nodules and pisolitic cortexes from the ferricrete are depleted mostly
in Sc and therefore fall below the regression line.

177



Minerals 2022, 12, 615

Figure 7. Sc-Al2O3 scatterplots and regression lines obtained for mantle silicates (forsterite, enstatite,
diopside) and lizardite (developed after forsterite, enstatite, and diopside, or as mesh) in peridotite
bedrocks from (a) Ma-Oui, (b) Coquette Red, and (c) East Alpha from LA-ICP-MS analyses. The
regression line modelling excluded accessory phases (diopside, lizardite developed after diopside,
and chromiferous spinel).
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Figure 8. Sc-Al2O3 scatterplot and regression line obtained for silicates, smectite, and iron oxides
in the East Alpha deposit (Tiébaghi massif) from LA-ICP-MS analyses. The regression line calcu-
lation excluded spot analyses of diopside from the bedrock and of goethite and hematite from the
nodular/pisolitic duricrust.

7. Sequential Extractions

The sequential extractions for Fe, Al, Ni, and Sc are given in Figure 9. During the
first extraction step, the ultrapure water did not permit solubilising these elements in any
investigated samples. With regards to Fe, the hydroxylamine hydrochloride extraction also
proved unsuccessful. In iron-rich samples (earthy saprolite, and yellow and red limonite),
about 10–15% of the total Fe mass was extracted during the subsequent extraction step
involving ammonium oxalate, while about 50–60% was removed during the last extraction
step involving citrate-bicarbonate-dithionite (CBD). In iron-rich lithologies, the overall
procedure permits the extraction of 60 to 80% of the total Fe content, and CBD appears to be
the most effective reagent to solubilise Fe. In contrast, the general approach only resulted
in the extraction of about 25% of the total Fe in the smectitic saprolite sample (TIEA-08)
from East Alpha, mainly through the action of CBD and, to a lesser extent, ammonium
oxalate. With regards to Al, the overall procedure succeeded in solubilising 40–50% and
10% of the total Al (Figure 9) in iron-rich and smectite-rich samples, respectively. The
relative amount of extracted Al is higher in iron-rich samples from Coquette Red (PZ1B-06,
PZ1B-09, PZ1B-13 and PZ1B-17) than in their equivalents from East Alpha (TIEA-07 and
TIEA-12). Among this fraction, a small portion (less than 5% of the total Al extracted)
was solubilised using hydroxylamine hydrochloride. The relative amount of Al removed
by ammonium oxalate is similar to that of Fe, about 10% or less. CBD remains the most
efficient reagent for Al extraction but seems less effective for solubilising Al than Fe. In
addition, Al appears more efficiently extracted by ammonium oxalate in iron-rich samples
from Coquette Red (about 10% of the total Al or 15–30% of the whole extracted Al) than in
their equivalent from East Alpha (about 5% of the total Al or 10% of the extracted Al).
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Figure 9. Results of sequential extractions. Cumulative histograms showing the total quantities of
Fe (wt%), Ni (wt%), Al (wt%), and Sc (ppm) extracted with the different reagents, as well as the
quantities not extracted. H2O = Ultrapure water (step 1), HONH2-HCl = hydroxylamine hydrochlo-
ride 0.1 mol·L−1 at pH 3.5 (step 2), (NH4)2C2O4 = ammonium oxalate 0.2 mol·L−1 at pH 3 (step 3),
CBD = citrate-bicarbonate-dithionite Na2S2O4 (22% Na-citrate and 1 g Na-dithionite) (step 4). See
Figure 5 for lithology colour coding.

Bulk Ni extraction is similar to or higher than Fe extraction. It is, in particular, higher
in iron-rich samples from Coquette Red than in their equivalents from East Alpha. More
specifically, two samples from Coquette Red (PZ1B-09 and PZ1B-17) show almost complete
Ni extraction, while Ni extraction in East Alpha does not exceed 60%. In contrast, Ni
is weakly extracted from the smectitic saprolite sample from East Alpha. The relative
proportion of Ni removed by hydroxylamine hydrochloride remains low (5 to 15% of the
total Ni extracted), yet higher than that observed for Al. The efficiency of Ni extraction by
ammonium oxalate appears similar to that of Fe (about 5 to 15% of the total Ni extracted)
and slightly lower than Al. As for Fe and Al, Ni is best extracted through CBD’s last
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extraction step. Regarding Sc, the overall procedure proves efficient in oxide-rich samples,
resulting in the extraction of about 75% of the total Sc amount, except in one sample (60%
extraction efficiency in TIEA-07). Like Fe, neither the ultrapure water nor the hydroxy-
lamine hydrochloride successfully extracted Sc from any samples. Sc extraction using
ammonium oxalate, which accounts for about 20 to 30% of the total Sc contained, appears
significantly more efficient than Fe, Al, and Ni in iron-rich samples.

Nevertheless, in these samples, CBD remains the most efficient reagent for Sc extrac-
tion. In contrast, in the smectitic saprolite sample from East Alpha, Sc is almost exclusively
extracted using ammonium oxalate. However, the total amount of extracted Sc from this
sample remains moderate (about 50% of the bulk Sc content). To summarise, it should be
noted that, in oxide-rich facies, (i) the extraction procedure is globally efficient for solu-
bilising Fe, Al, Ni, and Sc, though significant differences in global extraction efficiencies
are observed depending on the considered element and the sample provenance; (ii) only
Al and Ni can be slightly extracted using hydroxylamine hydrochloride; (iii) Fe, Al, Ni,
and Sc are best solubilised using CBD and, to a lesser extent, ammonium oxalate; and (iv)
the efficiency of Sc extraction using ammonium oxalate is significantly greater than that
of Fe, Al, and Ni. In contrast, the overall procedure is less well suited for the sequential
extraction in smectitic saprolite, so the greater extraction efficiency of ammonium oxalate
relative to other reagents must be considered cautiously.

8. Discussion and Implications for the Evaluation of Sc in Ni-Co Laterites

This study aims to assess in which conditions Al may be reliably used as a geochemical
proxy for a first-order evaluation of Sc grades and distribution in Ni-Co lateritic ores. In
the following, we discuss the causes of the Al-Sc co-variation regarding the mineralogical
evolution in lateritic profiles and the relevance of using deposit-scale Sc-Al2O3 correlations
to assess the distribution of Sc in Ni-Co laterites.

8.1. Co-Evolution of Al and Sc Concentration and Speciation through Weathering

Analytical data documented in the present contribution reveal significant correlations,
at the deposit scale, between Sc and Al2O3 concentrations in some lateritic Ni deposits
of New Caledonia. The high proportionality between Sc and Al2O3, observed in the
investigated lateritic deposits from the bedrock to the red limonite, is identified from
whole-rock geochemistry (scatterplots of untransformed data and PCA of centred log-
ratio-transformed data) and mineral chemistry data (Figures 5, 6 and 8). This correlation
has already been documented [13], but not at the deposit scale. Furthermore, the study
conducted by Santoro et al. [36] on trace element concentrations in goethite from various
Ni-laterite deposits showed a strong association between the Sc and Al contents of goethite
from the Wingellina deposit (Australia). The authors interpreted such association as being
primarily controlled by the composition of the parent rock, highlighting the influence of Al-
and Sc-bearing pyroxenite lenses on the composition of their goethite-bearing, weathered
derivatives. The Sc-Al2O3 proportionality, documented in the present contribution through-
out the weathering sequences of various Ni-laterites from New Caledonia (i.e., from the
bedrock to the red limonite), argues for a similar behaviour of Al and Sc during weathering.

In the unweathered mantle silicates, Ni is exclusively bound to forsterite. In contrast,
virtually all of the Al is hosted in pyroxenes (enstatite and diopside), and, to a lesser extent,
in chromiferous spinel, as it is highly incompatible with forsterite. Sc is also preferentially
hosted in pyroxenes, as forsterite only incorporates Sc up to a few ppm. Diopside contains
Sc concentrations up to about 65 ppm (Table S2, [13,14]) but is not abundant (Table S1)
and has a minor influence on the bulk Sc content of unweathered lherzolite. It has been
proposed that serpentinisation of the peridotite most likely has a marginal effect on Sc
concentrations in the bedrock [13]. The mineral chemistry data documented on lizardite in
the present contribution supports such an assumption, as lizardite composition primarily
reflects the composition of its mineral precursor. Although Cr-spinel yields elevated Al2O3
contents, it is an accessory phase in the bedrock. Considering (i) the mineral composition of
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Cr-spinel, (ii) the bulk Cr content of bedrock samples, and (iii) conservatively assuming that
all Cr is hosted in Cr-spinel in the bedrock, the contribution of Cr-spinel on the bulk Al2O3
content does not exceed 10% in the bedrock. Therefore, the global Sc and Al2O3 contents
in unweathered peridotite largely depend on the relative proportion of enstatite and its
chemical composition. Nevertheless, forsterite being the predominant mantle silicate in
peridotite, it also significantly contributes to the global Sc budget of the bedrock.

In the lower part of the weathering sequence (saprock and smectitic saprolite), Sc
and Al concentrations co-increase with Fe and Cr concentrations, suggesting that Sc and
Al enrichments are residual. Co-variations, along an extensive concentration range, of
Al, Sc, Fe, and Cr in smectitic saprolite samples from East Alpha (Figure 5), result from
inherent co-variation of smectite composition, as evidenced by mineral chemistry data
(Figure 8). The sequential extraction procedure proved relatively ineffective in solubilising
Fe, Ni, and Al and from the smectitic saprolite. These elements are typically present in
octahedral and tetrahedral positions in nickeliferous smectite and are not leached easily
from smectite [37,38]. However, the significant amounts of Sc extracted from the smectite-
rich saprolite using ammonium oxalate raise questions regarding the speciation of Sc in
this horizon. Together with the elevated Sc concentrations measured in smectite from LA-
ICP-MS analysis, the lack of Fe extraction by ammonium oxalate rules out any significant
contribution of amorphous iron oxides/oxyhydroxides to the Sc budget in the smectite-rich
zone. Based on the scandium K-edge XANES analysis, Chassé et al. [8] proposed that
Sc in the plasmic horizon of the Syerston-Flemington Sc laterite (Australia) is efficiently
trapped in smectite through incorporation into octahedral sites. Such interpretation seems
unable to account for the high quantities of Sc extracted using ammonium oxalate. Further
investigations remain to evaluate the Sc speciation in the smectitic saprolite from the East
Alpha deposit.

Contrasting with the Fe-Al-Sc-Cr collinearity identified in the lower portion of the
weathering sequences, Sc and Al exhibit a relative enrichment compared to Fe in the earthy
saprolite/yellow limonite and a relative depletion in the red limonite. This distribution
pattern, observed at Coquette Red and East Alpha (Figure 5b,c), as well as in several New
Caledonian Ni-Co laterites [13], but not at Ma-Oui (Figure 5a), supports specific mobility of
Sc and Al. It is suggested that these elements are, to some extent, remobilised from the red
limonite and accumulated downwards in the yellow limonite. The remobilisation of Sc and
Al possibly results from the release of Sc and Al after the dissolution/recrystallisation of
increasingly crystallised goethite during the maturation of the lateritic profile [13,39]. Such
a model is commonly accepted for explaining the distribution pattern of Ni concentrations,
which generally decrease gradually from the earthy saprolite upwards in conjunction with
an increase of the mean coherent domain (MCD) size of the goethite crystallites [39,40].
This typical Ni distribution pattern is, for instance, well-evidenced at Coquette Red, where
a gradual decrease of Ni concentrations occurs from the earthy saprolite (1.5 wt% Ni) to
the red limonite (0.5 wt% Ni). There, Sc and Al distribute differently from Ni, as Sc and
Al concentrations are higher in the yellow limonite than in the earthy saprolite. Although
the release of Sc during dissolution/recrystallisation of goethite has been proposed as a
relevant model for explaining some elevated Sc concentrations in the yellow limonite [8,13],
the mobility of Sc released during this process must therefore be lower than that of Ni. In
addition, the formation of hematite at the expense of goethite in the red limonite likely
results in the downward redistribution of Sc and Al, as both Sc and Al substitute more
easily for Fe in goethite than in hematite [41–43], thus contributing to Sc enrichment in the
yellow limonite.

Sequential extraction provides further insights on the speciation of Sc and its asso-
ciation with other elements in the earthy saprolite, yellow and red limonite. It is worth
noting that the extraction procedure here applied differs from the method previously used
on ultramafic-derived laterites from the Syerston-Flemington (Australia) and the Berong
(Philippines) deposits [8,11]. The extraction procedure is adapted from Hall et al. [44] and
Sanematsu et al. [45] in these two studies. It includes sodium acetate as the first reagent to
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assess the adsorbed and exchangeable species. In contrast, we used ultrapure water, which
only allows us to extract the easily exchangeable species and, therefore, does not estimate
the adsorbed species.

Nevertheless, the extracted Sc amounts obtained from sodium acetate treatment are
low (10–15%) in the Syerston–Flemington laterites to very low (<5%) in the Borong la-
terites [8,11]. These two studies combine sequential extraction with XANES analysis.
Chassé et al. [8] observed that the low proportion of exchangeable goethite-hosted Sc ob-
tained from sequential extraction (10–15%) is at odds with the results of the XANES analysis.
The latter reflects an elevated contribution of Sc adsorbed on goethite (up to 80%) in the
global Sc budget, with only a small proportion of Sc being substituted in iron oxides and
oxyhydroxides. The authors favour better reliability of the XANES spectra interpretation
than the sequential extraction results and propose reconciling these data by arguing for the
high stability of the Sc adsorption complex on goethite, thus preventing the extraction of
adsorbed Sc through sodium acetate treatment. Similarly, in the Gorong deposit [11], the
amounts of Sc adsorbed on goethite appear more significant when estimated from XANES
spectra (24–49%) than from sequential extraction (below 5%).

Both of these studies then use hydroxylamine hydrochloride to extract amorphous
iron oxides. In contrast, we used hydroxylamine hydrochloride at lower concentrations
to extract manganiferous species. No Fe or Sc, and only a very slight fraction of Ni and
Al, are extracted using hydroxylamine hydrochloride, highlighting the marginal presence
of Mn oxides in the investigated samples and the absence of detectable Sc in Mn oxides.
Following hydroxylamine hydrochloride treatment, we used ammonium oxalate to extract
amorphous iron oxides. Ammonium oxalate has been reported as an efficient and selective
dissolving agent for amorphous and poorly crystalline ferric oxides/oxyhydroxides with-
out significant crystalline goethite/hematite or silicate dissolution [46,47]. Chassé et al. [8]
and Qin et al. [11] did not pursue sequential extraction further than the amorphous iron
oxides/oxyhydroxides extraction step, hypothesizing that the residue is mostly represen-
tative of crystalline iron oxides. In the present study, the last extraction step with CBD
unambiguously demonstrates that crystalline iron oxides/oxyhydroxides predominates
over amorphous iron oxides/oxyhydroxides in oxide-rich horizons. Along with Fe, the ele-
vated Ni, Al, and Sc fractions extracted using CBD confirm that these elements are mainly
bound to crystalline goethite. At Coquette Red, a slight decrease in the total extracted Fe is
observed from the earthy saprolite to the red limonite, from about 80 to 60% (Figure 9). Such
a decrease, resulting from a slight lowering of both CBD and ammonium oxalate extraction
efficiencies (from about 60 to 50% and 15 to 8%, respectively), may indicate an increase
in goethite crystallinity. Compared to Fe, Al extraction appears globally less effective,
especially at East Alpha, wherein the Al contents of oxide-rich facies are higher than at
Coquette Red. Such a discrepancy between the extraction efficiencies of Al and Fe possibly
results from the presence of extraction-resistant, Al-bearing minerals in the oxide-rich
facies. Chromiferous spinel, an accessory phase in the bedrock, is residually enriched in the
oxide-rich facies and contains about 15 wt% Al [13]. Therefore, even in minor amounts, the
presence of extraction-resistant Cr-spinel implies that a non-negligible portion of the whole-
rock Al content cannot be extracted through the used procedure. However, such quantities
of unextractable Al are likely insufficient to account for the apparent lower extractability of
Al, or for the differences in Al extraction rates between Coquette Red and East Alpha, as
both sites have similar Cr contents. Although not observed in any of the peridotite-derived
limonite samples, trace amounts of kaolinite in the lherzolite-derived limonite cannot be
ruled out at East Alpha. Similar to Cr-spinel, the used extraction procedure is ineffective in
solubilising kaolinite, whose potential presence in the East Alpha limonite may explain the
lower extraction rate for Al. Regarding Sc, total extraction rates in the Fe-rich horizons are
similar to that of Fe (and therefore higher than that of Al), supporting the strong association
of Sc with iron oxides/oxyhydroxides and, in particular, with crystalline goethite. Never-
theless, ammonium oxalate appears relatively more efficient in extracting Sc (about 20 to
35% of total Sc) than Fe (about 10% of the total Fe). The proportion of Sc extracted from
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amorphous iron oxides in the present study is, therefore, slightly higher than that obtained
by Chassé et al. [8], that is about 15–25%, and significantly higher than that obtained by
Qin et al. [11], that is below 3%. This discrepancy possibly results from a better efficiency
of ammonium oxalate to extract Sc from amorphous iron oxides/oxyhydroxides than
hydroxylamine hydrochloride. Our results suggest that Sc may have a higher affinity for
amorphous iron oxides/oxyhydroxides than crystalline goethite. Thus significant amounts
of Sc can be concentrated in amorphous iron oxides/oxyhydroxides despite the predom-
inance of crystalline goethite throughout the lateritic sequence. The speciation of Sc in
oxide-rich facies differs probably in part from that of Al. The latter is mainly incorporated in
the lattice of crystalline goethite and preserved in weathering-resistant Cr-spinel. However,
despite second-order differences between the speciation of Sc and Al2O3, these elements
show strong proportionality from the bedrock to the red limonite. As these elements
(i) are both mainly immobile during the weathering of peridotite, (ii) have a preferential
affinity for goethite, and (iii) are only moderately remobilised following recrystallisation
and goethite replacement by hematite, the composition of the parent rock remains the
first-order control on their concentrations throughout the weathering sequences. Thus, the
Sc-Al2O3 regression lines obtained from forsterite-enstatite-lizardite mineral compositions
are close to those obtained from weathering-related mineral compositions and whole-rock
geochemistry along weathering profiles. The slightly lower regression coefficients obtained
from whole-rock geochemistry than those obtained from bedrock mineral composition
may result from the second-order contribution of Cr-spinel to the global Al budget in
whole-rock geochemical compositions. These results indicate that (i) the Sc-Al2O3 content
of enstatite in a given peridotite bedrock drives the slope of the Sc-Al2O3 regression line
within its weathered derivatives, and (ii) the relative proportion of enstatite together with
its Sc content largely control the maximum Sc concentrations reached in the yellow limonite.
It is worth noting that the positive intercepts observed on whole-rock Sc-Al2O3 regression
lines likely reflect the contribution of Al-free forsterite.

Contrasting with the proportionality observed between Sc and Al2O3 from the bedrock
up to the red limonite, samples from the duricrust are out of the Sc-Al2O3 whole-rock
correlation trends. Such offset, previously documented by Teitler et al. [13], possibly results
from the contribution of allochthonous material to the duricrust. Indeed, in situ Sc analysis
of goethite-hematite in lateritic residuum matches the Sc-Al2O3 regression line obtained
on saprolitic and limonitic minerals. On the opposite, nodular and pisolitic goethite and
hematite from the ferricrete exhibit a relative depletion in Sc compared to Al, similar to
the offsets identified in the whole-rock geochemical dataset. In the East Alpha deposit,
the offset of gabbro-derived saprolite from the Sc-Al2O3 correlation trend also results
from the allochthonous nature of the gabbro compared to the peridotite-derived Ni-Co
laterite, together with the specific mineral assemblage of the gabbro-derived saprolite. The
formation of kaolinite during the weathering of gabbro is related to its Al content [13,48,49].
As Sc is typically poorly concentrated into kaolinite [7,13,14], gabbro weathering may
lead to Sc remobilisation and trapping into nearby yellow limonite. At the same time, Al
remains concentrated in saprolitised gabbro as kaolinite. Consequently, Sc and Al2O3 may
be positively correlated in lateritic deposits if kaolinite, or other Al-bearing phases such as
gibbsite, are mostly absent from the lateritic profiles. The formation of kaolinite (or gibbsite)
during the lateritisation process requires that the parent rock contains significant amounts
of Al, so that Sc-Al2O3 correlation trends may only be observed in ultramafic-derived
laterites, wherein the Al content is low.

8.2. Implications for the Assessment of Sc in Ni-Laterites

Using Al as a geochemical proxy to conduct a first-order estimation of Sc concentration
and distribution in a given Ni-Co deposit depends on the specific reliability of the Sc-Al2O3
correlation at the deposit scale and on the method used to characterise Al concentration
and distribution. The reliability of the Sc-Al2O3 correlation may be influenced by (i) po-
tential heterogeneities in the parent rock lithology, (ii) the occurrence of alteration facies
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containing Al-rich phases such as kaolinite or gibbsite, and (iii) the inherent data dispersion
in Sc-Al2O3 scatterplots. Interestingly, the alternate presence of harzburgite and dunite in
the bedrock does not seem to significantly affect the Sc-Al2O3 regression coefficient nor the
dispersion of the data, providing that the composition of enstatite remains similar in both
facies. Nevertheless, lithological heterogeneities involving a change in the composition of
enstatite, elevated amounts of diopside and plagioclase (e.g., in some lherzolite facies), or
the occurrence of mafic intrusive dykes, may cause significant variations of the Sc/Al2O3
concentration ratio both in the parent rocks and in their weathered derivatives. These
potential variations of the parent rock lithology at the deposit scale may be tested by geo-
logical characterisation and geochemical assay data analysis. In addition, alteration facies
containing significant amounts of Al-rich phases (e.g., kaolinite, gibbsite) are commonly
characterised by a substantial deviation from the Sc-Al2O3 correlation trend established
from smectite- and Fe-oxide-dominated lithologies. The possible occurrence of Al-rich
phases, typically poor in Sc, must be examined to prevent over-estimation of the Sc content.
Al-rich phases are commonly associated with weathered intrusive rocks such as gabbros.
Still, they may also form during the weathering of some peridotites that yield significant
Al concentrations. In particular, some plagioclase-bearing lherzolites (not investigated in
the present study) can exhibit Al2O3 contents up to ~4 wt% [18,50] and may consequently
alter to kaolinite or gibbsite.

Therefore, geochemical homogeneity and low Al-content of the parent rock are neces-
sary conditions for a reliable Sc-Al2O3 correlation trend at the deposit scale. Determination
of a reliable, deposit-scale Sc-Al2O3 correlation requires assessing the range of Al2O3 con-
centrations for which Sc is well correlated with Al2O3 through an adequate sampling
strategy that encompasses the whole range of Al2O3 concentrations and the mineralogical
diversity throughout the deposit. Finally, the inherent data dispersion in Sc-Al2O3 biplots
may be variable depending on the investigated deposit. Therefore, the number of samples
used for establishing the Sc-Al2O3 correlation must be adapted to the inherent data dis-
persion to develop a reliable correlation with a good correlation coefficient. Once verified,
deposit-scale Sc-Al2O3 correlations may first prove useful to estimate Sc concentrations on
surface outcrops or pit walls using portable devices such as pXRF. Indeed, the relatively
low Sc concentrations observed in Ni-laterites (<100 ppm) limit the use of pXRF to directly
assess Sc [51], whereas Al concentrations, typically about a few wt%, can be confidently
estimated using such a device. The slightly lower accuracy obtained on Al analysis from
pXRF than from a classical assay analysis would only marginally affect the estimation of
Sc. More importantly, applying this approach to deposits where Al is routinely assayed
could provide a first-order Sc concentration and distribution estimate. The reliability of
such estimation would depend on the Sc-Al2O3 correlation and the reliability of the Al
distribution model. Indeed, block models are developed firstly to estimate the resource and
distribution of Ni both in saprolitic and limonitic facies. They rely on statistical variograms
set explicitly for several metals (e.g., Si, Mg, Fe, and Ni) but not necessarily Al. In such a
case, a specific evaluation of the variability of Al in the limonitic facies may be beneficial.

9. Conclusions

This contribution examines the relevance of using Al as a geochemical proxy for first-
order Sc distribution and concentration estimates in some peridotite-hosted, Ni-Co laterites
from New Caledonia. Apparent correlations are identified at the deposit scale between
Sc and Al2O3 concentrations from the bedrock to the red limonite. These correlations put
forward the similar behaviour of Al and Sc in weathered peridotite as their concentrations
are primarily issued from residual enrichment. Local remobilisation from the uppermost
horizons is shown. Al and Sc are predominantly hosted in crystalline goethite, but Sc
has a relatively higher affinity for amorphous iron oxides than Al. In all investigated
deposits, the Sc-Al2O3 regression coefficient remarkably depends on the Sc content in
enstatite. Since the parent lithology is homogeneous and relatively depleted in Al, reliable
Sc-Al2O3 correlations may thus be determined at the deposit scale after analysing a limited
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number of spatially and chemically representative samples. An adequate sampling strategy
is required to cover the range of Sc and Al2O3 concentrations throughout the deposit. In
addition, it is necessary to consider potential occurrences of specific alteration facies that
may affect the relevance of the deposit-scale correlation (ferricrete, weathered intrusive
rocks, and kaolinite- or gibbsite-bearing alterite). Although the zones of maximum Sc
enrichment are situated above the top Ni and Co enrichment zones, Sc-rich limonite may
overlap the Co-rich transition zone. The base of the limonite zone may therefore contain
exploitable Co and Sc together with sub-economic Ni grades.
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Abstract: In a number of applications, the use of portable X-ray fluorescence (pXRF) instruments
offers a time and cost-saving alternative to standard laboratory instruments. This is particularly true
in a mining context where decisions must be taken quickly in the field. However, pXRF is a technique
known to be efficient, provided that samples are well prepared, i.e., dried and finely ground. On the
mine face, little-to-no sample preparation is conceivable as mining vehicles must be able to operate
continuously. Therefore, solutions have to be found even for raw materials and one of the most
critical problems is the sample water content, in particular in the context of open pit mines in a
tropical area. A large number of analysis shows that knowledge of humidity enables the measured
concentration to be effectively corrected for the three instruments used (Niton, X-met, Titan). It is
possible to overcome the difficulty of measuring water content in the field by fixing it to its maximum
value (saturation). The results show that the saturation method is reliable, or at least, promising.

Keywords: pXRF; mine; nickel; iron; water content; dilution law; Beer-Lambert law; saturation

1. Introduction

The advantage of pXRF, compared to other chemical analysis methods, is that it allows
the analysis of elements in concentrations ranging from a few tens of mg kg−1 to several
percent, on raw samples, whether in the field or in the laboratory, in a very short time, thus
allowing a rapid diagnosis, without delay. Thus, this method makes it possible to identify
and quantify chemical elements at an acceptable cost and within acceptable deadlines
and to delimit areas more or less concentrated in these elements. Because of fluctuations
in measurements due to the matrix effects, particle size, heterogeneity of materials and
moisture content, it is not intended to replace the usual techniques of chemical analysis with
their precision and standards. On the other hand, knowledge of the different parameters
that can influence the measurement and their consideration allows an improvement in the
quantification of certain chemical elements.

The use of portable X-ray fluorescence (pXRF) devices in mining contexts, whether
during the exploration, the borehole mining or the mining phases [1–7], has shown its
value even if the on-site results are out of step with the results of chemical analyses carried
out in the laboratory and the dispersions can sometimes be significant.

In New Caledonia, mining companies have been using this type of equipment for a few
years but are struggling to obtain reliable results. The calibrations are based on empirical
laws rather than physical laws. The main advance is to make corrections a posteriori
according to the water content of the material. Currently, these devices are mainly used on
finely ground materials, saprolitic materials have too much variability. This equipment is
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used profitably at the level of prospecting which is satisfied with relative indications that
are not very precise and where they make it possible to guide the taking of a representative
sample. On cored or destructive soundings and on the operating front, difficulties arise in
terms of the accuracy of the measurements and their reproducibility.

Finally, on ore stock where certified analyses are needed, these devices cannot replace
conventional analysis methods. It is therefore in the field up to the sounding workshop,
then logging, that progress can be envisaged. The need to improve the analytical protocol
based on real scientific bases was expressed by the college of industrialists of the CNRT
(Centre National de Recherche Technologique). However, this research must not lead to
solutions that are too cumbersome to implement in the field, making the technology lose
all logistical advantage.

Obtaining an average value in accordance with the reference value requires a correc-
tion of the local measurement (water content) as well as an adequate sampling strategy.
There are several quantitative XRF analysis methods, being either compensation methods
(dilution, internal standard, standard addition or Compton scatter) or correction of the ma-
trix effects methods (fundamental parameters, empirical influence coefficient or theoretical
influence coefficient) [3,7–15]. The implementation of compensation methods on mine site
is not possible since a complex preparation before is necessary (drying and grinding). The
methods used in the mining context are matrix correction methods.

It is therefore necessary to work on improving the accuracy of the measurement
and the sampling strategy by focusing on three points: water content, particle size and
sampling. The control of these different parameters should eventually make it possible
to obtain chemical analyses “close” to the concentrations determined by conventional
laboratory methods. Although three points are important, this study focuses more on the
water content in the quantification of chemical elements.

Soils can naturally contain high water content, especially in humid tropical environ-
ments. Within the sample, water replaces ambient air that fills porosities or fractures [16].
On the surface of the sample, pressure due to contact of pXRF device can induce release
of water from macro pores and then can form a thin layer of water [17]. The protective
film conventionally used during pXRF measurements can lead to formation of a layer of
water on the surface of the sample [18]. Whatever its origin, water influences the intensity
of X-rays in two ways. First, water absorbs X-rays more than air, so the absorption of
the sample increases with the water content. Secondly, the water scatters the primary
X-ray from the source and thus increases the intensity of the background. Both effects
will decrease the net area of fluorescence peaks. While the presence of water will greatly
affect results for light elements, concentrations measured for heavy elements (Z > 40 or
Z > 26) [17] remain almost constant.

Whatever the element considered, it is generally accepted that moisture contents
up to 20% do not significantly influence XRF intensity and the quantification by this
method [19–21]. For higher water contents, several correction laws have been proposed
to obtain concentration in the dry sample from wet sample measurement. Ge and coau-
thors [16] assume that reduction of XRF intensity is proportional to the increment of water
content and propose a relationship derived from Beer Lambert′s law. Ge and coauthors
also show that the sum of the intensities resulting from coherent and incoherent scatter-
ing of primary X-ray from the source is a linear function of water content. By using this
second relationship, measurement of the water content is no longer necessary and only
measurement of the intensities is required. Bastos and coauthors [22] retained Ge and
coauthors hypothesis but uses the background intensity at low energy instead of scattered
intensity [22]. This correction law can give satisfactory results for water contents up to
136.8% [23]. Phedorin and Goldberg [24] and Kido and coauthors [18] have also proposed
correction laws based on Beer Lambert′s law. The correction proposed by [24] requires
an iterative algorithm and to know all macroscopic cross sections. The law proposed
by [18] requires knowledge of the mass absorption coefficient of the dry sample. These
constraints make their use more complex and these laws are therefore rarely used. More
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recently, Ribeiro and coauthors [25] applied several correction laws (linear, second-degree
polynomial and power) to measurements made on Brazilian soils. Finally, they proposed
to use a power law to fit measured data.

In this paper, two water content compensation laws were applied to Caledonian ore
samples. The dilution law which compensates the variation of the mass concentration
induced by the addition of water and the classical law introduced in Ge and co-authors [16].
On the other hand, this study shows a strong correlation between the concentrations
measured for the dry sample and for the sample whose water content is close to the
concentration of the saturated ore. By saturating the sample with water, after a calibration
phase as it is classically required for dry samples, it is possible to obtain directly the Fe and
Ni contents of the dry sample.

2. Materials and Methods
2.1. Portable XRF (pXRF)

The characteristics of the devices used during this project are very similar (Table 1).
They are all equipped with a tube capable of operating at high voltages of 45 to 50 kV,
allowing measurement of the heaviest elements. Their multi-element detection range is
also close, at about 30–35 elements. On the other hand, the technologies of detection sys-
tems, hardware and software ergonomics, as well as the implementation of quantification
algorithms (FP, coefficients of influence, etc.) may vary from one manufacturer to another.
The standardization of the XL3t mining mode is based on fundamental parameters but
also uses the Compton scatter (inelastic collisions) to standardize to 100%. The information
on how the normalize of the intensities was done, was not available for the two other
instruments. Rousseau [26] showed that the normalization conditions may introduce a bias
in the results.

Table 1. Specifications of the instruments used in this work.

Manufacturer Thermo Fisher®

Boston, MA, USA

Oxford Instrument®

Abingdon, Oxfordshire,
UK

Bruker®

Billera, MA, USA

Model Niton GOLDD + 900 XMET 7500 S1 Titan 800
Anode Ag Rh Rh

Tube voltage (kV) 50 45 50
Tube current (µA) 200 50 200

Spot size (mm) 7 9 5
Resolution (eV) <185 <150 <145

Detector SDD GOLDD SDD Fast SDD
Element range Mg to U Mg to U Mg to U

Application mode Mining Cu/Zn mining_fp Ni-Co Ore Rock
(NiOreRock method)

In the laboratory, the devices were operated in a benchtop stand using an AC adapter
to create the ideal measurement conditions for the sample cups. The devices were allowed
to warm up for a minimum period of 30–45 min before measurements.

In all situations, in the laboratory or in the field, the measurement time was set to 10 s.
This measurement time is deliberately short and it is a compromise, obtaining an acceptable
accuracy and minimizing the muscular tension of the operator. In situ, the operator will
have to use the pXRF instrument several times a day and sometimes in uncomfortable
positions, so it is essential to reduce the measurement time as much as possible.

As in situ conditions can be very hard for a pXRF in an open mine, X-ray tubes
and detectors can easily be damaged. In order to protect nozzle instruments, all mining
operators cover their instruments with a protective tape, e.g., Kapton® for Niton and 3M
scotch® (ref. E5016C) for Xmet (Figure 1). In the case of Titan pXRF, as it has a built-in
protective shield, no other protection was added. Adding a film will attenuate and scatter
the radiation. It will strongly attenuate the low energy radiation typical of the fluorescence
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of light elements while it will have a negligible influence on the fluorescence of the heavier
elements [27].
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2.2. Samples Description
2.2.1. Geological Setting

The obduction of the peridotite layer on sedimentary formations and the basaltic
unit of Poya is attributed to the Late Eocene [28–32]. Originally covering a large part of
Grande-Terre in New-Caledonia, the formation was gradually stripped by a succession of
episodes of chemical and mechanical alteration. Currently, the remains of this formation
cover about a third of Grande-Terre and are represented by:

• the ultrabasic massif to the south and its extension on the east coast of New Caledonia
(mines of Goro, Tontouta, Camp des Sapins, Thio, Nakéty, Boa Kaine, Kouaoua, Poro,
Monéo);

• a sequence of klippes on the edge of the west coast (Kopéto-Boulinda, Koniambo,
Ouazangou-Taom, Tiébaghi, Poum, Bélep island, etc.).

Peridotites, rocks of the Earth′s mantle that rarely appear on the surface of the earth,
consist mainly of silicates rich in metallic elements including iron, magnesium, manganese,
chromium, nickel and cobalt. The alteration of peridotites in hot and humid tropical
environments is a supergene process that causes the hydrolysis of the components of the
rock and its dissolution. Some elements are leached (Si, Mg), while others remain in place
(Fe, Cr, Ni, Co, Mn). Under the action of a humid tropical climate, the peridotites were
gradually altered by hydrolysis of ferromagnesian silicates leading to a typical weathering
profile [33] composed, from the bottom to the top: fractured peridotic fresh rock, saprolites,
yellow limonite, red limonite, nodular layer and ferricrete.

This basic succession has many variations and gaps. While in source rock, Ni and
Co are in low concentrations (0.3% and 0.01% respectively), these same elements are
concentrated in saprolite and limonite horizons with contents of the order of one percent.

In saprolites, the distribution of Ni is very variable, as is the physical heterogeneity of
the material. Economically sized ore bodies are currently mined at an average grade greater
than 2% Ni + Co. Ni is hosted by Ni-bearing serpentines that make up the majority of the
saprolite horizon, and by less abundant, but high grade, garnierites (green, fine grained
mixtures of serpentine, talc, chlorite, sepiolite and smectite).

In the limonite horizon, the content of metals is less fluctuating but overall lower, less
than 2% Ni + Co, because these levels almost entirely devoid of magnesia and silica, mainly
consisting of iron oxy-hydroxides partially crystallized in fine grained goethite, have a
lower Ni retention capacity. Cobalt is often concentrated at the base of yellow limonite in
the form of concretions of asbolane, a complex manganese oxide.

A very complete article on the mineral resources and prospectivity of ultramafic rocks
in New Caledonia has recently been published and covers all the knowledge acquired on
the subject [32].

The Ni ores currently mined in New Caledonia are of two types:
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• Saprolitic or garnieritic silicate ores of high contents (>2%);
• Limonitic ores of lower grades (<2%).

Although the two types can coexist in the same mining area, the mining techniques
and industrial processes to which they are subject are different. The Société le Nickel
(SLN) operates mainly saprolitic ores in five centres. Koniambo Nickel SAS (KNS) will
mine saprolitic and limonitic ore by pyrometallurgical treatment. The Valé Company,
in the South, mainly processes limonitic ore by a hydrometallurgical process. The other
“small miners” are divided between conventional exploitation and the export of saprolites
and limonites.

2.2.2. Reference Samples

During this two years project, we have used a database made of 27 reference samples
(14 limonites and 13 saprolites) that have passed a round Robin test. This base is shared
by all the major mining companies and the Geological Survey (SGNC), a department of
New Caledonia’s Direction for Industry, Mining and Energy (DIMENC). Minimum and
maximum elemental concentrations are given in Table 2.

Table 2. Minimum (min) and maximum (max) values of reference samples concentrations.

Fe (%) Ni (%) Mg (%) Si (%) Cr (%) Al (%) Mn (%) Ca (%)

min value 4.96 0.09 0.13 0.52 0.17 0.10 0.04 0.01
max value 53.96 3.29 22.26 31.55 3.54 12.75 4.10 0.43

Reference concentrations of these samples were established by XRF in a New-Caledonian
accredited laboratory (Ni, Lab).

All samples were prepared by the loose powder technique in plastic cups covered
with a protective 6.0 µm Mylar® polyester film (FluXana, Bedburg-Hau, Germany). Cups
were then filled with powders of at least 1 cm thickness, eventually covered with cotton
fibers and finally closed in order to hold the setup firmly (Figure 2).
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Figure 2. On the left: an empty cup and on the right: a filled cup with a powder.

Each sample was analyzed with the three pXRF, three times or more during 10 s, and
results were then averaged.

2.2.3. Field Sampling

Two sampling campaigns have been conducted in different mines across the territory
during this project. The first one took place at the beginning in order to collect samples for
the laboratory analysis, the second at the end to test the developed method. All samples,
about 5 kg each, were initially sent to a NATA/ISO/IEC17025 accredited laboratory to
be weighed, dried at 105 ◦C until no mass change, weighed again, crushed at 3 mm and
split with a rifle sampler. An aliquot of 1 kg was then crushed at 75 µm, split again in a
rifle and one part was finally analyzed by XRF on fused disks. This first step allowed us
to have access to the concentration of eleven elements/compounds (Ni, Co, Fe2O3, MgO,
SiO2, Cr2O3, Al2O3, MnO, CaO, CuO and ZnO) and to the water content of samples in the
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field. During the first campaign, 30 samples (11 limonites and 19 saprolites) were collected.
Concentrations range from 0.27 wt% to 3.36 wt% and from 4.7 wt% to 52.9 wt% for Ni and
Fe, respectively. Water content ranges from 0.75 wt% to 48.03 wt%. Figure 3 shows two
panels, a limonitic one on the left and a saprolitic one on the right; their width is about
3.5 m and their height about 2 m. Circles represent the sampling points, and each one
was first measured with the three pXRF before being collected in a bag and sent to the
accredited laboratory. pXRF measurements are not presented in this paper, as samples were
primarily collected for water analysis in the lab.

Minerals 2022, 12, x FOR PEER REVIEW 6 of 27 
 

 

2.2.3. Field Sampling 
Two sampling campaigns have been conducted in different mines across the territory 

during this project. The first one took place at the beginning in order to collect samples 
for the laboratory analysis, the second at the end to test the developed method. All sam-
ples, about 5 kg each, were initially sent to a NATA/ISO/IEC17025 accredited laboratory 
to be weighed, dried at 105 °C until no mass change, weighed again, crushed at 3 mm and 
split with a rifle sampler. An aliquot of 1 kg was then crushed at 75 µm, split again in a 
rifle and one part was finally analyzed by XRF on fused disks. This first step allowed us 
to have access to the concentration of eleven elements/compounds (Ni, Co, Fe2O3, MgO, 
SiO2, Cr2O3, Al2O3, MnO, CaO, CuO and ZnO) and to the water content of samples in the 
field. During the first campaign, 30 samples (11 limonites and 19 saprolites) were collected. 
Concentrations range from 0.27 wt% to 3.36 wt% and from 4.7 wt% to 52.9 wt% for Ni and 
Fe, respectively. Water content ranges from 0.75 wt% to 48.03 wt%. Figure 3 shows two 
panels, a limonitic one on the left and a saprolitic one on the right; their width is about 3.5 
m and their height about 2 m. Circles represent the sampling points, and each one was 
first measured with the three pXRF before being collected in a bag and sent to the accred-
ited laboratory. pXRF measurements are not presented in this paper, as samples were pri-
marily collected for water analysis in the lab. 

  

(a) (b) 

Figure 3. Examples of Ni ore panels sampled during the project: (a) Limonite; (b) Saprolite. 

During the second campaign, 18 samples (12 limonites and 6 saprolites) were col-
lected. Concentrations range from 1.31 wt% to 4.47 wt% for Ni and from 8.8 wt% to 52.4 
wt% for Fe. 

2.3. Methods 
2.3.1. Laboratory Analysis 

In order to evaluate how water content affects pXRF analyses on crushed samples, a 
series of measurements has been made at different water contents with the 30 samples 
collected during the first field campaign (Figure 4). The process is as follows: 
 Weighing of the empty cup (only one side is covered with a thin Mylar® film, the 

other is left open to facilitate water evaporation during drying); 
 Sample saturation with water; 
 Filling the cup with the wetted powder; 
 Weighing and analysis with the 3 pXRF (one measurement of 10 s); 
 Drying in a ventilated oven at 70 °C during one hour; 
 Weighing and analysis with the 3 pXRF. 

Figure 3. Examples of Ni ore panels sampled during the project: (a) Limonite; (b) Saprolite.

During the second campaign, 18 samples (12 limonites and 6 saprolites) were collected.
Concentrations range from 1.31 wt% to 4.47 wt% for Ni and from 8.8 wt% to 52.4 wt%
for Fe.

2.3. Methods
2.3.1. Laboratory Analysis

In order to evaluate how water content affects pXRF analyses on crushed samples,
a series of measurements has been made at different water contents with the 30 samples
collected during the first field campaign (Figure 4). The process is as follows:

• Weighing of the empty cup (only one side is covered with a thin Mylar® film, the other
is left open to facilitate water evaporation during drying);

• Sample saturation with water;
• Filling the cup with the wetted powder;
• Weighing and analysis with the 3 pXRF (one measurement of 10 s);
• Drying in a ventilated oven at 70 ◦C during one hour;
• Weighing and analysis with the 3 pXRF.

The two last steps were repeated seven or eight times in a day. After the last measure-
ment, each sample was gently dried at 30 ◦C during 16 h and 2 more hours at 105 ◦C, then
finally weighed and analyzed. The last step gives us element concentrations and masses of
the dry samples.

The saturation is achieved by using a vacuum filtration system. The ore is placed on a
filter and then water is added in excess to the Büchner funnel. The mass of added water is
approximately 8 g and the mass of the dry sample is approximately 6 g. This initial volume
of water corresponds to approximately 3 times the volume of the solid phase and 2 times
the mass of water contained in the wettest sample. A vacuum is then created in the Büchner
flask using a water aspirator vacuum pump to remove excess water. After approximately
one minute, the water reaches the upper surface of the sample. The pumping system is
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then stopped and the sample is immediately placed in the cup. This method does not
guarantee that we really reach saturation, as samples could be over-saturated, but it has
the advantage of being reproducible. We are probably closed to the saturation, however,
and we will not be able, in the field, to precisely saturate the sample.
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Furthermore, as the measured concentrations may vary depending on the position of
the measuring head on the cup, a machined mechanical support with the footprint of the
cup was designed and used in order to ensure correct positioning.

2.3.2. Field Measurements (Saturation)

Water content of Ni-ore in humid climate as in New Caledonia can vary from a few
percent to fifty percent and even more in the lateritic profiles. Iron-rich limonitic layers are
made of soft porous and permeable material that can easily retain water. Saprolitic layers
are less weathered than lateritic ones, they can be very rocky or a mix of rock fragments of
different size and soft material.

During the second field campaign, and in order to test our saturation method in both
limonitic and saprolitic layers, we have used two sampling processes:

• In the presence of a wet, cohesive and homogeneous material, e.g., in a limonitic
horizon, we have drawn a 5 × 5 grid directly on the panel as shown in the Figure 5a;

• In other situations, sampling points were randomly distributed over the area of interest
as shown in Figure 5b.

Each measurement point (cell of the grid or random point) was saturated with water
with a hand spray as shown in Figure 6, measured with the three pXRF and a sample was
taken over the grid or around each random point, collected in a bag and sent to the lab. At
the end, for a given sample, all local pXRF data were averaged in order to be compared to
the reference value issued from the bag. A total of 13 samples measured and collected in
this way have been used to calibrate the instruments on saturated samples.

This process has the advantage, from the miner’s point of view, of being quick and
simple, but sample saturation cannot be strictly ensured. In practice, we added water
until the wetted area stopped absorbing but this process is, for sure, operator dependent.
However, the calibration phase, which consists in confronting pXRF measurements with
reference values obtained on XRF fused disks, will allow us to correct for systematic errors
if there are some, and above all, to determine measurement errors, including those induced
by the proposed saturation process.
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2.4. Statistical Analyses

To validate the correction step between measured concentrations and reference con-
centrations or to compare the correction models according to the water content, the mean
error (ME), the root-mean-square error (RMSE) and the coefficient of determination (R2)
have been calculated.

ME =
1
n

n

∑
i=1

(ei − ri) (1)

RMSE =

√
1
n

n

∑
i=1

(ei − ri)
2 (2)

where n is the number of observations, ei is the corrected pXRF value and ri is the reference
value for the calibration step or the value measured at zero water content during the water
correction step. A value of ME close to zero indicates that corrected values are centered
around the reference values and that there is no systematic error. The RMSE quantifies the
accuracy of the correction. If the correction is perfect, RMSE is equal to 0. The coefficient
of determination, also called r-squared (R2), is the square of correlation coefficient R. The
coefficient of determination is a measure of the scatter about the regression line and is a
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measure of the strength of the linear association. It ranges in value from 0.0 (no linear
association) to 1.0 (perfect linear association).

3. Results
3.1. Calibration with Reference Samples
3.1.1. Single Linear Regression

Even on dry and finely ground samples, a fine-tuning of concentrations is always
needed to compensate for the systematic biases induced by cups tape and nozzle protective
tape, i.e., Kapton® or Scotch®. Systematic biases can be overcome through a calibration
process that consists of finding, for a given element, the relationship between pXRF data
(raw data Cr) and XRF, ICP-AES or AAS laboratory data (reference data C). A simple linear
regression analysis can be performed for this purpose. Linear regression produces the
slope, a, and the y-intercept, b, of the regression line. A slope of 1.0 and a y-intercept of
0.0 indicate that pXRF is accurate. If not, the values of a and b can be entered directly into
the analyser. The simple regression is defined by:

[C] = a× [Cr] + b (3)

In addition to calibration factors, linear regression analysis produces statistical param-
eters such as the coefficient of determination, which can be used to evaluate the goodness
of the fit. Table 3 shows the parameters of the simple regression for the two elements and
for the three devices.

Table 3. Parameters of the simple regression for the two elements and for the three devices (a: Slope,
b: y-intercept, R2: Coefficient of determination, ME: Mean error, RMSE: Root-mean-square error).

Element Fe Ni

Niton

a 1.235 1.282
b −1.020 0.235

R2 0.9992 0.9563
ME 6.3 × 10−15 2.6 × 10−16

RMSE 0.46 0.159

Xmet

a 1.039 0.842
b −1.825 0.247

R2 0.9989 0.9652
ME 4.8 × 10−15 5.0 × 10−16

RMSE 0.56 0.142

Titan

a 1.079 1.134
b 0.246 0.009

R2 0.9987 0.9950
ME 3.6 × 10−15 −5.8 × 10−17

RMSE 0.61 0.054

The Figure 7 shows the results obtained with the three pXRF devices, Fe on the left
and Ni on the right for the 27 reference samples. The coefficient of determination R2 is
close to one for Fe regardless of instrument model. Titan pXRF is also very good for Ni, the
Niton and Xmet show more dispersion.
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3.1.2. Multiple Linear Regression

In a sample containing both Ni and Fe, it is well known that Ni may be underestimated.
Ni, after being excited by the primary X-ray source, emits a Kα radiation that may be
absorbed by Fe. This two steps phenomenon is called secondary fluorescence Secondary
fluorescence effects are considered in the Fundamental Parameter (FP) calculations but
our samples contain a very high concentration of Fe compared to Ni, especially in the
limonite layer. Although we do not have precise information on how FP algorithms are
implemented by each manufacturer, we can here suspect that for the Niton and the Xmet
devices, they cannot deal with such high concentrations. However, we can perform a
posteriori calibration of Ni concentration with a multiple linear regression that includes
both measured Ni and Fe.

In order to improve results for the determination of Ni concentration in the presence
of Fe, we propose to apply the following multiple linear regression:

[Ni] = a× [Nir] + b× [Nir]× [Fer] + c (4)
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where Ni is the corrected Ni concentration and Nir and Fer are the raw concentration of Ni
and Fe, respectively.

When we separate our initial set in two subsets, one for the limonites and the other
for the saprolites, results on the Ni are greatly improved for both instruments. However,
this would imply management of two calibration sets. With a multilinear regression, no
distinction has to be made, as shown in Figure 8.
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(b) for the Xmet device.

Table 4 gives the regression parameters for the Niton and Xmet devices.

Table 4. Parameters of the multiple linear regression for the Ni and for Niton and Xmet (a: Regression
coefficient for [Nir], b: Regression coefficient for [Nir] × [Fer], c: y-intercept, R2: Coefficient of
determination, ME: Mean error, RMSE: Root-mean-square error).

Element Ni

Niton

a 1.2166
b 0.0164
c 0.0068

R2 0.9985
ME 3.8 × 10−16

RMSE 0.029

Xmet

a 0.7913
b 0.0077
c 0.0645

R2 0.9977
ME 1.2 × 10−16

RMSE 0.037

Using multiple linear regression instead of simple linear regression greatly improves
the goodness of fit. The coefficient of determination is closer to 1 and the root-mean-square
error is divided by 4. When concentration of an element is highly variable, it may be
necessary to correct matrix effects related to this element to improve the quantification.

3.2. Laboratory Study of Water Content Influence

The data were obtained from samples artificially moistened in the laboratory. Figure 9
shows how water content influences Ni and Fe concentration for the three instruments.
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Ni dry is the raw concentration of Ni measured on the dry sample; no other correction
has been applied. One sample is represented on a vertical line. The most wetted sample
(–saturation) is the lower point and the dry one is located on the bisector, represented by a
dashed line on the following figures.
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Figure 9 shows two different behaviors between the Niton on one side and both Xmet
and Titan on the other side. Water has more influence in the Niton device, the spread is
more pronounced compared to the other two. This does not mean one instrument is better
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than another, only that they do not have the same response when samples are wet. At this
step, we do not have enough information on how internal algorithms work but Figure 9
clearly shows that different approaches are used.

3.2.1. Correction Using the Dilution Law

The dilution law can be express as follow [34]:

Cc = Cw
mw

md
(5)

where mw and md are wet and dry masses of the sample, respectively, Cc is the corrected
element concentration and Cw is the measured element concentration under wet condition.
This law is a general one, meaning that it can be applied regardless of the element under
consideration (Ni, Fe, Co, etc.).

The sample set from the first field campaign is made of 19 saprolites and 11 limonites.
Figures 10 and 11 show the concentrations ratio versus the masses ratio for Ni (up) and Fe
(down) in both profiles (left and right) for the Niton (Figure 10) and Xmet pXRF (Figure 11).
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Figure 11. Data from the Xmet after correction with the dilution law: (a) Ni in the saprolite layer;
(b) Ni in the limonite layer; (c) Fein the saprolite layer; (d) Fe in the limonite layer.

If the situation was totally ideal (dilution law fully adapted and no sample preparation
and measurement errors), all the points should be located on the dashed line (bisector).
Figure 10 shows that Fe is farther from the bisector than Ni. The dilutions law could be a
candidate only for the Ni in the saprolite layer because in this situation, data are centered
on the bisector. In the limonite layer, data for the Ni are slightly under this line. For Fe,
data are also more distant to the bisector in the limonite layer than in the saprolite one.
This difference of behavior is probably due to physical characteristics (porosity, density and
particle size) of each layer. Because element concentrations are derived from an algorithm
that run in the Niton, we believe this algorithm is somehow influenced by one or more
physical parameters of the sample.

Figure 11 shows that data are far away from the bisector, the dilution law is not a
good candidate for the Xmet. The same conclusion applied to for the Titan. However,
some practical considerations can be derived from Figure 11. We have seen that the Niton
device clearly behaves differently between the saprolite and the limonite layers. The Xmet
behaves the same way in both layers, so we can conclude their quantification algorithms
are implemented in a different way.
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3.2.2. Correction Using a Method Derived from Beer-Lambert Law

In presence of pore water in the sample and if the composition of the matrix remains
unchanged, the reduction in X-rays intensity associated with the analyte (dIx) is directly
proportional to the increment of the water content in the sample (dw) [16,22]:

dIx = −µm Ixdw (6)

where the correlation coefficient µm is constant and Ix is the X-ray intensity typical of the
analyte at the water content w. If Ix is equal to I0 when w = 0, the integration of the
previous equation gives:

Ix = I0·e−µmw (7)

Instruments do not give the intensities, so mass concentrations are used in the correc-
tion law as in a few studies [27,35,36].

C0

Cw
= eσw (8)

where Cw and C0 are the elemental concentrations in wet (water content w express in %) and
dry conditions, respectively, and σ is an attenuation coefficient (due to soil content, [23]).

Table 5 gives, for the three devices, the attenuation coefficients obtained after fitting
data with the Beer-Lambert law (Equation (8)) and parameters characterizing the quality of
this correction.

Table 5. Parameters of correction by Beer-Lambert law proposed by Ge and coauthors [16] for
the two elements and for the three devices (σ: Attenuation coefficient, ME: Mean error, RMSE:
Root-mean-square error).

Element Fe Ni

Niton
σ 0.0063 0.0075

ME 0.056 −0.023
RMSE 1.05 0.083

Xmet
σ 0.0027 0.0024

ME −0.22 −0.015
RMSE 1.07 0.079

Titan
σ 0.0027 0.0026

ME −0.29 −0.004
RMSE 1.19 0.067

Figure 12 shows corrected concentrations by the Beer-Lambert law as function of
dry sample concentrations. Comparison with Figure 9 shows that concentrations after
correction are closer to dry sample concentrations. However, this correction is not perfect
and a significant difference may still exist between the corrected concentration and the
reference concentration.
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(c,d) Xmet and (e,f) Titan.

3.2.3. pXRF Measurements at Water Saturation in the Laboratory

In Figure 9, it can be seen that measurements made at highest values of water content
(lower point) vary almost linearly with concentrations in dry samples. Table 6 shows
parameters of the linear fit. Values of the coefficients of determination confirm the veracity
of this observation (R2 > 0.98).

Using a linear function is therefore possible to estimate concentrations in the dry
sample from measurements made in water-saturated samples as shown in Figure 13.
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Root-mean-square error values remain relatively large but mean errors are close to 0, so
quantification can certainly be improved by increasing the number of measurements.
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Figure 13. The relationship between corrected Ni and Fe concentrations measured at maximum
humidity and concentrations on dry samples: (a,b) Niton, (c,d) Xmet and (e,f) Titan.

For laboratory samples, the particle size is less than 75 µm and sample wetting is
well controlled. It is questionable whether this linear relationship is still valid for a direct
measurement on the mining front. This method will be usable anyway if the sample is
finely ground.
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Table 6. Parameters of the linear regression between concentrations at higher water content and
concentrations in dry sample for the two elements and for the three devices (a: Slope, b: y-intercept,
R2: Coefficient of determination, ME: Mean error, RMSE: Root-mean-square error).

Element Fe Ni

Niton

a 1.335 1.576
b 1.142 −0.001

R2 0.9936 0.9845
ME 1.9 × 10−15 −1.3 × 10−16

RMSE 1.13 0.101

Xmet

a 1.177 1.128
b −0.072 0.022

R2 0.9977 0.9935
ME −6.2 × 10−15 9.0 × 10−17

RMSE 0.69 0.067

Titan

a 1.190 1.160
b −0.098 0.019

R2 0.9966 0.9869
ME −5.3 × 10−15 −1.9 × 10−16

RMSE 1.36 0.095

3.3. pXRF Measurements at Water Saturation in the Field

In Section 3.1.1, we have shown that concentrations measured on dry samples are a
linear function of the reference concentrations. On the other hand, concentrations measured
for saturated samples are a linear function of the concentrations measured for the dry sam-
ples (Section 3.2.3). The overall correction law between measurements on saturated samples
and reference ones is therefore also linear. As such, we can expect that concentrations
measured by pXRF on water-saturated soil are related to reference concentrations by a
linear relationship.

Rigorously, the calibration of Ni concentration depends on the Fe concentration for
Xmet and Niton (Section 3.1.2). The correction should therefore include terms depending
on Fe concentration. The dilution induced by water saturation decreases Fe concentration
and its variability, and limits the importance of these terms. These terms do not significantly
modify the quality of the correction and therefore we keep a linear correction for its simplic-
ity. The linear regression and results of the correction shown in Figure 14 were established
on the same set of samples which contains 13 samples (7 limonites and 6 saprolites).
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The Table 7 quantifies the mean error and the root-mean-square error obtained by a
linear correction law.

Table 7. Parameters of the linear regression between in situ measurements of water-saturated samples
and contents measured by reference laboratory for the two elements and for the three devices (a: Slope,
b: y-intercept, R2: Coefficient of determination, ME: Mean error, RMSE: Root-mean-square error).

Element Fe Ni

Niton

a 1.978 1.283
b −4.739 0.880

R2 0.9767 0.9781
ME −2.7 × 10−15 4.1× 10−16

RMSE 2.31 0.131

Xmet

a 1.527 0.776
b −7.742 0.753

R2 0.9762 0.9711
ME 1.6 × 10−15 1.9 × 10−16

RMSE 2.33 0.151

Titan

a 1.617 1.215
b −2.851 0.434

R2 0.9787 0.9789
ME 1.5 × 10−15 1.5 × 10−16

RMSE 2.21 0.129

The Relative Standard Deviation has also been calculated. It is less than 8% for the Ni
and less than 10% for the Fe whatever the pXRF device.

4. Discussion

Concentrations measured by pXRF depend on surface heterogeneities, on the size of
particles and thickness of the sample. The values given by the different devices cannot
therefore be directly compared with the reference values and a correction step is necessary.

A classic linear regression is used for this step. After correction, results are satisfactory
for Fe. RMSE is approximately 0.5% when the range of Fe concentrations varies from 5%
to 55%. Corrected measurements are also centered around reference values (ME around
5.10−15). Regarding Ni, for Titan, the precision remains satisfactory. RMSE is around 0.05%
when Ni concentrations are included between 1 wt% and 3.3 wt%. Values remain centered
around references values (ME of the order of−6.10−17). For Niton and Xmet, RMSE is three
times higher than for Titan so corrected measurements are much more dispersed around
references values for Niton and Xmet.

It is possible to minimize dispersion of corrected values if two linear regressions
are used, one for the limonites and another one for the saprolites. The major drawback
of this method is the necessity to determine the nature of the ore to be analyzed. This
determination can sometimes be difficult and for certain so-called transition minerals this
determination remains subject to interpretation.

For infinitely thick samples, XRF intensity emitted from element i (Ii) at the wavelength
λi characteristic of element i can be obtained from the Sherman Equation [37]:

Ii(λi) = giCi

∫ λedge i

λ0

I0(λ)µi(λ)

µs′(λ) + µs′′ (λi)

[
1 + ∑

j
Cjδij(λ)

]
dλ (9)

where Io is the intensity of excitation source at incident wavelength λ, Ci is weight fraction
of analyte i, gi a proportionality constant depending on the instrument used, δij is the
enhancement contribution of each matrix element j, λ0 is minimum wavelength of the
incident radiation, λedge i is wavelength of the edge of considered line of analyte i, µi(λ)
mass absorption coefficient of element i at wavelength λ, µs′(λ) and µs′′ (λi) mass absorp-
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tion coefficient of the specimen for incident radiation and for emitted radiation. The two
main elements of interest here, Ni and Fe, are subject to enhancement effect because of the
proximity of the Ni Kα peak (7.48 keV) to the K absorption edge of Fe (7.11 keV). In such a
case, the characteristic X-ray peak of Ni is absorbed by Fe and the characteristic peak of Fe
is enhanced by the presence of Ni. Specimen mass absorption coefficient also depends on
concentration of all elements. Concentrations values evaluated by devices differ from real
concentrations so enhancement effect correction and specimen mass absorption coefficient
cannot be accurately corrected. In our samples, Fe is the major element quantified by pXRF
and its concentration is up to 55%. As XRF intensity of Ni is influenced by enhancement
effect due to Fe, a new term proportional to Ni concentration multiplied by Fe concentration
is added to Ni corrective law for the Niton and Xmet devices.

This correction law remains simple and could easily be used by operators on mine.
This new correction law divides by 4 the RMSE value obtained with a classical linear
correction law and has the major advantage to be usable for saprolitic or limonitic ores.

A challenge for in situ measurements, especially in tropical humid conditions, is to
obtain the concentration of elements in dry soil, although the measurement is made on soil
that may contain high water content. As usually observed, concentrations of Ni and Fe
decrease when water content increases (Figure 9). The measured variations depend on the
device used. The concentration range is larger for Niton than for Xmet and Titan.

Niton uses intensity of the Compton line to quantify the dark matrix. The X-ray
absorption by the sample is thus better quantified. This method makes results less sensitive
to matrix variations and in consequence increases accuracy of results. The addition of
water increases the sample mass and therefore decreases the mass fraction of each of the
elements to be quantified. However, concentrations in the dry sample can be obtained from
the water content and concentrations measured in the wet sample using dilution law. As
expected, dilution law corrects Niton results more effectively than those obtained with the
other two devices. For Ni, RMSE is more than seven times smaller for Niton than for Xmet
or Titan. Even for Niton, this correction does not fully correct water effects.

Use of Ge and coauthors [16] hypothesis corrects measured concentrations, which
become closer to ones observed in dry sample. The three devices give direct access to
concentrations but not to intensities, so concentrations were used rather than intensities as
in Ge and coauthors initial study. Because of matrix effects, concentration of the analyte
is not necessarily proportional to XRF intensity characteristic of the element. This may
therefore lead to an error in the correction. For the same reason, water content was estimated
from sample weight and not from intensity of primary X-rays scattering. On average RMSE
is 1.1% for Fe and 0.08% for Ni.

The attenuation coefficient was considered to be constant for all samples, but it ap-
pears that the correction could be improved if an attenuation coefficient specific to each
sample is used (see Figure 15). This is consistent with the observations of Stockmann and
coauthors [38], who could not find a single attenuation coefficient for three soil samples
studied. This suggests that the attenuation coefficient depends on the nature of the soil
and therefore in our case on the nature of the ore. For the three instruments, correlation
coefficients between the attenuation coefficient and concentrations of the different elements
or the density of the sample were calculated. There is no significant correlation. Therefore,
a law modifying the attenuation coefficient according to properties of the sample cannot
be established.

Laboratory measurements of representative samples of New-Caledonian ores show a
linear relationship between the concentrations in dry sample and concentrations measured
on samples saturated with water. For all instruments and for Ni and Fe, the coefficient of
determination is greater than 0.98, which attests the quality of this adjustment. Sahraoui
and Hachicha [35] measured concentrations for 60 soil samples from the North East of
Tunisia. They obtained, as for our samples, a good correlation between the Fe concentration
in saturated sample and Fe concentration in dry sample (R = 0.949). The coefficient of
determination for Ni was 0.819 in [35], so a better correlation is observed for our samples.
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Figure 15. Ni and Fe concentrations in wet conditions divided by concentrations in dry conditions
according to water content (expressed in wt%) for 2 samples. The dashed line corresponds to the
fitted regression where attenuation coefficients are given in Table 5: (a,b) Niton, (c,d) Xmet and
(e,f) Titan.

By using this linear correction, RMSE is approximately equal of those obtained by
using the correction proposed by [16]. These two values of RMSE are not strictly compara-
ble because the correction by [16] method was carried out for all humidities whereas for
linear correction only the maximum humidity is considered. This indicates that a satisfac-
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tory estimation of the concentration of dry sample can be obtained by linear regression.
The RMSE value is almost identical for Titan and Niton and is slightly lower for Xmet
(1.5 times lower).

In situ, the correction law obtained in laboratory is no longer valid. In particular, in situ
type of protective film, particle size and compaction differ from laboratory samples, which
has a significant impact on pXRF measurements and on water content of saturated sample.
New linear regressions were established, but directly with reference values. Probably due
to dilution, Fe concentration has only a negligible influence on Ni correction. A simple
linear regression is therefore sufficient for Ni and Fe. The determination coefficients are all
higher than 0.97, which shows that a linear correction law is quite appropriate and also
shows the validity of this method. RMSE value is approximately 2.3% for Fe and 0.15%
for Ni regardless of the considered apparatus. These results are very satisfactory for Ni
Root-mean-square error values are almost identical to those calculated from the linear
regression linking pXRF measurements on dry samples and reference concentrations. For
Fe, these values are two times greater than those obtained by saturation method applied in
laboratory. They are also four times larger than those calculated when converting pXRF
measurements on dry samples into reference values. In situ, these two corrections are
performed in a single step but this does not justify RMSE increase. This difference is
certainly explained by the greater dispersity in particle size and in compaction of soils in
the natural environment. For some elements, sample grinding may be necessary to improve
the quality of the quantification.

5. Conclusions

Although imperfect, correction found by [16] improves the accuracy of the determi-
nation of the Ni and Fe contents of the dry sample. Since pXRF equipment only gives
concentrations, it is necessary to determine the water content by another method which
limits its use.

One way to overcome the difficulty in determining the water content is to fix its value
or at least limit its variation between samples, for example by saturating the sample with
water. In situ, the Ni and Fe concentrations measured on water saturated samples are
a linear function of reference concentrations measured by conventional methods. The
coefficient of determination is high (R2 > 0.97) which shows the relevance of this method.
For some elements, an initial preparation of the sample before adding water may further
improve these results. The pXRF measurements are carried out on wet samples, and XRF
intensities will therefore be lower, which will reduce the accuracy of the measurement and
increase minimum detectable concentration. Application to a larger number of samples is
now necessary to estimate more precisely precision and accuracy of this method.

The underlying phenomenon and mechanisms that imply water content, sample
nature and XRF are not yet well understood. Some corrections have been proposed in the
literature but in Ni ore mining context, none are able to finely correct XRF measurement
on wet samples. Our saturation method is an empirical method that may be calibrated
for each environment and probably for each operator. Nerveless, in a mining context, this
method has two advantages: (1) no other measuring device is necessary and (2) calibration
coefficients can be entered directly in the pXRF device in the same way it is done for dry
samples. Hence, the corrected value can be read directly on the device screen, allowing the
operator to make decisions in the field.

This work shows that some fundamental questions are still pending. Indeed, our
experiments with the Ge method reveal that the physical model is not adapted to our
context or that it is not complete, and at least one parameter is missing to take into account
the sample nature. Moreover, it is generally admit that moisture is not a major source
of errors when moisture content is less than 20% but this aspect has not been properly
addressed when a higher content is considered, in particular near or well above saturation.
Some additional works should be undertaken to address those two questions.
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Abstract: Modelling of 3D domain boundaries using information from drill holes is a standard
procedure in mineral exploration and mining. Manual logging of drill holes can be difficult to
exploit as the results may not be comparable between holes due to the subjective nature of geological
logging. Exploration and mining companies commonly collect geochemical or mineralogical data
from diamond drill core or drill chips; however, manual interpretation of multivariate data can be
slow and challenging; therefore, automation of any of the steps in the interpretation process would be
valuable. Hyperspectral analysis of drill chips provides a relatively inexpensive method of collecting
very detailed information rapidly and consistently. However, the challenge of such data is the high
dimensionality of the data’s variables in comparison to the number of samples. Hyperspectral data is
usually processed to produce mineral abundances generally involving a range of assumptions. This
paper presents the results of testing a new fast and objective methodology to identify the lithological
boundaries from high dimensional hyperspectral data. This method applies a quadrant scan analysis
to recurrence plots. The results, applied to nickel laterite deposits from New Caledonia, demonstrate
that this method can identify transitions in the downhole data. These are interpreted as reflecting
mineralogical changes that can be used as an aid in geological logging to improve boundary detection.

Keywords: spectral data; mineralogical data; lithological boundaries; nickel laterite; New Caledonia;
quadrant scan

1. Introduction

A fundamental task for any exploration geologist is to log core or samples from drilling
programs. However, the traditional method of manually logging drill holes has proved
problematic because the logging may be inconsistent between geologists. Not only do
different geologists provide different labels for the same rock type, but they may also
divide the hole into rock types (or domains) of different sizes depending on their perceived
task (i.e., splitters vs. lumpers). To overcome this problem, exploration companies are
increasingly collecting numerical data using sensors, such as hyperspectral scanners, which
can provide a consistent output. However, numerical data still requires interpretation
to provide geological meaning. The same issues of consistent interpretation arise for
numerical data as for core or chip logging, but the problem is exacerbated by the high
dimensionality of much of these data. For example, hyperspectral scanners may provide
measurements for ~500 bands. Hence, it is becoming increasingly popular to use machine
learning to overcome the task of providing consistent labelling for samples with the same
properties [1].

Machine learning provides labelling for each sample independently, which means that
any drill hole logged using machine learning will provide sample-scale results; however,
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the actual rock unit boundaries are not known. The location of boundaries as indicated by
changes in classification of sequential samples can be deceptive due to misclassification
problems; for example, due to mixed samples or noisy data where the sample composition
is close to a classification decision boundary. Multiscale methods utilising the continuous
wavelet transform (CWT) have been proposed as a solution to this problem of detecting
the rock type boundaries [2,3]. CWT methods are based on well-established multiscale
boundary detection methods from image analysis [4–10]. The fundamental shortcoming
of wavelet transforms is that they are univariate. While boundaries can be combined
for several variables to provide a multivariate result [2], this is not a practical solution
for very high dimensional data, such as hyperspectral data. Due to computational load,
dimensionality reduction is essential to the use of efficient boundary detection techniques.

We propose an alternative method of boundary detection, based on non-linear time
series analysis [11–14], that provides simultaneous dimensionality reduction and boundary
detection. This method has two parts, first a recurrence plot is used to simplify the simi-
larity structure of the data and reduce the data dimensionality to two dimensions [12,15].
Second, the quadrant scan method is applied to the recurrence plot to further reduce the
dimensionality to one dimension and to produce a profile line from which transition points
can be extracted [16–19]. It is proposed that the transition points indicate the depths of
geological boundaries. The type of geological boundary depends on the features that are
measured by the input data.

The method does not provide labelling of rock types and so cannot indicate what
rock types the boundary is separating. It is expected that this method would be used in
conjunction with a classification scheme, which may be derived using machine learning or
using more traditional user-selected threshold-based techniques. The boundaries detected
by these methods indicate a significant change in the input data, which may be attributable
to any compositional change including primary rock type, alteration or weathering. There
are several parameters that may be adjusted. We demonstrate the effect of adjusting the
parameters and how these may be used to detect the domaining boundaries with different
scales and significance.

In this paper, we demonstrate the efficacy of applying the quadrant scan method to
recurrence plots to identify compositional boundaries resulting from mineralogical change
detected in hyperspectral scanning data of nickel laterite deposits in New Caledonia [20].
For these deposits, logging of drill core is conducted by visual examination of the cores by
geologists. This results in subjective logging of domaining boundaries, which has proved
to be inconsistent. Unreliable logging is very difficult to use when comparing one drill hole
to another, for example, to construct a geological cross-section. In an attempt to remediate
this problem, the Corescan Hyperspectral Core Imager was used to collect reflectance
hyperspectral data from the nickel laterite deposits [21]. Hyperspectral data have been
shown to be useful in identifying key mineral groups from drill hole samples [22,23]. For
the New Caledonian deposit, the hyperspectral data were used to successfully identify all
the minerals present in the lateritic profile [21]. While the identification of mineral groups
can be used to facilitate logging of rock types, alteration styles and weathering zones
intersected by the drill hole, the process of interpreting hyperspectral data and producing
consistent mineralogical logs is time-consuming and requires high-level expertise. The
ability to automate any part of the workflow would be beneficial, including the use of the
data to detect important geological boundaries. Hyperspectral core scanning provides
continuous data down hole, which can be used to derive very accurate compositional
boundary locations.

The New Caledonian case study is used here to show that the quadrant scan method
can handle high dimensional hyperspectral data efficiently and has the additional advan-
tage in that it can process irregular sampling intervals. We apply a naive approach of
using all the bands in the hyperspectral data set. However, with the inclusion of expert
knowledge on hyperspectral mineralogy and an understanding of which minerals are
important for distinguishing the rock types in the deposit, it would be possible to remove
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the hyperspectral bands that are unlikely to provide useful information, making the results
easier to interpret. In addition, although the reflectance spectra were used in this study,
it is possible that removing the continuum could have an influence on the results of the
Quadrant Scan method.

2. Geological Background and Data Overview

Nickel laterite ores represent over 60% of total nickel reserves; the remaining 40%
is associated with nickel sulphide. New Caledonia is endowed with very large lateritic
nickel deposits (Figure 1) that correspond to 11% of the nickel reserve worldwide with
6.7 Mt reserve and a production in 2019 of 280,000 t [24]. Nickel laterite ores are the
product of intensive deep weathering of ultramafic rocks under humid tropical conditions.
The resulting thick lateritic mantle extends from the bedrock to the surface and includes
distinctive layers of altered and weathered rock as shown in Figure 2. Lithological units
may include: (1) fresh or, totally or partially serpentinised dunite and/or harzburgite that
consist mainly of olivine, pyroxene and serpentine minerals such as lizardite, antigorite
and chrysotile; (2) saprock where weathering begins; (3) coarse saprolite with Ni-rich
garnierite; (4) yellow laterite where Ni-goethite is dominant; (5) red laterite with a mixture
of Ni-goethite and Ni-hematite and (6) lateritic duricrust [25]. In New Caledonia, the
nickel mineralisation occurs as “oxide type” mainly in iron and manganese oxides or as
“garnierite” type in Mg-Ni-silicates (Figure 2).
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Figure 1. Location of the peridotites and the nickel deposits of New Caledonia [20]. 
Figure 1. Location of the peridotites and the nickel deposits of New Caledonia [20].
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accumulation of Ni and Co (Modified from [25]).

At present, logging of drill core is conducted by visual examination of the core by
geologists, which results in subjective logging of lithological boundaries. The nickel laterite
companies of New Caledonia have developed an ore type classification based on lithology,
degree of serpentinisation and intensity of weathering (Table 1). Classification is dependent
on mineral percentages estimated by the logging geologist. The lithology classification is
based on the proportion of olivine and pyroxene as follows: if the proportion of olivine is
more than 90%, it is dunite; otherwise, the label depends on the proportion of pyroxene.
Harzburgite is 10 to 60% pyroxene, and pyroxenite is >60% pyroxene. Five serpentinization
classes have been characterised (1) Superior (S) with 1–15% serpentine; (2) Intermediary
(I) with 15–45% serpentine; (3) Normal (N) with 45–70% serpentine; (4) Basal (B) with
70–100% serpentine and (5) Green (Vert–V) with 45–70% serpentine (in this facies, the
serpentinisation of the peridotites precedes the obduction). The degree of weathering
is categorised from 0 to 5 based on the rock hardness and the presence of iron oxides
(0 indicating no weathering and 5 indicating complete weathering).

The ability to develop a method for the collection of objective mineralogical data
coupled with consistent lithological interpretation (including the identification of different
ore types) would be of great value for the mining companies. Given that measurements
of lateritic nickel diamond cores and drill chips demonstrated that the Corescan Hyper-
spectral Core Imager Mark III (HCI-3) could identify all the minerals present in the lateritic
profile [21], it is proposed that the reflectance spectra can provide sufficient data for precise,
objective, primary and alteration lithology and weathering boundary detection when used
as input to an automated boundary detection algorithm.
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Table 1. Interpretation of geological domaining samples.

Laterite/Primary Lithology Serpentinization Weathering

Logging Code Interpretation Logging Code Interpretation Logging Code Interpretation

LR Latérite Rouge
(Red Laterite) NA Not Assigned NA Not Assigned

LJ Latérite Jaune
(Yellow Laterite) I Intermediary 1 Weak Weathering

LT Latérite de Transition
(Transition Laterite) V Vert (green) 2

BS Basal Serpentine N Normal 3
H Harzburgite B Basal 4
D Dunite 5 Strong weathering

HD Harzburgite/Dunite
DH Dunite/Harzburgite

2.1. Samples

All the samples used for this study were provided by the Nickel Mining Company
(NMC). The samples were collected from the deposits of Boulinda Monique, N’Go and
Ouaco Mousquetaire. NMC has generally a sampling density of 1 m for drill chip with
some exceptions with denser sampling. A representative sub-sample of each 1 m drill chips
sample was transferred in a 20 cm core tray compartment (Figure 3) before been measured
with the imaging spectrometer.
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2.2. Spectral Collection

Corescan’s HCI-3 combines reflectance spectroscopy, visual imagery and 3D laser
profiling to map the mineralogy and geochemistry of geological samples. HCI-3 covers the
VNIR (450 to 1300 nm) and SWIR (1300 to 2500 nm) range of the electromagnetic spectrum
from 450 nm to 2500 nm at a spectral resolution (FWHM) of 3.5 nm. High quality optics
focus the spectral measurement to a 0.5 mm point on the core. A RGB camera provides a
high-resolution visual record of the core at 60 µm pixel size. Measurement of core surface
features, texture and shape is complemented using a 3D laser profiler with a surface profile
resolution of 20 µm. The system comprises a scan unit housing the optics, spectrometers,
cameras and 3D profiling sensors; a translation table with conveyor driven core tray
loading system and a high-speed data acquisition, processing and control computer. For
each compartment sample, an average of 20,000 0.5 mm × 0.5 mm pixels were collected
(depending on sample size) with an individual spectrum in each pixel. For this study, all
the spectra from all pixels were averaged into 1 spectrum representing each sample.

2.3. Spectral Analysis

The HCI-3 can spectrally image drill core and cuttings at 0.5 mm resolution, hence
providing distinct advantages by capturing pixels with less phases. Mineral mapping is
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undertaken using in-house proprietary expert system software. The reflectance spectrum
in each pixel is either a pure mineral or a combination of two or more minerals; it is called
a mineral class. For each mineral class, unique spectral indices were developed and consist
of three parameters; (1) feature tracking that focuses on regions where absorptions exist;
(2) matching regions that focuses on specific spectral regions and compare with the in-
house database using Pearson correlation coefficient PCC and (3) spectral ratio which is a
ratio of two reflectance values at specific wavelengths. Using the expert system, each pixel
was mineralogically quantified and an average mineralogy for each sample was calculated.

3. Methods

The mathematical method described in this paper consists of three steps (Figure 4):
(1) generating a 2D similarity matrix for the series of measurements in each drill hole; (2) con-
verting the similarity matrix to a recurrence plot by applying a threshold, and (3) applying
the quadrant scan method to the recurrence plot to generate a one-dimensional drill hole
profile. Each of these three steps is described in detail in this section.
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Figure 4. A flowchart demonstrating the steps of the proposed mathematical method. In subplot
(A), the colours represent the difference between each sample and all other samples in the drill hole
using the multivariate data. For the binary recurrence matrix, in subplot (B), blue represents 0 (above
the threshold) and yellow represents 1 (below the threshold). At each depth index, the recurrence
matrix is divided into four quadrants, shown in subplot (C), the black vertical and horizontal lines
demonstrate the division for depth index k. The ratio of quadrant values transforms the 2D plot into
a simple function, subplot (D), where maxima indicate transition points in the input data.

In the field of nonlinear time series analysis, recurrence is a fundamental characteristic
of many dynamical systems. Recurrence is defined when two states of the system pass close
to each other in phase space at different times. For example, in geology, recurrence occurs
when geological processes produce similar (but not necessarily exactly the same) rock types
because the geological processes are repeated over time. The recurrence plot was developed
to reconstruct a time series as a two-dimensional plot to facilitate visual investigation of the
recurrence structure in a system. This means that it can reduce any number of variables to a
2D representation (based on a similarity matrix), providing a very powerful dimensionality
reduction tool. For example, a recurrence plot for drill hole data will indicate when similar
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rock types occur at different levels in the drill hole and where changes in rock type occur.
Several measures have been developed to quantify features in recurrence plots, these are
called recurrence quantification analysis measures (RQA). RQA measures can be used
for quantitative investigation of the system’s properties and used to assess its dynamics.
The recurrence plot and RQA measures are widely used as a time series analysis tool in
many applications, including engineering [26], physics [27], chemistry [28], finance [29]
and geology [15,30], and [31] provide an overview of the method and its applications to
different systems.

Recently, a new RQA method was developed to identify transition points in time series
data from dynamical systems, namely, the quadrant scan method [16,18,19]. It has been
used in medical applications for the interpretation of Electroencephalography (EEG) and
Electrocardiography (ECG) signals [18]. More recently, it has been demonstrated that the
quadrant scan method can be applied to spatial data by replacing the time index with a
spatial index when used to detect geological boundaries in geochemical and petrophysical
data from drill holes [19]. These applications have demonstrated that the quadrant scan is
capable of detecting points of change in a data series for both univariate and multivariate
data. For application to drill hole data, an index that provides the order of sampling down
hole is used. If sampling occurs at regular intervals, then this index can be replaced by
the actual depth measurements. For irregularly sampled data, the depth index can be
used to avoid having to resample the data at regular intervals, as is the case for boundary
detection methods involving wavelet transforms. The computational efficiency and low
computational cost of the quadrant scan method [19] makes it an attractive tool to identify
domaining boundaries from high-dimensional hyperspectral data.

The quadrant scan method has two versions, standard (density) or weighted quadrant
scan. As elaborated in [18,19], the steps of the standard version are outlined in the flowchart
(Figure 4) and summarised in the following paragraphs.

(1) First, a distance matrix is constructed (Figure 4A). Generally, the Euclidian norm is
used to measure the pairwise distance between two states of the system. However,
because of the unique structure and high dimensionality of the spectral data, the
Euclidian norm was found to be an inappropriate and misleading measure due
to correlations in the hyperspectral data. The Mahalanobis distance was found to
be more appropriate, as it can account for correlations in the data [32]. However,
due to the significant difference in the dimensionality between the number of the
variables and the number of samples, finding the inverse of the covariance matrix is
problematic. Alternatively, we can find the distance using the covariance matrix of the
normalised samples. Using this method has the advantage that it is not necessary to
have a separate dimensionality reduction step, before constructing the distance matrix.
Equivalent to the Mahalanobis distance, the distance matrix is defined as follows:

Aij = ||
→
x (i) ,

→
x (j)|| =

√
(
→
x (i)−→x (j))

T
S(
→
x (i)−→x (j)) (1)

where
→
x (d) ∈ R514 is a spectrum profile at depth with index d (e.g., i and j refer to

different depth indices), while S is the covariance matrix of the normalised data. Each
index in the matrix refers to the index of the sample, i.e., the depth index. Hence, the
matrix width and height are determined by the total number of samples.

(2) The recurrence plot matrix (Figure 4B) is constructed from the distance matrix A, by
applying a threshold. If an entry in the distance matrix is less than the threshold, then
the corresponding entry in the recurrence plot matrix is assigned to 1, otherwise it is
0. The threshold is controlled by a parameter α, which allows the user to control the
scale of boundary detection [18,19]; that is, if α is small then the distance threshold
will be small, which means that samples have to be very similar in composition to
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be considered below the threshold. The recurrence plot matrix and the threshold are
defined as follows:

Rij =

{
1, i f aij < ε

0, otherwise
(2)

where
ε = α

(
µ
(

Aij
)
+ 3 σ

(
Aij
))

; 0 < α < 1 (3)

where µ
(

Aij
)

and σ
(

Aij
)

are the mean and standard deviation of the distance matrix
entries and ε is the threshold.

(3) The quadrant scan profile (Figure 4D) is derived from the ratio of points in the binary
recurrence plot above and below each depth index, by using the depth index to divide
the recurrence plot into quadrants, as illustrated in Figure 4C. If D1,3 and D2,4 denote
the density of the recurrent points in the first and third quadrants and the second and
fourth quadrants, respectively, then the standard quadrant scan at depth index d for
d = 1, · · · , N is defined as follows:

QS(d) =
D1,3

D1,3 + D2,4
(4)

where, D1,3 =
∑i,j<d Rij+∑i,j>d Rij

(d−1)2+(N−d)2 and D2,4 =
∑i〈d, j〉d Rij+∑i>d, j<d Rij

2(d−1)(N−d) .

In [19] a weighting scheme was applied in which higher weights were assigned to
the states closer to the indexed point; this is called the weighted quadrant scan (WQS)
method and showed considerable improvement over the standard quadrant scan method
where all points are weighted equally. WQS requires two weighting parameters, m1 and
m2, to determine the smoothness of the weighting scheme and selection of these is problem
dependent [18]. The result of the WQS method is a profile in which the peaks can be used to
identify the transitions (Figure 4D). The WQS provides a reduction of the 514 values in the
original spectrum to a single value for each sample. When applied to hyperspectral data, the
peaks in the WQS profile are used to identify the locations of lithological boundaries. Sharp
peaks indicate rapid transitions and rounded peaks represent more gradual transitions [18].

As explained above, the implementation of the WQS method requires the setting of
three parameters α, m1 and m2. Generally, as demonstrated in previous works, setting
these parameters is problem dependent; however, guidance on how to choose these pa-
rameters and their effects on the WQS performance is discussed in [18]. Briefly, α adjusts
and controls the recurrence threshold based on the distribution of the norm matrix and
allows for multi-scale detection. The weighting scheme parameters m1 and m2 identify the
gradient of the weighting function as well as the sizes of the neighbourhoods of the index
point. Accordingly, the points within these neighbourhoods are assigned with maximum,
transitional, or minimum weight. Finally, to avoid any artifact peaks in the WQS at the top
or the bottom of any dataset which do not represent changes in the geological composition,
the datasets are extended by copying the first and last samples four times.

4. Results

To test the algorithm, the WQS detection algorithm was applied to data from three
drill-holes, namely OUACO, NGO_PB4 and BOULINDA. It is proposed that by using
the reflectance spectra as input to the automated boundary detection algorithm, we can
precisely and objectively detect boundaries for primary lithology, alteration or weathering
where these are marked by changes in the spectra. For all the analyses, the weighting
parameters were set at m1 = 10 and m2 = 2; this selection is based on the small number
of the data samples, i.e., less than 50 samples per hole. The recurrence plot threshold
was set at α = 0.03, 0.02 and 0.01. The selection of these values is dependent on the
distributions of the norm matrices derived by the Mahalanobis-like norms (Equation (3)).
For spectral data, the largest variation of the WQS occurs when the value of α is within
this range. For α < 0.01 and α > 0.03 there is less variation in the results. Therefore,
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we choose these values to demonstrate the robustness of our method. The variation of α
allows detection of boundaries at different scales. In order to demonstrate the effectiveness
of the WQS analysis for finding geological boundaries, we compare the results using a
common unsupervised clustering technique, k-means [33]. K-means was chosen as it is
very computationally efficient and one of the few clustering algorithms capable of handling
such high dimensional data. To determine the optimal number of clusters for the k-means
method, the Bayesian Information Criterion (BIC) [34] and the Elbow method are used [35]
(Figure 5). The Elbow method plots the Residual Sum of Squares error (RSS) as a function
of different values of k (the number of clusters), the optimal value of k is the point with
most curvature. The BIC test penalizes for the number of clusters in addition to the RSS
error; the minimal value of BIC identifies the optimal number of clusters. Figure 5 suggests
that k = 8 is the optimal number of clusters to be used.
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Figure 5. Tests to determine the optimal number of clusters for the k-means method. (a) The Bayesian
Information Criterion (BIC) test shows that 8 is the optimal number of clusters at which the testing
criterion is minimal, and; (b) The Elbow method test: it shows the Residual Sum of Squares error
(RSS) as a function of the number of clusters.

The results for the three drill-holes are illustrated in Figures 6–8. Producing these
results is quite fast; for example, generating a WQS profile from a 514-dimensional spectrum
with 49 depth samples took approximately 6 s, including plotting three figures (the distance
matrix, the recurrence plot matrix and the WQS profile), using MATLAB on a MacBook
Pro. Figure 6a is a heat-map of the hyperspectral profiles at each depth interval in the
OUACO hole (a total of 49 samples down hole). The heat-map is a graphical representation
of spectral intensity down hole, wherein blue indicates low values and red indicates high
values. Figure 6b shows the WQS profile derived from the spectral data using three different
values of the parameter α (0.03, 0.02 and 0.01). The peaks in this curve identify the transition
points in the data and, therefore, represent the predicted depth location of the lithological
boundaries. Figure 6c demonstrates the results of the manual logging by domain experts;
logging codes are described in Table 1. Figure 6d shows the results of the unsupervised
k-means clustering technique. Figures 7 and 8 show the same information as Figure 5, but
for the other two drill holes, NGO_PB4 and BOULINDA.
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Figure 6. OUACO drill-hole. (a) Heatmap plot of depth index against spectral index (blue colours
reflect low values and red colours reflect high values); (b) Weighted quadrant scan results from
the spectral data using three different values of α, peaks indicate lithological boundaries; (c) The
boundaries identified manually by domain experts (see Table 1 for geology logging codes), and;
(d) Results of k-means clustering with k = 8 (the different colours represent different clusters).
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Figure 8. BOULINDA drill-hole. (a) Heatmap plot of depth index against spectral index (blue col-
ours reflect low values and red colours reflect high values); (b) Weighted quadrant scan results from 
the spectral data using three different values of 𝛼, peaks indicate lithological boundaries; (c) The 
boundaries identified manually by domain experts (see Table 1 for geology logging codes), and; (d) 
results of k-means clustering with k = 8 (the different colours represent different clusters). 

Figure 7. NGO_PB4 drill-hole. (a) Heatmap plot of depth index against spectral index (blue colours
reflect low values and red colours reflect high values); (b) Weighted quadrant scan results from
the spectral data using three different values of α, peaks indicate lithological boundaries; (c) The
boundaries identified manually by domain experts (see Table 1 for geology logging codes), and;
(d) Results of k-means clustering with k = 8 (the different colours represent different clusters).
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Figure 8. BOULINDA drill-hole. (a) Heatmap plot of depth index against spectral index (blue colours
reflect low values and red colours reflect high values); (b) Weighted quadrant scan results from
the spectral data using three different values of α, peaks indicate lithological boundaries; (c) The
boundaries identified manually by domain experts (see Table 1 for geology logging codes), and;
(d) results of k-means clustering with k = 8 (the different colours represent different clusters).

The depth sampling intervals are irregular; therefore, the figures in this manuscript
show the results in terms of depth indices. The corresponding actual depths are shown for
each hole in Table 2.
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5. Discussion
5.1. Comparison with Geologist Logging

Geological logs are plotted alongside the spectral analysis in Figures 6–8 (panels c).
There are three types of geological parameters in the logs: lithology, serpentinisation and
weathering. Logging codes are decoded in Table 1 and, for example, a sample at depth
index 4 will be coded as HI3 in Ouaco (Figure 6), whereas a sample at depth index 27 in
NGO-PB4 will be coded as DB1 (Figure 7) and, lastly, a sample at depth index 26 will be
coded HV1 at Boulinda (Figure 8). Caution must be exercised when comparing geological
logs to logs derived from sensor data, such as hyperspectral imaging, because the input
data to the two methods are not the same. For example, it would be unrealistic to expect
hyperspectral data to recognise textural change that is not accompanied by mineralogical
change. In addition, hyperspectral data may be able to distinguish changes in mineralogy
that show no obvious visual change, and so will not be logged by the geologist.

Under lateritic conditions, the primary ultramafic rocks (dunite and harzburgite) are
intensely serpentinised and weathered. The serpentinization (lizardite, nepouite) occurs
first, affecting both olivine and pyroxene followed by the occurrence of weathering silicate
minerals such as smectite and garnierite. The last and more intense weathering phase
produces iron oxides such as goethite and hematite. Therefore, logging of lithology is
largely based on the geologist’s interpretation of textures, such as grain pseudomorphs, to
indicate the primary rock lithology. Hence, there is a low expectation that WQS analysis
of the hyperspectral data will indicate primary lithological boundaries within the ultra-
mafic rocks. Additionally, when the rock is intensely weathered (e.g., with degree 5), the
goethite/hematite-goethite will dominate, as all other mineralogy have disappeared, and
the WQS analysis of the hyperspectral data will distinguish boundaries between the laterite
and less weathered rocks such as Ouaco at depth index 2 and 9 (Figure 6), NGO_PB4 at
depth index 20 and 23 (Figure 7) and Boulinda at depth index 5 (Figure 8).

WQS also detect boundaries between serpentinisation I and V at depth index 24 as well
as serpentinisation I and N at depth index 47 for Ouaco (Figure 6). At NGO_PB4 (Figure 7),
significant peaks mark the boundaries between two types of laterite, for example, between
LR and LI at depth index 5, between LI and LT at depth index 19, and at depth index 20
between LT and BS. Additionally, boundaries were detected between serpentine N and B
(depth index 23) and lithology H and D (depth index 31) and weathering 2 and 3 (depth
index 39). At Boulinda, boundaries were identified between dunite (D) and harzburgite
(H) and weathering 2 and 4 (depth index 8), between lithology H and D, serpentine V and
B and weathering 2 and 3 (depth index 15), between lithology D and H and weathering
2 and 3 (depth index 23) and between weathering 2 and 3 (depth index 29). However, it
is difficult to confidently assign any profile peaks to the different ultramafic rocks, and
this is likely due to their altered and weathered state. It is often the case that boundaries
for alteration and weathering are gradational and the distinction between the different
groups (strong to weak) is highly subjective when logged by geologists. It is for these cases
that the use of non-subjective methods can be most useful. The WQS technique can be
used to identify significant changes in the cores that are difficult to pinpoint using manual
identification. A more detailed investigation of the mineralogy and the core would be
required to distinguish between these options. The value in the WQS technique is that
it highlights these changes in the mineralogy, which might otherwise be missed by the
logging geologist. It is also the case that some of these changes are occurring in parts of the
hyperspectral bandwidth that do not provide useful information for geological logging. As
previously mentioned, the detection of olivine and pyroxene can only be detected if the
weathering is not intense, as iron oxides will mask their diagnostic features in the visible
and near infrared part of the electromagnetic spectrum.

5.2. Comparison with k-Means Clustering

Panels (b) and (d) of Figures 6–8 compare the boundary identification results derived
by the implementation of WQS with the samples classes derived from k-means clustering
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(for k = 8 clusters as suggested by the BIC and the Elbow method tests in Figure 5),
respectively, on the high dimensional spectral data. K-means failed to distinguish important
lithological boundaries, instead it provides many lithological boundaries based on changes
in sample composition, which may be small or large. K-means attempts to divide a data set
into approximately spherical clusters of approximately equal size. If the data structure is
not compatible, then the class boundaries may be fairly arbitrary. Therefore, the change
in class label may be due to arbitrary subdivision of the data into clusters, and may not
signify an important change in composition. Because the WQS method takes the spatial
correlation of the data into account, it is able to indicate where the more and less significant
changes are using the peak height. Using the WQS method, we can be confident that the
large peaks indicate significant change in the rock composition has occurred.

5.3. Comparison with the Spectrally Derived Mineralogy

Using the Corescan expert system, each pixel was mineralogically quantified and an
average mineralogy for each sample was calculated. The results of this calculation are
shown in Figures 9–11 as abundance percentages of the minerals. More detailed information
on the analysis of the spectral mineralogy will be available in a forthcoming paper and,
therefore will not be addressed further here. To understand how the boundaries detected
by the WQS using the spectral data correspond to mineralogical changes the abundance
ratio of the minerals is plotted alongside the spectral analysis in Figures 9–11.
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Figure 9. OUACO drill-hole: The WQS analysis in comparison with the abundance percentage of
different minerals obtained with Corescan. The left panel is the WQS results from the spectral data
using three different values of α, peaks indicate lithological, alteration and weathering boundaries.
The rest of the panels show the abundance percentage of different minerals along the drill-hole.

For Ouaco (Figure 9), the WQS peaks indicate that the most significant changes in
the mineralogy in the upper part of the profile are mainly depend on goethite, goethite-
hematite and all the types of the smectite percentages. Toward the base of the profile, the
main mineralogical variations are based on smectite derived from serpentine, lizardite and
weathered serpentine percentages. These changes occur, respectively, (a) at depth index 2,
with an increase in goethite-hematite (goethite dominant) and hematite-goethite (hematite
dominant) percentages; (b) at depth index 9, with an increase in goethite and Mg-smectite
percentages and a decrease in Mg-Ni smectite; (c) at depth index 25 with a decrease in Mg
smectite percentage; (d) at depth index 29 with a decrease in Mg smectite percentage; (e) at
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depth index 37 with an increase in smectite serpentine percentage, and (f) at depth index
47 with an increase in smectite serpentine, lizardite and weathered serpentine percentages
and a decrease in Mg smectite percentage.
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For NGO_PB4 (Figure 10), the boundaries at depth index, 5, 11 and 15 correspond
to a relative change between goethite and goethite-hematite abundance. The boundaries
identified at depth index 20 correspond to a decrease in goethite percentage and an increase
in weathered serpentine percentage whereas depth index 23 is linked to an increase in
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lizardite. The small change at depth index 27 correspond to a small goethite increase, while
variation at depth index 31 indicates a large goethite increase with an equivalent weathered
serpentine percentage decrease. The last change at depth index 39 is due the presence of a
small amount of smectite derived from serpentine.

Similar observations can be made for boundaries detected in the Boulinda drill-hole
(Figure 11). The different detection scales (α values) provide complementary results. The
boundaries at depth indices at 3, 5, 8, 10, 13, 15, 20, 23, 25, 27, 29 and 30 all correspond
to observable changes in mineral abundances for the iron oxides in the upper part of the
profile, for weathered serpentine, smectite serpentine, lizardite and népouite, serpentine
derived from olivine and serpentine derived from orthopyroxene in the lower part of
the profile.

5.4. Precision of Boundary Detection and Dependance on Sample Size

For automated methods, the precision of boundary detection depends on the sampling
interval. For boundary detection methods based on the continuous wavelet transform,
a consistent size sampling interval is required and, therefore, if the data are provided at
varying scales, all data must be re-scaled to the same scale resulting in a loss of informa-
tion. This is not the case for WQS. For this study, most of the sampling intervals were
approximately one metre (Table 2). However, for a large section of the BOULINDA hole,
the sampling interval was much smaller. Using WQS automatically allows a more precise
identification of boundary location in this section of the drill hole.

The user needs to take the sampling interval into account when interpreting the results,
especially in the case where the sample size is not consistent down hole, as this affects the
precision of the boundary location. Additionally, the spatial correlation depends on the
number of samples not the length they occupy in the drill hole.

6. Conclusions

The WQS, based on the recurrence plot, allows identification of boundaries between
geological domains from very high-dimensional data. The method has been tested on
spectral data from three different drill-holes. The advantages of this algorithm are: (1) it
is automated and so provides consistent data analysis and repeatable results; (2) it is
computationally efficient and can be calculated quickly using a standard desktop or laptop
computer; (3) the algorithm is unsupervised and does not require any geological knowledge;
(4) it reduces very high dimensional spectral data (D = 514) into a single dimension, i.e., the
WQS profile, in which the peaks identify the lithological boundaries; (5) the significance
of the boundary can be inferred from the peak height; (6) sample intervals do not have
to be of consistent size and localised finer scale sampling produces more precise results.
This is beneficial for geologists and geological applications as it provides rapid results
and indicates to the geologist the locations of significant changes in the geology based on
the data.
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Computer Code and Software

The MATLAB code for the WQS method is available in the following public GitHub
repository https://github.com/AyhamZaitouny/Boundaries-Detection-Weight-Quadrant-
Scan- (accessed on 7 October 2021). For more information, contact the corresponding author.
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Abstract: Silicification in New Caledonian pseudo-karsts developed on peridotite was assessed
using δ18O and δ30Si pairs on quartz cements. The objective was to document the chronology of
pseudo-karst development and cementation relative to geomorphic evolution. The latter began at
the end of the Eocene with the supergene alteration of peridotites and the subsequent formation of
extended lateritic weathering profiles. Neogene uplift favoured the dismantling of these early lateritic
profiles and valley deepening. The river incision resulted in (i) the stepping of a series of lateritic
paleo-landforms and (ii) the development of a pseudo-karst system with subvertical dissolution pipes
preferentially along pre-existing serpentine faults. The local collapse of the pipes formed breccias,
which were then cemented by white quartz and Ni-rich talc-like (pimelite). The δ30Si of quartz,
ranging between −5‰ and −7‰, are typical of silcretes and close to the minimum values recorded
worldwide. The estimated δ18O of −6 to −12‰ for the fluids are lower than those of tropical rainfall
typical of present-day and Eocene–Oligocene climates. Evaporation during drier climatic episodes is
the main driving force for quartz and pimelite precipitation. The silicification presents similarities
with silcretes from Australia, which are considered predominantly middle Miocene in age.

Keywords: silcrete; pseudo-karst; laterite; nickel; oxygen and silicon isotopes; weathering

1. Introduction

Karst is a geomorphological structure resulting from the hydro-chemical and hydraulic
erosion of all soluble rocks. The main karsts are those developed in limestones, which are
particularly soluble when subjected to dissolved CO2-rich water. Other rock types can be
affected by dissolution leading to geomorphological structures similar to those developed
in carbonate rocks; in particular, other sedimentary formations such as evaporites (gypsum
or salt layers).

A lesser-known type is dissolution conduits that form in ultramafic rocks such as
peridotites, which are soluble when subjected to a warm, rainy climate for a prolonged
time. They have been described as “karsts” by several authors, including [1–3] for New
Caledonia, but also in Greece [4,5], Cuba [6], Papua New Guinea and Indonesia [7,8] or
“pseudo-karsts” [9,10]. In this paper, the term “pseudo-karst” will be used.

When peridotites are submitted to a hot and humid climate, the complete olivine
dissolution yields a residual soil, the laterite. The latter is formed essentially of goethite and
hematite due to the very low solubility of Fe3+ iron oxides and hydroxides under oxidising
conditions [11–14]. In the lower part of the lateritic profile, Mg–Ni-silicates form at the
boundary with the bedrock in the so-called saprolite horizon [12,14]. The homogeneous
lowering of the weathering front and the generation of a weathering horizon of several
tens of meters thick implies a duration of at least 10 Ma [15,16].

In New Caledonia, supergene alteration of peridotites started shortly after ophiolite
obduction, which occurred between Late Eocene and Early Oligocene [17,18]. This led
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to vast expanses of residual laterite soils. Paleomagnetic ages on ferruginous duricrusts
suggest that the paleo-weathering is at least as old as 25 Ma [19]. The uplift phases that
followed the development of lateritic soils carried the laterites to higher elevations, which
triggered erosion after the Oligocene [20]. The relief erosion led to significant loss of the
ophiolite, more than two-thirds of the ophiolite surface, and the deepening of the valleys.

Geomorphological changes linked to periods of uplift and erosion can profoundly
affect the hydrological regimes and modify the geometry of dissolution patterns. The forma-
tion of the pseudo-karst systems was favoured by denudation and valley incision [3,9,21].
This consisted of the complete olivine dissolution along connected fractures and faults,
yielding to forming dissolution pipes [9], similar to those defined in other lithological
contexts [22]. Locally, the gravity collapse of the pipes caused the formation of dolines at
the surface [3,9] and breccia pipes, which were partially cemented locally by white quartz
and then by Ni-silicates of a dark green colour. The breccia cement appears, therefore, to be
an essential witness of syn- to post-uplift phases, and its analysis may provide keys to the
genesis of the preferential Ni enrichments.

Several types of silicification, sometimes so-called silcretes by previous works [2,20],
were already identified and linked to the landscape’s evolution or the well-known chronol-
ogy of Ni–ore formation [23–25]. Despite their common occurrence, the mechanisms and
timing of silicification in surficial processes remain challenging to constrain [26–28].

Several silicified pipes have been observed in the Koniambo massif, New Caledonia
(Figure 1a), mainly from fresh cuts made during open-pit mining operations and digging
access tracks to the top of the plateau. These cuts provided a good vertical cross section
from bedrock to saprock, with the opportunity to observe and sample breccias preserved
from more recent supergene alteration and oxidation. This study aimed to combine the
petrological information on the chronology of mineral assemblages with the geomorphic
evolution. The conditions of silicification and precipitation of Ni-silicates were derived from
a textural study by SEM and cathodoluminescence on breccia quartz cement, combined
with a geochemical characterisation (trace elements, δ 30Si, δ 18O). Field observations were
used to constrain the chronology of erosion surfaces with valley incision and to interpret
the pseudo-karst system and its cementation in the geomorphic evolution. The resulting
conceptual model aimed to unravel the relative timing and geometry of Ni transfer episodes,
which is still an open question for future mining prospection.
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Figure 1. (a) Location of New Caledonia and Koniambo. (b) Aerial view with the indication of pale-
osurfaces (S1 to S4). (c) Location of the study site (open pit Cagou from KNS mining company) in 
the Koniambo massif. (d,e) Cross sections are in (c) (D-D’ and E-E’), with the indication of S1, S2, S3 
paleosurface (in yellow, dark blue and light blue respectively) and the potential location of S4 (green 
dashed line). 

2. Geological Setting of the Koniambo Massif 
In the Koniambo massif, the Peridotite Nappe is exposed from its base, near sea level, 

up to ~800 m elevation (Figure 1b,c). The massif essentially consists of harzburgites with 
interlayers of dunites. In the higher part of the massif, peridotites are moderately serpen-
tinised, contrary to the sole of the nappe, which is highly deformed and serpentinised [29]. 
At the Koniambo site, numerous serpentine fractures and faults related to syn- to slightly 
post-obduction stages were reactivated during compressional and extensional phases [29]. 
These same fractures play an essential role in the drainage of meteoric fluids responsible 
for the mineralisation of nickel or the current degradation of the old alteration profiles 
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Figure 1. (a) Location of New Caledonia and Koniambo. (b) Aerial view with the indication of
paleosurfaces (S1 to S4). (c) Location of the study site (open pit Cagou from KNS mining company) in
the Koniambo massif. (d,e) Cross sections are in (c) (D-D′ and E-E′), with the indication of S1, S2, S3
paleosurface (in yellow, dark blue and light blue respectively) and the potential location of S4 (green
dashed line).

2. Geological Setting of the Koniambo Massif

In the Koniambo massif, the Peridotite Nappe is exposed from its base, near sea level,
up to ~800 m elevation (Figure 1b,c). The massif essentially consists of harzburgites with
interlayers of dunites. In the higher part of the massif, peridotites are moderately serpen-
tinised, contrary to the sole of the nappe, which is highly deformed and serpentinised [29].
At the Koniambo site, numerous serpentine fractures and faults related to syn- to slightly
post-obduction stages were reactivated during compressional and extensional phases [29].
These same fractures play an essential role in the drainage of meteoric fluids responsible
for the mineralisation of nickel or the current degradation of the old alteration profiles and
the formation of the still-active pseudo-karst system [30,31].

Above ~400–600 m in the massif, the nappe is capped by a highly dissected and partly
reworked lateritic profile [32]. This is composed of two lateritic remnant surfaces (referred
to as S1 and S2), similar to the Tiébaghi plateau further north, as already suggested by
Chevillotte (2005) [33].

A succession of ores has been described by Cathelineau et al [23,24] at the Koniambo
mine site: (i) Type 1 ore [24] consists of crack-sealed veins with a succession of fillings
comprising Mg–Ni talc, followed by red microcrystalline quartz full of microinclusions
of iron oxide. These fillings are related to tectonic events that allowed low temperature
(50–70 ◦C) reduced fluids to circulate and mix with oxidising waters, probably at a greater
depth than today, (ii) Type 2 ore [23] formed later, closer to the surface, by evaporation
in joints developed in metre-sized boulders and consists of films with concentric zones
of pimelite (Ni-rich talc) at the periphery and Mg-talc-like in the centre. The ores mined
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today (ore Type 3) result from the deepening of the lateritic dissolution front, which affects
all previous mineral assemblages and redistributes the nickel into a complex fine-grained
talc, nontronite and goethite mineral assemblage. This saprolitic horizon forms a metric to
decametric fine-grained layer enclosing preserved boulders and lies between the bedrock
and the yellow lateritic horizon where goethite predominates.

3. Materials and Methods

Most observations and sampling were made in the Koniambo massif, located along
the coast in the northwest part of New Caledonia, during several field campaigns from
2011 to 2021. Samples were taken in the Cagou pit, a location studied in detail for ore Types
1 and 2 and their structural context [29].

3.1. Petrographic, Cathodoluminescence and Micro-XRF Images

A Scanning Electron Microscopy (SEM) JEOL J7600F field-effect coupled with SDD
type electron dispersive spectrometer, wave wavelength dispersive spectrometer (Oxford
Instruments, Abingdon-on-Thames, Oxfordshire, UK) and cathodoluminescence (CITL Cold
Cathodoluminescence device Model MK5-1) were used to document mineral assemblages.

Micro-XRF mapping was carried out using the Bruker-Nano M4 Tornado instrument.
This system has an Rh X-ray tube with a Be side window and polycapillary optics giving
an X-ray beam with a diameter of 25–30 µm on the sample. The X-ray tube was operated at
50 kV and 200 µA and a 2 kPa vacuum. X-rays were detected by a 30 mm2 xflash®SDD
with an energy resolution of <135 eV at 250,000 cps. Main elements such as Mg, Mn, Fe, Ni,
Co, Cr, and Si were mapped and composite chemical images were generated.

High-Resolution Transmission Electron Microscopy (HRTEM), energy dispersive spec-
tra and electron diffraction patterns were performed on representative samples of pimelite
to observe, at a nano-metric scale, the Ni-talc-like texture and particles and obtain an ele-
mental composition. A CM20-Philips instrument with a Si-Li detector operating at 200 kV
and 10 eV was used at SCMEM (GeoRessources, Vandœuvre-lès-Nancy, France).

3.2. LA-ICPMS Analyses of Trace Elements in Quartz

Trace element abundances in quartz were analysed by a laser ablation inductively-
coupled plasma mass spectrometry (LA-ICPMS) at GeoRessources laboratory, University
of Lorraine (Vandœuvre-lès-Nancy, France). Analyses were performed using an Agilent
7500c quadrupole spectrometer interfaced with a GeoLas Pro 193 nm ArF excimer laser
ablation system (Lambda Physik, Göttingen, Germany). Operating conditions are a 5 Hz
repetition rate, a ~10 J/cm2 fluence, and a beam size ranging from 32 to 60 µm. Helium
was used as the carrier gas (0.8 L/min) and mixed with Ar before introducing it in the
plasma (1.5 L/min). Analysed elements were the following: 27Al, 29Si, 45Sc, 49Ti, 51V, 53Cr,
55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 74Ge. Acquisition times for background and
ablation signals were 40 and 50 s, respectively, allowing the measurement of duplicate spots
per analysis. The NIST 610 reference material was used for external and 29Si for internal
standardisation. The NIST SRM 612 glass was employed as a secondary standard and
yielded trace element abundances in agreement with the reference values. Data reduction
was carried out following the standard methods from Longerich et al. (1996) [34]. The
accuracy was around 10% depending on the element.

3.3. Oxygen and Silicon Isotopes

The oxygen and silicon isotopic composition of the quartz samples was determined
using the CAMECA IMS 1270 ion microprobe at CRPG (Nancy, France) using classical
procedures previously described by Rollion-Bard et al. (2007), Robert and Chaussidon
(2006) and Marin et al. (2010) [35–37]. Oxygen and silicon isotopic compositions are
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reported here as per mil deviations from SMOW standard (Standard Mean Ocean Water)
and NBS 28, respectively, using the conventional notation:

δ18O = [(18O/16Osample)/(18O/16O SMOW) − 1] × 1000.

δ30Si = [(30Si/28Sisample)/(30Si/28Si NBS28) − 1] × 1000.

The sample was analysed with a primary ion beam diameter of 20 µm on standard
polished sections coated with gold for oxygen and silicon isotope measurements. The
sample was sputtered with a 20 to 30 µm diameter Cs+ primary beam of ~8–10 nA for
oxygen measurements and ~20–25 nA for silicon measurements and 10 kV acceleration
voltage. Secondary ions were accelerated at 10 kV and detected in multicollection mode.
The mass resolving power was set at ≈4000, and the H2O- interference on 18O-being
resolved around 1600. The total analytical time was 4 min, including a presputtering
(60 sec), the centring of the magnetic field and analyses (500 sec) for oxygen and silicon
measurements. The external reproducibility of the δ18O measurement was determined
using the quartz so-called “Bresil” (δ18O SMOW= 9.6‰) and was ± 0.20‰ (2σ). The
external reproducibility of δ30Si measurements, determined using the quartz standards
NBS28 (δ30SiNBS28= −0.16 ± 0.18), was ± 0.3‰ (2σ).

3.4. Geochemical Modelling

The simulations were run on phreeqC code [38,39], with the llnl.dat database edited to
account for the Ni-phyllosilicates [16], using data on rainwater from [2]. The Geochemists’
Workbench software [40] made the activity diagrams using the thermodynamic data from
the edited llnl.dat database.

4. Results
4.1. Field Observations

Field observations and considering available topographic maps allowed us to deter-
mine the relationships among paleosurfaces, S1 to S4, along two perpendicular profiles
noted D-D′ and E-E′. S1 and S2 paleosurfaces form two distinctive levels on the plateau,
observing the D-D′ topographic profile (Figure 1d). The S1 surface appears as a gently
rolling convex hill, while the S2 surface is concave up. The plateau is gently dipping to-
wards the southwest. S1 and S2 are thus in topographic continuity, suggesting a connection
between their weathering profiles. Surface 3 (S3) is developed on the southwest foothills of
the massif, particularly on the gently westerly dipping low-elevation (120–240 m) Kaféaté
plateau along the coast. This observation confirms preliminary conclusions from [41,42].
In the Kaféaté plateau, new field observations indicate a slope break associated with a
slight slope change with evidence of reworking of the S3 ferricrete, which is found in
the form of boulders in the S4 ferricrete. Hence, this indicates that the S4 surface incised
the S3 surface in this area. In the Koniambo massif, relics of the S3 are found at higher
elevations (300–600 m), marking the headwaters of erosional glacis developed during the
formation of S3 (Figure 1d,e). The silicified rocks and the white quartz from pseudo-karst
have similar features to quartz from silcretes on a textural and isotopic basis, as shown later.
The term “silcrete” was mentioned by Chardon and Chevillotte (2006) and Chevillotte et al.
(2006) [20,42] as a typical weathering product associated with the S4 surface based on the
Nepoui cross section on a textural basis. The silcretes are described as silicified conglom-
erates by Chevillotte et al. (2006) [42] However, it is rather hard to determine if they are
similar to the silcrete described in this study, as petrographic descriptions, particularly of
the cement, are lacking in their work.

Topographic analysis of the Taléa valley to the southwest of Pit Cagou shows relics
of relatively flat surfaces of reduced extent (Figure 1e). Field reconnaissance allowed
identifying partly eroded weathering profiles associated with these remnants at lower
elevations than S1 and S2 surfaces (Figure 1).
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4.2. Dissolution Pipes

Near the top of the plateau, in several places, large cavities and open channels are
observed in the peridotite. They are best revealed along the main access road to the
high plateau (Figure 2). They are located along fractures, mostly filled with serpentine,
and follow the inherited fracture network. They are several decimetres to a few metres
in aperture and extend over tens of meters in their outcropping part. The bulk vertical
extension is inferred from a hydrological study and is about several hundred meters in
Koniambo [43]. Only iron hydroxides (goethite) are observed along fracture walls. The
protolith is similar on both edges of the fractures and dissolution features are identical to
the boulders from the bedrock-saprolite interface.
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Figure 2. Dissolution pipes in the peridotite (main mining track at Koniambo). (a) Network of
dissolution pipes near the high of the plateau. (b) Detail of the dissolution, which leaves only iron
hydroxides as a coating on the edges of the pipe. (c) Vertical extension of the dissolution cavities
(main track). (d) Dissolution along serpentinised fractures.

In the Cagou Pit, several dissolution pipes suffered complete collapse (Figure 3a,b).
The cavities develop on the network of faults, the sides of which are usually serpentinised.
They are filled with blocks of varied sizes. Blocks include weathered and silicified host
rocks, serpentinised wall rocks, and fragments of kerolite crack-seals (Type I ores [24] which
occur close to the serpentine fault. The breccias are cemented with white quartz and green
pimelite (Ni-rich talc-like) (Figure 3c–e).
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Figure 3. Collapse breccia (indicated by a white dashed line) in the open pit Cagou (former “207”)
from the Koniambo mining site. (a,b) Photographs were taken in the upper part of the open pit
showing the penetration of the dissolution pipes, which are accompanied by pervasive silicification
(dashed line) and quartz fracture infillings. The white arrow indicates a target like ore type II in (a).
In (a,b), the blue dashed lines indicate fractures filled with blueish kerolite and red quartz (ore Type
I), as described in [24]. (c) Cemented breccia by Ni-silicate (pimelite) and quartz. (d,e) Details of the
cement. The arrows indicate the location of target-like ores (without quartz), as described in [23]. Qtz:
quartz, Pim: pimelite.

4.3. Petrography and Mineralogy of Breccias

Collapse breccias constituted of blocks, including silicified host rocks and clasts of ore
Type I, are cemented by quartz and pimelite (Figures 4 and 5).
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White quartz cement forms successive white, transparent quartz rims on the clasts 
and it is free from any other mineral inclusions. The late overgrowths are porous com-
pared with the earlier quartz rims, as SEM back-scattered images show (Figure 4c,f). Ca-
thodoluminescence images also reveal thin layering with rims about 10 microns thick. 
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Figure 4. (a) Ni-silicate (pimelite, noted Pim) crystallised on white quartz (Qtz). (b) Pimelite on
white quartz cementing silicified clasts. (c) BSE image showing the rims of quartz flowed by pimelite.
(d) Detail of the chemical zoning in the pimelite colloform textures. (e) White quartz observed by
BSE, showing a decreasing size of crystals; (f) Cathodoluminescence image showing white quartz
rims from 1 (earliest rim) to 5 (colloform quartz).
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Figure 5. Micro-XRF images: (a) Silicified breccia sample from Cagou pit (Koniambo) with clasts of
silicified harzburgite (Sil. Hzb), red-brown microcrystalline quartz (Red Qtz) and Ni-rich talc-like
ore (TL). (b) Si map. (c) Superimposed Fe and Mn maps: Mn as Mn oxyhydroxides is located
in microfractures and microvugs; Fe is present mainly in silicified harzburgite and red-brown
microcrystalline quartz. (d) Ni map showing the location of mineralised clasts of ore Type 1 and
clast of silicified harzburgite particularly enriched in Ni (TL: Ni-rich talc-like). All chemical images
(b–d) are at the same scale than the macrophotograph shown in (a).

Breccia clasts include predominantly silicified rock fragments (noted silicified clasts)
and a few clasts of ore Type I crack-seal infillings. The latter are brownish iron-rich
microcrystalline quartz with relics of early blueish-green talc-like (Figure 4a,b). They are
enriched in Ni and have micro-fissures and microvugs filled with Mn-oxides. Silicified
clasts of host rocks are enriched in iron but are less rich in metals than red-brownish quartz.
Micro-XRF images of a breccia sample (Figure 5a) and the corresponding chemical maps
(Figure 5b–d) show that white quartz rims are almost free of metals, which are, on the
contrary, relatively abundant in the other clasts. The clasts of microcrystalline red quartz
are Fe-rich and contain spots and micro-fissures of Mn-oxides (Figure 5c). Most clasts,
including silicified host-rock, contain Ni in their mass (Figure 5d), besides the visible ore
clasts composed of Ni-Mg talc-like inclusions (noted TL for talc-like).

White quartz cement forms successive white, transparent quartz rims on the clasts
and it is free from any other mineral inclusions. The late overgrowths are porous compared
with the earlier quartz rims, as SEM back-scattered images show (Figure 4c,f). Cathodo-
luminescence images also reveal thin layering with rims about 10 microns thick. Quartz
luminescence intensity is relatively weak, with a 20 s exposure time required to obtain
enough signals for imaging (Figure 4f). Quartz cementing micro-breccias close to the
silicified clasts have light yellow luminescence. Brown-orange luminescence corresponds
to an intermediate rim of subhedral quartz below the latest colloform rims. To the end of
the quartz sequence, the most recurrent colour observed under cathodoluminescence is a
greenish-blue colour for microcrystalline quartz alternating with quartz rims having a very
low or absent luminescence appearing as black or dark grey.

Pimelite formed on the quartz rims and constituted the final filling of the breccia
(Figure 3c,e and Figure 4d,e). This constantly develops over a succession of quartz cement
increments described above, ending in a geode. Pimelite forms botryoidal layers of dark
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green colour, showing strong contrasts of chemical mass (Z) in the section, displaying the
growth zones (Figure 4c,d and Figure 6a). As shown in Figure 6a, magnesium is always
lower than 2 wt% and has limited fluctuation, with NiO contents remaining between 43 and
49 wt%. Such Ni concentrations correspond to the extreme pole of the Ni-Mg kerolite solid
solution (NiO = 39% to 49%) (Figure 6b). This pole is characterized by a high-frequency
Raman spectrum marked by a principal OH band at 3650 cm−1 and a shoulder at 3660
cm−1, typical of pimelite [23]. As already observed in the case of target-like Ni-rich talc-like,
pimelite does not show extended Ni-Mg substitution and is close to the end member of the
solid solution.
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Figure 6. (a) Distribution of Ni (NiO%) in colloform pimelite. Each band has a high and relatively
constant Ni concentration characterised by its specific mean Z (average atomic weight). (NiO
concentrations from EMPA). (b) Si-Mg + Fe-Ni diagram applied to electron microprobe analyses
of pimelites from Koniambo compared to pimelite from other New Caledonian sites (domain in
green for other Caledonian deposits such as Thio and Poro, unpublished data). The reference line for
talc-like solid-solution has already been proposed by [23,44].

When observed under TEM, the pimelite botryoidal texture consists of subparallel
flexuous flakes (Figure 7a), which are sometimes associated with bi-pyramidal quartz
(Figure 7b) but are primarily mono-mineral associations of tiny crystals of 50 to 150 nm in

240



Minerals 2023, 13, 518

length (Figure 7c,d). The HRTEM images show that the flakes are made of the piling of
no more than fifteen to twenty layers, generally less [23,44]. The spacing is close to 10 ±
0.5 Å among incertitude due to particle orientation and typical of talc-like [23] (Figure 7e,f).
Although well crystallised, the coherent domain is small, explaining the relatively smooth
XRD patterns and the difficulties in obtaining good diffraction patterns under TEM. The
pimelite flakes are not associated with serpentine-like layers, which are entirely lacking.

Minerals 2023, 13, x FOR PEER REVIEW 11 of 26 
 

 

 
Figure 7. (a) TEM images of the Ni-silicate (pimelite). (b) Pimelite and euhedral quartz. (c,d) Flexu-
ous assemblage of small size pimelite particles. (e) HRTEM image showing that the number of talc-
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fresh surrounding rock (harzburgite) and presented in the box plots from Figure 8a. Red 
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the ore Type I is probably related to numerous metal-bearing micron-sized iron oxide 

Figure 7. (a) TEM images of the Ni-silicate (pimelite). (b) Pimelite and euhedral quartz. (c,d) Flexuous
assemblage of small size pimelite particles. (e) HRTEM image showing that the number of talc-
like layers is generally low, about 5 to 15 in each particle, with no interstratification with other
minerals. Indicative layer spacing is provided. (f) Diffraction pattern of one pimelite particle, with
talc-like spacing.
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4.4. Geochemical Data on Breccia Clast and Cement

Element concentrations in quartz types obtained by LA-ICP-MS were normalised to
fresh surrounding rock (harzburgite) and presented in the box plots from Figure 8a. Red
quartz has higher trace element concentrations than other quartz types, around one to
two orders of magnitude higher. The richness in metals of the red microcrystalline quartz
from the ore Type I is probably related to numerous metal-bearing micron-sized iron oxide
particles. Al, Fe and Ga are two to five times higher in red microcrystalline quartz than in
harzburgite. In white quartz, most elements are in low concentrations, around a few ppm,
e.g., two to three orders of magnitude less concentrated than in the harzburgite, except Zn
and Fe.
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The binary graphs, Sc-Ti, Ge-Ti, V-Ti and Cu-Zn established for the three types of
quartz show that the red microcrystalline quartz has Ti, V, Cu and Sc concentrations of
about two to three (up to ten) times those of the white quartz and are significantly enriched
in Cu and Zn (Figure 8b). Ge concentrations are unusually high in silicified rocks, two to
three times the concentrations determined in the other two types of quartz.

4.5. Quartz Oxygen Isotope Composition

Two δ18O measurement profiles (twenty-five analyses) were made in the white quartz
cement from the breccia. The δ18O values of the white quartz range from +16.7‰ to +25.7‰
in the profile with twelve analyses shown in Figure 9. The second profile (13 analyses) was
located near the same geode with δ18O values ranging from +15.2‰ to +23.5‰. The δ18O
values evolve from +15.2‰ to +17‰ in the silicified breccia towards +24‰ to +25‰ in the
centre of the geode, as shown by Figure 10a.
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4.6. Silicon Isotope Composition of White Quartz

Analyses of δ30Si were performed along the same profiles of white quartz (sixteen
measurements, Figure 10b) as those used for the oxygen analysis spot (every two oxygen
spots). The white quartz cement of the breccia sample shows a range of δ30Si values from
–3.0‰ to −6.3‰, with a mean value of −4.8‰ and a whole range of 3.3‰. A lower value
of −8.8‰ characterises the earliest rim of white quartz.

5. Discussion
5.1. Dissolution of Primary Silicates and Formation of Dissolution Pipes

The dissolution pipes constitute an open network that may be considered a pseudo-
karst. Such cavities in peridotite cannot result here from other processes than supergene
dissolution, as shown by the mineralogy of the remaining iron (iron hydroxides) simi-
lar to that of laterite, and the dissolution features similar to subsurface boulders at the
bedrock/saprolite boundary.

During intense rainfall, all primary silicates of the peridotites (olivine and pyroxene),
the serpentines (early mesh and fracture infillings) and the secondary silicates related to the
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saprolite (talc-like, nontronite) are dissolved. Part of the rainwater gullies down and part
of it feeds the laterite water table with a gravity-driven flow in the slope direction, most
often close to the interface between the laterite and the saprolite [16,30,31,45]. However,
some water flows along sub-vertical to relatively steep faults through fracture sets in the
damaged areas of major faults. The consequence is the expulsion of significant masses
of silica, magnesium and nickel, preferentially in the transmissive fracture network. In
some zones, silicification of the saprolite occurs, preferentially at the top of the relief. Such
silicification of the weathered harzburgite is described in the Cagou pit [24,25]. Following
Butt’s (2014) discussion [46], silicified saprolites have been found at several locations, such
as Cawse (Australia) and Caldag (Turkey).

Dissolution pipes develop where drained waters initialise the dissolution of primary
and secondary silicates. Continued dissolution along fractures then leads to the formation
of channels (pseudo-karstification of the peridotite). The preferential water movements
yield an empty structure where around 10% of the initial rock forms a brown coating
along the fracture, constituted of goethite. Such dissolution processes leaving open cavities
are distinct from those associated with the subparallel deepening of weathering front in
lateritic profiles where pores resulting from dissolution collapse progressively, yielding
dense sub-horizontal laterite horizons at the basis of the weathering profile.

Along these drains, the interaction between the renewed rainwater and the fracture
walls leads to a total dissolution of primary and secondary silicates, leaving only the
insoluble iron as oxyhydroxide (goethite) along the walls. In the absence of collapse of the
fracture edges, the drain widens until it reaches a width of several tens of centimetres, up to
one metre locally. The downward deepening of the alteration depends on the gravitational
force, the pre-existing fracture networks and the differential between the upper part of the
profiles and the outlet zones in the valley. The channels thus form relays and allow the
formation of a "karst" or “pseudo-karst” within the peridotite massif.

5.2. Chronology of the Karstification Related to River Incision

The river incision in the Taléa valley was studied, complementing earlier findings
in the Koniambo and Kaféaté plateaux [20,42]. There was difficulty in distinguishing
whether the relics in the Taléa valley belong to the S3 surface, the S4 surface or both. Their
presence, nevertheless, suggests a strong relief inversion since S3 surface formation. The
inversion was then enhanced during the S4 surface stage. The attribution to S3 and S4 can,
nevertheless, be attempted based on the relative elevation between relics; the higher relics
being S3 and the lower relics being S4.

If the paleo landforms of the Koniambo plateau are synchronous with that of Thiébaghi,
an age of ca. 25 Ma for the S1-S2 surfaces weathering phase could be proposed. This would
contrast with an early suggestion (ca. 30 Ma) by Chevillotte et al. (2006) [42]. Sevin
et al. (2014) [47] considered, based on the sedimentary record in the Nepoui area, that a
significant uplift event started around 22 Ma. Depending on location in New Caledonia,
formations were uplifted of ~200 m at minimum to more than 500 m, explaining that the S1-
S2 paleosurfaces occur at Koniambo around 800 m of altitude (>500 m). As a consequence,
erosion started, and the valley incision quickly reached hundreds of meters. The beginning
of the pseudo-karst development could date from that period. Subsequent valley incisions
likely continued during the Neogene, leaving remnants of the S3 and S4 surfaces in the
Taléa valley and their lower elevation equivalent in the Kaféaté plateau.

The breccia formation mechanism implies relief and a gap between the valley table
elevation and the highs. After the first stages of laterite formation (S1-S2, most likely
around 25–20 Ma), probably under more moderate relief, the effects of rock uplift brought
these laterite profiles up to their current elevation (over 800 m). In this context, a series of
erosional cycles occurred, leading to several stepped surfaces, as described by [19].

Pre-existing fracturing related to ante- to syn-obduction deformation stages was
reactivated at several periods, notably during extensional stages from Miocene to the late
Miocene. This extension is at the origin of the reactivation of normal faults of serpentine
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planes, which are most often oriented in the island’s axis, i.e., NNW–SSE, and generally a
receptacle for fluids charged with Ni by the dissolution of both overlying rocks and pre-
existing mineralisation. A tentative reconstruction of this dynamic evolution is proposed
in Figure 11, with four corresponding stages: first, the late Paleogene period with two
main plateau surfaces, followed during the Neogene period, by the formation of S3-S4
paleo-weathering surfaces synchronous of the karst formation and deepening.
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Figure 11. Conceptual model of the pseudo-karst development at Koniambo, with the paleosur-
face formation following the valley’s deepening and progress in the erosion of the uplifted ophio-
lite.(a) Formation of the paleosurface S2 at the expense of S1, and initiation of the early karst system,
(b) Deepening of the valley, and karst silicification during arid periods, (c) Formation of S3 related to
humid periods, (d) Present day relief and karst.
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The cavities result from the downward underdrawing, i.e., the gravity collapse, which
is the principal driving force behind the brecciation. The resulting fill is a so-called collapse
breccia, forming a “breccia pipe”, as described in other geological contexts. The formation
of these breccias is well constrained in the tectonic history, as they postdate the sealing
of the kerolite crack-seals (Type I ores [24]) and are probably sub-synchronous with the
formation of the target-like (Type II) ores [23]. They postdate the main laterite and are
synchronous to the dissolution pipe formation, as they require a high dissolution rate along
preferential meteoric water conduits. Thus, these breccias likely postdate S1-S2 surfaces,
and are probably syn- to post-S3 at Koniambo.

5.3. Paleo-Climatic Conditions of the Formation of Quartz Cements

As quartz does not exhibit any studiable fluid inclusions but only tiny monophase
fluid inclusions, generally considered metastable and formed below 60–80 ◦C, higher
temperatures cannot be considered. The mineralogy of the pseudo-karst pipe is the same
as around boulders issued from the supergene weathering of the peridotite in the saprolite,
which produces only one run product in the laterite horizon: goethite. Goethite is not stable
above 80 ◦C, as shown by thermodynamic data. If the activity of water is close to one,
the boundary between goethite and hematite is around 35 ◦C, and the goethite-hematite
conversion is favoured in the unsaturated zone explaining the formation of the hematite-
rich duricrust on the laterite surface at the expense of goethite. Along the dissolution
pipe, there is no evidence of hematite, but the only presence of goethite indicates that
temperatures never reached high temperatures.

The relatively tight grouping of δ18O values for quartz suggests that the quartz formed
from a fluid that has a similar oxygen isotopic composition during a single event. This event
is distinct from the previous quartz stages characterized by different chemical features,
particularly red microcrystalline quartz with hematite micro-inclusions and high metal
contents. δ18O values between +18‰ and +24‰ would correspond to the lower values
of the present-day waters around −4‰ within the 60–80 ◦C range. Such water values
typical of tropical climate, with ambient temperatures of around 25 ± 10 ◦C, would yield
δ18O values for quartz higher than +30‰, which were never found in New Caledonia.
Only some opals were thus found with such values of +32–33‰ and correspond to recent
silica films and draperies [25]. Either the temperatures were higher or the water δ18O
was lower than the present-day ones. Temperatures around 70 ◦C were invoked for red
microcrystalline quartz from crack-seals, supposed to be issued from low-temperature
hydrothermalism, during tectonic compression events [24]. In the present case of very
late cementing of quartz near the surface in pseudo-karst, a low temperature is the most
realistic hypothesis. Ambient temperatures yield water oxygen isotopic values of −8 to
−12‰, symptomatic of a cooler climate, as already invoked for Australian silcretes [48].
Adequate rainfall for the formation of the dissolution pipe is required. This could suggest a
humid tropical or subtropical environment [27], but the alternation of seasons of rain and
drying episodes could also happen under a less humid climate.

Considering that silicification was favoured by evaporation under ambient temper-
atures (mean temperature of 20 ± 5 ◦C), the δ18O values of the fluid are estimated to
range between −12‰ and −8‰ (Figure 12). By comparison, δ18O values of chemical and
possibly biogenic cherts range from +15‰ to +22‰, and δ18O of silicified volcanoclastic
cherts between +9‰ to +17‰ [49]. Features of New Caledonian silicifications display
similarities with silcretes. For instance, the silcretes from Australia have values of +24‰
to +29‰ [48,50]. In the case of Lake Eyre, late Eocene to early Oligocene silcretes are
considered as precipitated at temperatures of 15–20 ◦C from waters having δ18O values of
−6.9‰ to −12.2‰ [50]. Silcretes from Victoria and South Australia are thought to have
precipitated from an undefined age between Eocene–Miocene to present at temperatures
of 14–15 ◦C from rainwaters having δ18O values of −5‰ to −1‰ [48]. In other examples
of silcretes, a value of +29.3 ± 1‰ was found for quartz from silcretes in St. Peter sand-
stones (SW Wisconsin) which precipitated at 10–30 ◦C, from waters with δ18O of −5‰ to
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−10‰ [51]. Similarly, Bustillo et al. 2014 [52] found δ18O values of +25–26‰ for the silcrete
found in Miocene sediments from Torrijos (Madrid basin, Spain), which are considered
post-Miocene and precipitated at 15–25 ◦C, from meteoric waters with δ18O of −6‰ to
−8‰.
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Figure 12. δ18O quartz versus temperature diagram with reference lines for oxygen isotopic com-
positions of water (δ18O w) reported from Matsuhisa et al. (1979) [53]. Data for the white quartz
from Koniambo pseudo-karst are represented as crosses using mean values and ranges for the five
zones described in Figures 4f and 9 with the same colours as in Figure 9. Temperatures are reported
arbitrarily between 15 and 75 ◦C and crosses are organized to follow the water δ18O value of −12‰
found in other silcretes. For comparison, δ18O ranges and estimated temperatures for Lake Eyre
silcretes are reported in the box a from [50] and other Australian silcretes in box b from [49]. Two
domains calculated for present-day waters in tropical countries of −2‰ and −4‰ are reported for
two temperature ranges (15–35 ◦C (domain c) and 60–110 ◦C (domain d). The estimated temperature
range for red microcrystalline quartz is reported in the brown box. The boundary in grey indicates
the limit of stability of goethite and hematite, as well the temperature fields for monophase and
biphase fluid inclusions.

5.4. Analogies with Silcretes

The range of δ30Si values for white quartz is quite similar to silcretes values, which
range from −6‰ to +1‰ following [54]. This range is much lighter than most other Si
reservoirs compiled in [55]. The number of available δ30Si-δ18O is much more restricted,
and most data concern archean cherts. The δ30Si versus δ18O diagram from Figure 13
confirms the specific features of silcretes and Koniambo pseudo-karst cements compared
to most available silicon-oxygen isotope pairs, particularly those obtained on recent and
old cherts and Icelandic hydrothermal systems [56]. A small number of silicon data, not
plotted in Figure 13, overlap the range for silcrete and white quartz from Koniambo pseudo-
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karst, principally the dispersed data over an extensive range of values obtained on quartz
amygdules from Isua basalts [57]. However, the reason for the scattering of δ30Si is not fully
understood, as the magmatic vesicles underwent hydrothermalism and metamorphism up
to the amphibolite facies.
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Figure 13. In situ δ30Si versus δ18O for white quartz from Koniambo silicified breccia (numbers refer
to zoning from Figures 4f and 9), compared to the principal domains of values available for recent
cherts (a—[49]) and metamorphosed Archean cherts (b—[58]), hydrothermal quartz of high and
low temperature from Icelandic fields (c—[56]), and silcretes (d—composite box from several data
sources [50,51,54]).

As the δ30Si values are similar to silcretes, quartz is most probably formed through
evaporation, as decreasing temperature, the most straightforward way to deposit quartz,
is difficult to invoke. The evaporation was probably favoured by the heterogeneous
permeability of the breccia, characterised by large clasts and blocks yielding a relatively
high bulk permeability at the scale of the pipe. Quartz cementation of pseudo-karst breccia
pipes occurred thus probably during a climatic period different from the present-day
conditions, as suggested by the oxygen isotope data. Silicification also affects microfracture
rocks and quartz filling sets of microfractures at all scales with no specific orientation.
The host rocks at Koniambo, on both sides of the breccia pipe, are highly silicified. In the
upper levels of the quarry, the complete dissolution of the remaining silicates yields quartz
boxworks made of hundreds of microfractures filled by quartz, the remaining parts of the
rocks being entirely dissolved.

Although amorphous silica is considered the most probable silica form to precipitate
at low temperatures, only quartz was found in the fissures and cemented breccia. The
necessary transformation of amorphous silica into quartz, invoked by Thiry and Milnes [59],
is a conceptual model that is not based on systematic observation of the transition between
these two phases at the micrometer scale. Suppose opal or other amorphous silica phases
are thermodynamically unstable and must transform by ageing to quartz; this does not
explain why opal is found in some silcrete layers and quartz in other layers from the same
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age in Australia. Precipitation of quartz instead of amorphous silica indicates mostly lower
H4SiO4 activity in solution when it precipitates.

In addition, there are a lot of examples of quartz precipitation near the subsurface
in the context of silicified caps in laterite and silicified peridotite, such as in United Arab
Emirates [60], Turkey (Caldag laterite, [61]) and Australia (Mt Keith, [62]).

5.5. Comparison with Silcretes from Australia

In Australia, the timing of the silcrete formation is under debate. Some authors
consider the main period of silicification as Eocene–Miocene, generally older than deep
kaolinisation [26,63] and younger than the formation of ferruginous duricrust.

Van der Graaff (1983) [64] considers that Late Tertiary aridity cannot account for
silcrete formation as silcretes predate Fe-duricrust. Considering North Queensland, Li and
Vasconcelos [65] proposed an age of 14–10 Ma for a cooling period after the subtropical
environment’s 22 to 15 Ma period. More recently, Mathian et al. (2022) [66] obtained ages
of 10 and 3.8 Ma to form kaolinite at Syerston. Such ages are close to the 10.8 Ma (and
younger) data obtained by ESR on Queensland silcretes [67].

Seasonal climate or better alternate rain and drying episodes of very short durations
may provide a favourable environment for silicate dissolution, followed by active silica
(quartz) precipitation after lowering the water table level.

The data are, therefore, convergent about the formation of silcretes during the Miocene
-likely after 15 Ma from waters having a δ18O lighter than present ones under climatic
conditions of moderate precipitation (<1 m/year) and average temperature. The climate
was probably favourable both in Northern Australia and New Caledonia during this period
to forming silcretes during the dry periods, alternating with rains under paleoclimatic
conditions, which were different from the present.

5.6. A Late Silicification Stage into the Ni–Ore Chronology

The chronology of the development of the silicification found in the Koniambo massif
includes several stages, summarized in Figure 14. During the first ones, dissolution affects
the joint and fault network leaving boulders in the saprolite (Figure 14a) and then deepens
along faults (Figure 14b,c). As pseudo-karst conduits widen, they can become progressively
fragile due to the excessive size of the open pipes, and the collapse of the walls fills the
conduits with blocks of any size and orientation (Figure 14d). The resulting collapse breccias
are well timed in the tectonic history, as they postdate the sealing of the kerolite crack-seals
(Type I) [24] and are probably sub-synchronous with the formation of the target-like ore
type (Type II) [23].

The white quartz free of iron oxides attests to the total iron immobility during its
crystallisation and the supergene feature of the process. The latter is thus very different
from the formation mechanisms of the red quartz described in the earlier crack-seals, where
iron was transported in the form of Fe2+ by low-temperature hydrothermal fluids [24]. The
silicification occurs after the earliest lateritic stage (S1-S2) as brownish clasts of laterites
are cemented by quartz precipitated from dissolved silica (Figure 14d,e). Karstification is
enhanced by relief and favoured by incision starting at stage S3. This requires the release of
silica by chemical weathering, by the dissolution of the remaining silicates in the weathered
horizons and along the pipes. The silica release is not related to developing sub-horizontal
residual soil but to water-rock interactions in the pseudo-karst along the drainage zone
(faults) and their micro-fractured, damaged zone. The lack of laterite contamination of the
breccias indicates that the collapse process affects and dissolves rocks along the drains but
is sufficiently far from sub-surface conditions. The karst, therefore, develops at depth, and
the increasing incision of the valley favours the downward deepening of the pseudo-karst.
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found as brecciated clasts (Figure 14e). Correlations observed for red quartz are similar to 
those already determined in laterites, as iron hydroxides are enriched in all transition met-
als. The white quartz is almost free of metals. Variations in elements such as Ti, Ge, Al and 
V seem more dependent on the nature of the quartz and probably substituted to Si4+ in the 
quartz lattice. The contrasted chemical features of the microcrystalline red quartz associ-
ated with ore Type I crack-seals compared to the white quartz and silicified clasts of host 
rocks indicate a drastic change in the conditions of quartz precipitation and mobility of 
metals. The metals mobilized together with iron, probably under reducing conditions dur-
ing ore stage I [24], are no more trapped during the late white quartz stage. Pimelite occurs 
after quartz (Figure 14f) and the lack of recurrence indicates that the process occurred only 
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Figure 14. Main stages of silicified collapse breccia formation: (a) Formation of laterite and ore Type
I as crack-seal fractures. (b) Development of dissolution pipes along previous fractures. (c) Detail
of the dissolution pipes (inset c from b) with edges affected by saprolitisation and a layer of iron
hydroxides. (d) Silicification and then the collapse of the dissolution pipes. The box refers to figures
(e,f). (e) White quartz cement precipitation on clasts of silicified host rocks, and clasts of early ores.
(f) Precipitation by evaporation of nickel-rich silicate (pimelite) on the white quartz rims.

White quartz formed onto the block surface is posterior to the quartz crack-seals found
as brecciated clasts (Figure 14e). Correlations observed for red quartz are similar to those
already determined in laterites, as iron hydroxides are enriched in all transition metals.
The white quartz is almost free of metals. Variations in elements such as Ti, Ge, Al and V
seem more dependent on the nature of the quartz and probably substituted to Si4+ in the
quartz lattice. The contrasted chemical features of the microcrystalline red quartz associated
with ore Type I crack-seals compared to the white quartz and silicified clasts of host rocks
indicate a drastic change in the conditions of quartz precipitation and mobility of metals.
The metals mobilized together with iron, probably under reducing conditions during ore
stage I [24], are no more trapped during the late white quartz stage. Pimelite occurs after
quartz (Figure 14f) and the lack of recurrence indicates that the process occurred only once.

5.7. Geochemical Modelling of the Cement Formation

The model consists of the progressive 1D dissolution of a fully saturated 4.5 mlong
olivine column by rainwater, followed by a progressive evaporation step. Olivine composition
was selected according to probe measurements on fresh olivine: Mg1.865Fe0.127Ni0.008SiO4
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and its initial porosity of 1% was taken from [68]. The initial rainwater composition was
taken from [2] (Table 1). The precipitation rate driving the advection was assumed to be
1500 mm/year, while the diffusivity was assumed to be spatially constant and equal to
4.16× 10−10 m2/s in agreement with [16]. The points represented in Figure 15 consist of the
chemical composition of the solution in the middle of the column. During the dissolution
step, mass transport occurs along the cells of the column. Water-rock interactions are
governed by olivine dissolution kinetics and thermodynamic equilibrium for forming
newly-formed minerals [16].

Table 1. Initial solution composition for the evaporation step from [2].

pH Mg (mg/L) Si (mg/L) Ni (mg/L) Fe (mg/L)

7.34 1.15 5.30 × 10−1 2.33 × 10−3 5.04 × 10−5
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to reach oversaturation with respect to talc-like at sub-constant or slightly increasing silica 

Figure 15. Chemical path of the mineralogical evolution in fractures in activity diagrams. (a) the
Ni2+/(H+)2 − SiO2 and (b) Mg2+/(H+)2 – SiO2. In colours, the predominant species in the system:
Black: Olivine; Blue: Mg-Kerolite; Green: Pimelite; Red: Goethite; Light Blue: Quartz. (1) Progressive
silicate dissolution. (2) Goethite dissolution in the overlaying laterite. (3) Evaporation up to quartz
saturation. (4) Evaporation up to pimelite saturation.

As the main driving force for silica precipitation (silcrete) at sub-constant ambient
temperatures is evaporation [69], once the solution has reached equilibrium with goethite,
another simulation is performed to model the progressive evaporation. For this step, the
initial water composition is the solution in equilibrium with goethite. An arbitrary amount
of water is removed from the previous solution at each stage. Then the saturation indexes
of the considered minerals and the concentrations of Mg, Si, Ni and pH are calculated.
These steps are repeated until only 0.2% of the initial water remains in the model to avoid
changing the water activity from 1. The modelling has been carried out using either
amorphous silica, in case of the formation of a precursor of quartz easier to precipitate
at low temperature, or directly quartz. Results are not significantly different, except the
inversion in the order of pimelite and silica-phase precipitation is not in agreement with
field observation; therefore, justifying the choice of the quartz option in Figure 15.

After quartz precipitation, Ni silicate (pimelite) enrichment is explained by the redis-
tribution of Ni from previous Ni silicates in fractures (ore stage 1) from the overlying levels
and from harzburgite silicate dissolution. There is a need to increase the Ni2+/(H+)2 ratio
to reach oversaturation with respect to talc-like at sub-constant or slightly increasing silica
activity in a solution (step (4) in Figure 15a). Notably, the solution reaches its saturation
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with respect to the pimelite (Figure 15a) and not to kerolite for a partial evaporation state
(Figure 15b). Hence, total evaporation seems to be never reached, explaining the absence of
Mg-talc-like (kerolite) after the quartz precipitation, while pimelite is precipitated.

6. Conclusions

Breccias are posterior to the main laterite formation stage and are closely related to
pseudo-karst development as they are collapse breccias requiring a high rate of preferential
conduit dissolution. The preferential water movements along the fracture differ from the
downward migration of the bedrock-saprolite development sub-parallelly to the bedrock
surface. This corresponds to the progressive deepening of the pseudo-karst as a function of
the valley incision with the following sequence:

The preferential subvertical drainage along pre-existing serpentine faults favoured
the pseudo-karst network initiation. This episode corresponds to the formation of the S3
paleosurface. The pipe collapse formed breccias, which were then partly silicified and
cemented by white quartz and pimelite, the extreme Ni-containing pole of the talc-like
solid solution. The formation of this assemblage was favoured by a progressive increase
of Ni2+/(H+)2 and Mg2+/(H+)2 ratios during interstitial water evaporation in the upper
part of the pseudo-karst pipes. As shown by modelling, the fluid chemistry, however,
reached only pimelite and not Mg-kerolite, explaining the predominance of pimelite over
Mg-kerolite.

Quartz precipitation occurred in conditions identical to those invoked for silcretes.
The low negative δ30Si values ranging between −5‰ and −7‰ are typical of silcretes and
close to the minimum values recorded worldwide. This silicification may have occurred
during drier climatic episodes than in tropical climates from Eocene–Oligocene. Meteoric
waters with lower δ18O values in the order of−6‰ to−12‰ favour this hypothesis, which
is proposed for the first time in New Caledonia.

The isotopic characteristics of the silicified breccias are similar to those of silcretes
described in Australia, which are predominantly from the Miocene age. Ni reworking in
the form of pimelite could have occurred at this period as New Caledonia was in a similar
geographical and paleoclimatic position to north-eastern Australia.
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Abstract: Different techniques have been combined to identify the structure and the chemical compo-
sition of siliceous breccia from a drill core of nickel laterites in New Caledonia (Tiebaghi mine). XRD
analyses show quartz as a major phase. Micro-Raman spectroscopy confirmed the presence of reddish
microcrystalline quartz as a major phase with inclusion of microparticles of iron oxides and oxyhy-
droxide. Lithoclasts present in breccia are composed of lizardite, chrysotile, forsterite, hedenbergite
and saponite. The veins cutting through the breccia are filled with Ni-bearing talc. Furthermore,
for the first time, we discovered the presence of diamond microcrystals accompanied by moissanite
polytypes (SiC), chromite (FeCr2O4) and uranophane crystals (Ca(UO2)2(SiO3OH)2.5(H2O)) and
lonsdaleite (2H-[C-C]) in the porosities of the breccia. The origin of SiC and diamond polytypes are
attributed to ultrahigh-pressure crystallization in the lower mantle. The SiC and diamond polytypes
are inherited from serpentinized peridotites having experienced interaction with a boninitic melt.
Serpentinization, then weathering of the peridotites into saprolite, did not affect the resistant SiC poly-
types, diamond and lonsdaleite. During karstification and brecciation, silica rich aqueous solutions
partly digested the saprolite. Again, the SiC polymorph represent stable relicts from this dissolution
process being deposited in breccia pores. Uranophane is a neoformed phase having crystallized
from the silica rich aqueous solutions. Our study highlights the need of combining chemical and
mineralogical analytical technologies to acquire the most comprehensive information on samples, as
well as the value of Raman spectroscopy in characterizing structural properties of porous materials.

Keywords: Ni-laterites; mineralogy; breccia; uranium; SiC; combined analyses; Raman

1. Introduction

The occurrences of moissanite (SiC) associated with NiMnCo, FeSi and FeC alloys,
are described from many peridotites and podiform chromitites belonging to ophiolites
in Turkey, China, Myanmar, Russia, Mexico and Cuba [1–5]. Moissanite, natural SiC, is
extremely rare. It was found in meteorite, kimberlites [6], metasomatic rocks [7], peridotites,
serpentinites and podiform chromitites [8,9]. Moissanite intergrowth with other minerals
have also been documented in eclogites and serpentinites from the Dabie-Sulu belt in
China [9,10] and in volcanic rocks [7,11]. The more frequent natural moissanite are the
3C, 4H, 6H and 15R polytypes, where C, H and R polytypes are cubic, hexagonal, and
rhombohedral, respectively. All these phases form at extremely low oxygen fugacity, 5 to 6
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log units below the IW buffer [12]. The stability of these phases at surface conditions
is explained by rapid tectonic uplift, while slow tectonic uplift would lead to diamond
decomposition, as the observed graphitized diamonds from the Beni Bousera, Morocco [13]
and the Ronda massifs, Spain [14]. Based on mineralogical studies, the super reduced
association of moissanite, native Cu, Fe–Mn alloy in Al rich chromitite from the Mercedita
ophiolite in Cuba was attributed to a low temperature serpentinization process in a very
reduced microenvironment [4,15,16]. A similar model was proposed for micro diamonds
found in chromite in podiform chromitite in serpentinite from the Tehuitzingo ophiolite in
South Mexico [16].

None of these minerals and mineral association have been so far described from nickel
laterite profiles. Recent studies by El Mendili et al. [17] give a detailed description of the
6O-SiC polytype in the siliceous breccia studied here. Its presence in an alteration profile is
attributed to a three-stage process: formation in the lower mantle, transport into the upper
mantle peridotite by second stage melts, weathering, and preservation in breccia pores.

Uranophane is a hydrous silicate (Ca(UO2)2(SiO3OH)2.5(H2O)) occurring commonly
as secondary minerals in oxidizing silica rich environment, fractures, mainly as result
of uraninite (UO2) alteration related to uranium and associated metal mineralization or
nuclear fuel [18–20]. In laterites (Parana sedimentary basin, Brazil, hosting sedimentary
and ultramafic-mafic intrusive rocks), uranophane was discovered in uraniferous nodules
described from iron crusts [21]. Uraniferous minerals are not yet described from nickel
laterites and New Caledonian rocks so far.

In this study, we report the first occurrence of diamond, lonsdaleite, moissanite among
other reduced phases, and uranophane from silica rich rocks at the base of a nickel laterite
profile, located in saprolite, at the Tiebaghi mine, New Caledonia. The silica rich rocks
(sample ER-NC00-0001) was analyzed in the frame of the H2020 EU project SOLSA to
evaluate the influence of surface roughness on close sensor drill core analyses [22,23].

2. Materials and Methods
2.1. Material

The siliceous dissolution breccia (SB; SOLSA label: ER-NC00-0001, Geographic coordi-
nates: Latitude: 20◦26′24.59” S, Longitude: 164◦13′1.20” E) was sampled from a drill core
performed in the nickel laterite profile at the Tiébaghi Mine in the northwestern part of
New Caledonia.

2.2. Geological Setting

New Caledonia located in the Pacific Ocean 200 km off-shore NE Australia, rep-
resents a microcontinent composed of an autochtonous basement of metamorphic and
metavolcanosedimentary rocks of Upper Carboniferous to Lower Cretaceous age, and
Late Cretaceous to Lower Tertiary allochtonous terranes. Part of these terranes is the New
Caledonia ophiolite [24–26]. The lower part of this ophiolite covers large terranes of the
southern part of the island, while tectonic ophiolitic klippes occur in the northwestern
part. The lithologies comprise serpentinized harzburgite (±lherzolite), and serpentinized
pyroxenite, wherlite and dunite overlain by gabbro [25,26]. At Tiébaghi, the peridotites are
much richer in chromite and show a higher diversity (dunites, harzburgite, lherzolite, py-
roxenites), which may be related to magmatic differentiation and melt rock interactions [27].
Numerous dykes, sometimes pegmatitic, cut through the ultramafic rocks [28].

Lateritization of the ophiolite started in Oligocene (24 ± 5 Ma) [29] and resulted in
the formation of world-class nickel laterite ore deposits in the lower part of the regolith.
These nickel deposits represent ~9% of the world reserves [30]. Classically, the serpen-
tinized peridotites decomposed into (a) sap-rock, representing serpentinized lithoclasts
occurring in a soil matrix, (b) the nickel-rich saprolite, overlain successively by yellow and
red laterite, with (c) a top layer of ferricrete. During lateritization, silicates (relict olivines
and pyroxenes) are dissolved, and serpentines of several generations are gradually trans-
formed into clay minerals and talc, while dissolved iron precipitates as oxy hydroxides and
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dissolved silica as quartz [31]. Nickel is often enriched in the latest serpentine generation
(3 wt.%) and talc-like phases such as kerolite (about a factor 10 richer than serpentines:
30 wt.% [23,32–34]. Meteoric alteration starting at 24 ± 5 Ma, is favored by an intense
fracture network related to orogenic and post-orogenic (relaxation) tectonics [35–39]. In
this high hydraulic conductivity environment, aquifers percolate at different levels of the
laterite profile reserves [40] and form pseudo-karstic structures [36,41,42]. At Tiébhagi, the
lower aquifer drains the fine and coarse saprolite and the highly fractured serpentinized
peridotites [40,41]. Dissolution, and resorption of serpentinized peridotite related to down
drainage meteoric water are observed [40]. This alteration caused the emplacement of a
collapse breccia (>50% clasts) [41] along vertical channels and egg-shape morphologies
at the base of the laterite profile related in particularly, the egg-shape morphology at the
base of the saprolites, to alteration at hydrothermal temperatures (70–90 ◦C) [40,43]. Based
on fluid flow modelling, the authors suggest that meteoric waters heated-up through
exothermic reactions associated with serpentine weathering.

2.3. Sample Description

At Tiébaghi, the lower part of the regolith hosts a white-beige-brownish, porous silica
rich rock. It has a typical boxwork structure (Figure 1 ). This rock hosts a few fragments,
relicts of saprolite. It is a dissolution breccia. We call it hereafter siliceous breccia. The
overall grain size of the breccia is <2 mm. The breccia is mainly composed of quartz of
millimetric size, red spots represent iron oxyhydroxides, and locally black oxides occur
(<1 mm). Crosscutting veins are filled with talc and clay minerals [22]. The studied samples
were cut out from the drill core surfaces as prisms of ≈20 × 20 × 6 mm3 size. From
macroscopic observations, the formation of this breccia can be related to the epikarstic
processes [40].
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2.4. Analytical Methods

Imaging, mapping, and compositional analysis of SiC polymorphs were performed
using scanning electron microscope (SUPRA™ 55 SAPPHIRE; Carl Zeiss, Jena, Germany)
equipped with energy dispersive spectrometer (EDS). The measurements were done
at 15 kV.

X-ray fluorescence spectra were performed using an Inel Equinox 3500 spectrometer
(Inel Equinox 3500, Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with a
Cu microfocus source and an Amptek X-123SDD Silicon Drift Detector placed vertically
10 mm over the sample to ensure high sensitivity even with low-atomic number elements.
XRF data were collected with an integration time of 600s.

High resolution X-ray diffraction of breccia sample was performed on a D8 Advance
Vario 1 Bruker two-circles diffractometer (θ–2θ Bragg-Brentano scan) (D8 Advance Vario 1,
Bruker, Karlsruhe, Germany) using a Cu Kα radiation (λ = 1.54059 Å) selected by an
incident beam Ge (111) monochromator (Johansson type) and equipped with a LynxEye
detector. XRD diagram is collected at room temperature for 2θ varying from 10◦ to 100◦ for
1 s per 0.0105◦ step (12 h/scan).

The Raman spectra were recorded at room temperature using a DXR Raman mi-
croscope (DXR, Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a
900 lines/mm diffracting grating. The highest quality spectra (highest signal-to-noise)
were obtained using green excitation (532 nm, Nd: YAG laser). Raman measurements
were carried out at low laser power (1 mW) and with a 100×magnification long working
distance. Raman spectra were collected over a range of 80–2000 cm−1 (systematically
recorded twice with an integration time of 60 s). The spectral region 3300–4000 cm−1 was
investigated for minerals species with expected OH stretching vibration modes. The laser
spot diameter was estimated at 0.8 µm. The peak deconvolution was performed with
the Origin software. The mineralogical composition was determined by comparing the
collected Raman signals with those reported in the ROD database [44].

3. Results
3.1. Major Composition of the Siliceous Breccia

The chemical analyses by X-Ray Fluorescence (XRF) of the breccia surface indi-
cates ~88 wt.% of silica and 1.9 wt.% Fe2O3 (as total iron). Traces of CaO and MgO (0.1
and 0.7 wt.%, respectively) are also present. In term of elemental composition, XRF indicate
the presence of Si, Mg, Fe, and other trace elements such as Ni and Cr (Table 1).

Table 1. Elemental composition of breccia in weight, as obtained from XRF measures.

Element Composition (wt.%)

O 42.7 ± 1.5
Si 25.3 ± 0.8

Mg 21.7 ± 0.8
Fe 4.9 ± 0.4
Ni 0.6 ± 0.2
Al 1.1 ± 0.1
Ca 1.0 ± 0.1
Cr 1.2 ± 0.1
Na 1.25 ± 0.2
K 0.20 ± 0.02

X-ray diffraction pattern (Figure 2) of breccia samples only exhibits the signature of
highly crystalline quartz (100 wt.%). The Rietveld refinement performed with a trigonal
space group P3221 converged to quartz lattice parameters of a = 4.916 Å and c = 5.408 Å
with a mean crystallite size of 161 nm and the microstrain of 8 × 10−4 rms. These refined
lattice parameters are very close to that reported in literature [45]. The general R-factors
which indicate the overall goodness of fit between the model and experimental data are:
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Rwp = 6.3% and Rb = 5.6%, giving goodness of fit of 1.3. It is important to note that
no other phase was detected by XRD even though EDS and XRF analysis indicate the
presence of 5–7% of iron and other elements. However, the mineral species potentially
formed by such elements are not detected by XRD because they are present at very low
concentrations (<3%).
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Figure 2. X-ray powder diffraction pattern of breccia sample and corresponding MAUD refinement
(MAUD: Material Analysis Using Diffraction, refinement software, http://maud.radiographema.eu/
(accessed on 10 January 2021)). Calculated (red line) and observed patterns (coarse line) are shown.
The difference curve (Iobs − Icalc) is shown at the bottom.

Iron is within 5–7 wt.% and is related to iron oxides and oxyhydroxide (hematite,
maghemite, magnetite and goethite) present in the quartz matrix as micro to nano-inclusions
(Figure 3b). Raman analyses of the breccia matrix confirm that quartz is predominant. The
well-defined and mostly narrow Raman bands of quartz attested to its highly crystalline
form (Figure 3a). Raman spectroscopy also evidences the presence of serpentine minerals
(Figure 3c), lizardite and chrysotile, which crystallized in densely packed fibers. Forsterite,
hedenbergite and yellow saponite occur as clots scattered throughout the fine-grained
matrix (Figure 3d). Minor phases, e.g., anatase, pyrite and apatite were also observed
(Figure 3e). The microfractures in the breccia (Figure 3f–h) are filled with calcite and
kerolite ‘Ni-rich talc’ [33].

The kerolite is the only Ni-bearing phase. The vibrational modes observed for kerolite
(Figure 3h) are slightly shifted toward lower wavenumbers compared to pure talc [46]
suggesting high Ni substitution in Mg-talc [47]. However, kerolite and Ni-rich talc exhibit
three main bands on similar positions (674, 188 and 108 cm−1). In the high wavenumber
range (3500–3750 cm−1), the vibrations of the OH groups can be used to discriminate the
talc-like phases: the positions and relative intensities of OH contributions are controlled by
the types and number of crystallographically equivalent OH groups sites, and by the types
of cation occupancies around OH sites, as well as the probabilities of these occupancies.

For Mg-talc, only a strong OH stretching band is expected around 3675 cm−1 and for
Ni-talc-like (kerolite), the spectrum shows three Ni2+ additional vibrations at 3654, 3625,
and 3610 cm−1 [23,47]. These bands correspond to OH bonded to 2Mg + 1Ni, 1Mg + 2Ni,
and 3 Ni, respectively [23,47]. The intensity of the vibration is proportional to the amount
of the cation configuration (in our case 3Mg (20.8%), 2Mg + 1Ni (62.4%), 1Mg + 2Ni (1.7%),
and 3 Ni (15.1%). This result thus confirmed the presence of high Ni substitution in Mg-talc.
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Figure 3. Raman spectra of phases present in the breccia core samples (a) α-Quartz (SiO2),
(b) Microparticles of iron oxides [hematite (α-Fe2O3), maghemite (γ-Fe2O3), magnetite (Fe3O4)]
and goethite (α-FeOOH), (c) Lizardite and chrysotile (OH)3Mg3[Si2O5(OH)], (d) Hedenbergite
(CaFeSi2O6), forsterite (Mg2SiO4) and saponite (Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2·n(H2O)), (e) Pyrite
(FeS2), apatite (Ca5(PO4)3OH) and anatase (TiO2) crystals, (f) Optical images of the breccia vein with
corresponding Raman spectra of: (g) Calcite (CaCO3) and (h) Kerolite ((Mg,Ni)3Si4O10(OH)2·H2O).

3.2. Pore Fillings in the Siliceous Breccia

Micrometric porosities observed by optical microscopy (Figure 4a,b) incorporate small
crystals and clusters of crystals varying from blue to white and colorless-transparent
(Figure 4a). Interestingly, micro-Raman measurements on these clusters reveal the presence
of chromite and SiC (Figure 4g). SiC (moissanite) occurs either as single grains (approx-
imated size: 5 × 8 × 10 µm3), sometimes having light blue color to green and colorless
irregular flakes or fragments of 10–25 µm (Figure 4c). EDS analyzes on this moissanite
crystal indicate C, 48.7 ± 1.9 at. wt.% and Si, 51.3 ± 1.6 at. wt.% (Figure 4d). Although EDS
is not accurate for low atomic number elements and not recommended as a technique for
the quantification of elements lighter than Na, EDS analyses of moissanite showed that the
crystals contained no elements heavier than carbon and Si.

The SiC grain in Figure 4b was selected for a full single crystal diffraction, SCXRD
(Figure 5). This SiC grain crystallizes in the space group Cmc21 with 36 atoms per unit cell
[a = 3.0778(6) Å, b = 5.335(2) Å, c = 15.1219(6) Å, α = 90◦, β = 90◦, γ = 120◦]. Reflection’s
splitting can be evidenced in some experimental frames and could be attributed to twinning
features. Data were then integrated. The different attempts of integration of reflections
using the previous unit cell were not satisfactory: the internal reliability factor Rint = 35%,
quantifying the symmetry deviation from the intensity of the reflections expected to be
equivalent, excludes unambiguously the hexagonal or trigonal symmetries. The reciprocal
space was then interpreted in a different way by considering the orthorhombic unit cell
and twin components related by a tri-fold axis parallel to c with an internal reliability Rint
of 7.4%. The structure has been determined by charge in the Cmc21 space group and then
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refined. The final agreement factor is Rf = 0.0329(2) for 194 reflections with 20 refinement
parameters and I ≥ 3σ(I).
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Figure 4. Porosities of siliceous breccia (ER-NC00-0001) (a) Optical images of porosities, (b) Scan-
ning electron microscope (SEM) image showing a cluster composed of SiC, (c) Optical images of
various SiC crystals with different colors, (d) EDS spectrum of SiC, (e) Raman spectra of various SiC
crystals with different colors, (f) optical images of uranophane, (g) Raman spectrum of uranophane,
(h) optical images of chromite matrix bearing SiC and diamond and (i) Raman spectrum of chromite.
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A view of the structure is proposed in Figure 6a. The main characteristics of the 6H-SiC
polytype can be observed. The structure can be described from SiC4 tetrahedra all sharing
their neighbour edges. El Mendili et al. [17] showed that 6O-SiC results from the 6H-SiC
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wurtzite to 3C-SiC rock-salt phase transformation as an intermediate state. The 6O-SiC
formation requires at least 4 GPa of pressures and high temperatures 2027–2527 ◦C.
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Figure 6. (a) Crystal structure refined for the orthorhombic 6O-SiC and (b) Stacking sequence of
6O-SiC in the [1120] plane.

Many SiC polytypes exist. They show differences in the stacking sequences of double
atomic planes of Si-C along the c-direction. The most common polytypes are 3C, 2H,
4H, 6H, 8H, 9R, 10H, 14H, 15R, 19R, 20H, 21H, and 24R [48]. The three more frequent
naturally occurring ones are the cubic 3C (β-type), hexagonal 4H and 6H polytypes. The
Raman spectra of SiC polytypes (Figure 4e) show four of the SiC polytypes (3C, 4H, 6O and
15R) [49]. Vibrational bands attributions of SiC polytypes (3C, 4H and 15R) are summarized
in the Table 2.

Table 2. Raman shifts of the SiC vibration bands shown in Figure 4e, with reference to [50].

Polytype

Phonon Modes–Frequency (cm−1)

Transversal
Optic

TO

Transversal
Acoustic

TA

Longitudinal
Optic

LO

Longitudinal
Acoustic

LA

3C 796 - 971 -

4H 797
780

196
205
256

838
966 610

15R
798
768
788

150
256

860
930
968

334
574

For all the SiC polytypes [50], the Raman modes consist of transverse acoustic and
optical phonons (TA, TO), longitudinal acoustic and optical phonons (LA, LO) and longi-
tudinal acoustic phonons (LA). In the case of 3C-SiC, only two strong Raman bands are
observed, at 972 cm−1 attributed to the longitudinal optical phonon (LO) and at 796 cm−1

attributed to the transverse optical phonon mode (TO). In the case of 6H-SiC, the experi-
mental characteristic phonon modes are assigned as follow [50]: E2(TA) at 151 cm−1, E1(TA)
at 240 cm−1, A1(LA) at 504 cm−1, E2(TO) at 762 and 783 cm−1, E1(TO) at 791 cm−1 and
A1(LO) at 887 and 963 cm−1, respectively. For SiC in the siliceous breccia, the main Raman
peaks were confirmed and matched with Raman-active vibrational modes of orthorhombic
SiC structure with Space Group Cmc21 [17].
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Concerning diamond, a series of polytypes are described and predicted in litera-
ture [51–54]. Two of them are observed in natural fabrics, the 3C (cubic diamond) and 2H
(hexagonal lonsdaleite) diamond.

The Raman spectra of natural breccia diamonds show a sharp, first order peak of
sp3-bonded carbon centered between 1331.4 and 1318 cm−1 (Figure 7) with FWHM (Full
Width at Half Maximum) from 4.9 to 7.3 cm−1, respectively. Only the 1100–1500 region is
illustrated since no other vibrational mode was observed in the region from 60 to 4000 cm−1.
Furthermore, no graphite was detected in our samples.
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Figure 7. (a) Scanning electron microscope (SEM) image showing a cluster composed of SiC and
diamond polytypes and (b) Raman spectra of five different diamonds from different zones and one
commercial cubic diamond.

From literature, it is admitted that the well-crystallized cubic diamond peak is ob-
served at 1332 cm−1 and that the sp3 breathing vibration mode of lonsdaleite (hexagonal
diamond) can vary between 1320 and 1327 cm−1 [54].

In comparison, a commercial well-crystallized cubic diamond exhibits sp3 mode
centered at 1332 cm−1 with a FWHM of 3 cm−1. This value corresponds to one of the spectra
observed in Figure 7 (1331.0 ± 0.5 cm−1 with a FWHM of 4.9 ± 0.1 cm−1). The slightly
larger FWHM is related to a slightly lower crystallinity of the natural cubic diamond.

Raman spectrum (Figure 7, pink) exhibiting two overlapped bands was recorded, the
first at 1330.5± 0.2 cm−1 corresponding to cubic symmetry and the second at 1326.2± 0.2 cm−1

assigned to hexagonal diamond. Under the microscope, we could not distinguish individual
crystals, and these two contributions can be due to the existence of distorted crystals or to
the presence of some sub-micrometric diamond inclusion pockets.

For the sp3 in the 1320–1327 cm−1 region, the spectra can be attributed to hexagonal
diamond polytypes. Indeed, Authors in [54] earlier interpreted Raman spectra of impact
diamond-bearing rocks containing the most intense band within 1320–1327 cm−1 as the
lonsdaleite contribution. The presence of lonsdaleite in their samples was also confirmed
by X-ray diffraction.

In (Figure 7, blue), spectra with the sp3 mode at values below 1320 cm−1, were
observed. Authors in [55] suggested that this shift is due to stacking faults of diamond
structure, leading to the cubic-hexagonal transition. This structural change from cubic to
hexagonal can be explained as the change of stacking sequence of the (111) plane. The
FWHM values ranging from 6.4 to 7.3 cm−1 are also larger, as expected, than those of
cubic diamond. We can then hypothesize that the hexagonal structure is kept in these
diamonds, however with some distortions explaining its slightly lower Raman shift and its
larger FWHM. Finally, (Figure 7, brown) shows a Raman spectrum with three Raman-active
vibrational modes around 1212, 1307 and 1328 cm−1. This spectrum is similar to those
reported for lonsdaleite [56].
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In literature, although the theoretical calculations of the lonsdaleite vibration spectrum
have been the subject of many investigations for years, several ambiguities and contradic-
tions remain present for the vibrational attribution and the position of the bands [56–58].

For this reason, the Raman-active vibrational modes of cubic and hexagonal diamonds
were calculated through Density Functional Theory (DFT). We have used the CRYSTAL
software [59]. We performed these calculations applying harmonic approximation at the
Γ point as it was done by [56]. for Raman identification of lonsdaleite. We have found
for cubic diamond that the position of single Raman vibration band, corresponding to the
first order scattering of F2g symmetry, is 1331.99 cm−1. This value is in good agreement
with the experimental value. For hexagonal diamond (2H, lonsdaleite), we predict three
fundamental vibrational modes: 1207 cm−1 (E2g), 1307 cm−1 (A1g), and 1330 cm−1 (E1g).
The theoretical intensity ratio of the Raman modes is: 0.5(E2g):1(A1g):0.3(E1g). Hence, the
A1g mode is expected to be the most intense line in the Raman spectrum of lonsdaleite.

Based on the comparison between calculated and experimental results (Figure 8), the
most intense band in the experimental Raman spectrum at 1307 cm–1 can be attributed
unambiguously to the longitudinal optical vibrational mode A1g.
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The deconvolution analysis of the Raman spectrum let us identify the shoulder as a
Raman contribution of the second intensity of the transverse optical vibrational mode (E2g)
observed at 1212 cm−1. This agrees with our ab-initio calculations. DFT calculations also
predict that the third Raman-active mode of lonsdaleite E1g (transverse optical) should be
observed at 1330 cm−1, with its theoretically predicted intensity being close to that of the
second intensity mode E2g. The E2g mode is observed in our spectrum around 1328 cm−1.

Experimentally, the lonsdaleite bands are highly broadened (FWHM are in the range
of 18–52 cm−1), compared to the cubic diamond observed in our sample. This effect is due
to lonsdaleite imperfection and to small dimensions of crystallites.
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The originality of these results comes from the fact that lonsdaleite has been observed
so far only in the meteorite from the Meteor Crater [51,56]. Probable contribution of other
hexagonal diamond polytypes to Raman spectra can be masked by the presence of large
and asymmetric bands [54].

In Figure 4g, the Raman spectrum of chromite shows four bands associated to the CrO
bond-stretching region at 905, 730, 560 and 445 cm−1 [60]. The very intense and broad band
at 730 cm−1 is assigned to symmetric stretching vibrational mode, A1g(ν1). The two peaks
at 560 and 445 cm−1 are attributed to F2g(ν4) and Eg(ν2) modes respectively, and the small
band at 215 cm−1 to the F2g(ν3) mode.

Uranophane was unambiguously determined in the Raman spectrum shown in
Figure 4f containing the characteristic bands reported in [61,62]. The identification of
the different secondary phases is based on the analysis of the symmetrical stretching vibra-
tion of the uranyl group UO2

2+, which allows the identification of individual uranyl phases
and can be used as a fingerprint. For uranyl, two Raman bands close to 790 and 800 cm−1

are attributed to the doubly degenerate ν1 mode of UO2
2+ symmetric stretching modes,

while a weak band close to 919 cm−1 is assigned to the ν3(UO2
2+) anti-symmetric stretch-

ing vibrations, and the bands in the 200–300 cm−1 are assigned to ν2(UO2
2+) symmetric

bending mode and to UO ligand vibration [63]. Multiple bands in this region indicate the
non-equivalence of the UO bonds and the lifting of the degeneracy of ν2(UO2

2+) vibrations.
In addition, the band at 148 cm−1 is attributed to lattice mode. Raman spectrum shows
the expected ν2(SiO4

4-) and ν4(SiO4
4-) symmetric bending modes at 485 and 510 cm−1, re-

spectively. The anti-symmetric stretching modes ν1(SiO4
4-) is present at 970 cm−1. Figure 9

shows the SEM image and the chemical composition (EDS) of the uranium rich zone. The
observation of uranium, silicon and calcium in the EDS spectrum is clear evidence of the
presence of U-Ca-silicate.

Minerals 2022, 12, 196  12  of  17 
 

 

In Figure 4g, the Raman spectrum of chromite shows four bands associated to the 

CrO bond‐stretching region at 905, 730, 560 and 445 cm−1 [60]. The very intense and broad 

band at 730 cm−1 is assigned to symmetric stretching vibrational mode, A1g(ν1). The two 

peaks at 560 and 445 cm−1 are attributed to F2g(ν4) and Eg(ν2) modes respectively, and the 

small band at 215 cm−1 to the F2g(ν3) mode. 

Uranophane was unambiguously determined in the Raman spectrum shown in Fig‐

ure 4f containing the characteristic bands reported in [61,62]. The identification of the dif‐

ferent secondary phases is based on the analysis of the symmetrical stretching vibration 

of the uranyl group UO22+, which allows the identification of individual uranyl phases and 

can be used as a fingerprint. For uranyl, two Raman bands close to 790 and 800 cm−1 are 

attributed to the doubly degenerate ν1 mode of UO22+ symmetric stretching modes, while 

a weak band close to 919 cm−1 is assigned to the ν3(UO22+) anti‐symmetric stretching vibra‐

tions, and  the bands  in  the 200–300 cm−1 are assigned  to  ν2(UO22+)  symmetric bending 

mode and  to UO  ligand vibration  [63]. Multiple bands  in  this region  indicate  the non‐

equivalence of the UO bonds and the lifting of the degeneracy of ν2(UO22+) vibrations. In 

addition, the band at 148 cm−1 is attributed to lattice mode. Raman spectrum shows the 

expected ν2(SiO44‐) and ν4(SiO44‐) symmetric bending modes at 485 and 510 cm−1, respec‐

tively. The  anti‐symmetric  stretching modes  ν1(SiO44‐)  is present  at  970  cm−1.  Figure  9 

shows the SEM image and the chemical composition (EDS) of the uranium rich zone. The 

observation of uranium, silicon and calcium in the EDS spectrum is clear evidence of the 

presence of U‐Ca‐silicate.   

 

Figure 9. Ca‐Uranyl silicate. (a) SEM image and (b) EDX spectrum. 

4. Discussion 

Siliceous breccia, or vuggy silica is described from laterite profiles world‐wide, such 

as  in  the Nickel Mountain,  Sierra Nevada, Douglas County, Oregon,  or  the Klamath 

Mountains [64,65]. At the Tiébaghi Mine (New Caledonia), the siliceous breccia is wide‐

spread along the saprolite, and was formed after saprolitization as it hosts saprolite frag‐

ments [20]. High hydraulic conductivity in the saprolite (8.10−7m/s) [41] and meteoric wa‐

ter circulation is the origin of this siliceous breccia. The presence of trace amounts of oli‐

vine and the Ca‐bearing pyroxene (hedenbergite) suggests additional serpentinization re‐

actions. Saponite is an important compound in this saprolite. It was detected in the silica 

matrix in this study. Dissolution of saponite generates high amounts of silica: 18 saponite 

(Mg) + 23 H2O = 19 serpentine + 6 diaspore + 28 SiO2 (aq). This hydration reaction is exo‐

thermic [66,67], and may have just let to temperature increase as suggested by [43]. Sap‐

rolite is composed of a mixture of serpentines, clay minerals, and oxides. Saponite disso‐

lution is pH dependent. Laboratory experiments have shown that at acidic pH = 3, silica 

is massively produced. For the Tiébaghi siliceous breccia formation, we suggest that most 

likely reaction (2) and (3) may be responsible for the silica generation. The dissolution of 

saprolite  leads to the formation of cavities. These cavities are then  filled by the porous 

breccia at Tiébaghi. For the sudden precipitation of massive porous micro‐quartz in the 

Figure 9. Ca-Uranyl silicate. (a) SEM image and (b) EDX spectrum.

4. Discussion

Siliceous breccia, or vuggy silica is described from laterite profiles world-wide, such
as in the Nickel Mountain, Sierra Nevada, Douglas County, Oregon, or the Klamath Moun-
tains [64,65]. At the Tiébaghi Mine (New Caledonia), the siliceous breccia is widespread
along the saprolite, and was formed after saprolitization as it hosts saprolite fragments [20].
High hydraulic conductivity in the saprolite (8.10−7m/s) [41] and meteoric water circu-
lation is the origin of this siliceous breccia. The presence of trace amounts of olivine and
the Ca-bearing pyroxene (hedenbergite) suggests additional serpentinization reactions.
Saponite is an important compound in this saprolite. It was detected in the silica matrix
in this study. Dissolution of saponite generates high amounts of silica: 18 saponite (Mg)
+ 23 H2O = 19 serpentine + 6 diaspore + 28 SiO2 (aq). This hydration reaction is exother-
mic [66,67], and may have just let to temperature increase as suggested by [43]. Saprolite
is composed of a mixture of serpentines, clay minerals, and oxides. Saponite dissolution
is pH dependent. Laboratory experiments have shown that at acidic pH = 3, silica is
massively produced. For the Tiébaghi siliceous breccia formation, we suggest that most
likely reaction (2) and (3) may be responsible for the silica generation. The dissolution of
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saprolite leads to the formation of cavities. These cavities are then filled by the porous
breccia at Tiébaghi. For the sudden precipitation of massive porous micro-quartz in the
saprolite horizon, one possible model is the precipitation due to a sudden change of pH of
the aqueous fluids. The water resurgences at the base of the aquifers are basic with a pH
up to 11 [68], whereas pH in coarse saprolite level is around ~8 [33].

Before discussing the origin of diamond and the associated strongly reducing phases
appearing in the pores of the breccia, we argue against that these phases are artefacts,
generated during sample preparation through diamond sawing: (i) the sample preparation
was carried out identically for the three other rocks (sandstone, harzburgite, granite), all
sawn with the same diamond blade [22]. (ii) all the samples were studied by micro-Raman
spectroscopy [22,23], but only the siliceous breccia hosts diamond polymorphs. (iii) the
intergrowth of diamond and lonsdaleite is unlikely being a feature for diamond saw derived
particles. (iv) clusters of chromite, diamond and SiC polymorph are observed in natural
environment [2,5,28,31]. Therefore, the idea of contamination was ruled out.

Diamonds and exotic minerals such as moissanite (SiC) and metal alloys were de-
scribed from different ophiolite environments (e.g., Luobusa ophiolite (Tibet), in the early
Paleozoic Ray-Iz ophiolite (polar Ural, Russia); Pozanti-Karsanti ophiolite, Eastern Tau-
ride belt, southern Turkey, Mao Baracoa Ophiolite, Cuba and the Tehuitzingo ophiolite,
Mexico) [2,4,15,16,28,31]. In all these cases, UHP and diamond are associated with peri-
dotites and chromitite. The Tiébaghi nickel laterites were formed on ophiolitic upper
mantle serpentinzed peridotites. Serpentinites formed under reducing conditions fre-
quently host metal alloys such as FeNi3 (awaruite), the Fe-rich variety, taenite, or even
native Fe [26,69]. Moreover, magnetite and chromite are stable phases under high pH and
reducing conditions (fO2 < FMQ (Fayalite–Magnetite–Quartz–buffer)) [12,65]. Saproliti-
zation, as incipient weathering of serpentinite, still occurs under reducing conditions and
alkaline pH (around 8) as serpentine (formed during weathering) and smectite are stable.
Both phases are major Fe and Ni carriers. An organic matter and nickel-sulfide rich horizon
(so called gley) even occurs at the interface between yellow laterite and saprolite [65].

At Tiébaghi, the largest chromium mine in the world operated in 1941 produced
about 54,000 tons per year with an overall production of 3.3 million tons of Cr-rich lumpy
chromite within 88 years (1902–1990). Cr-spinel is detected in the siliceous breccia and
can be interpreted as relicts having survived serpentinization and saprolitization of the
peridotites under alkaline conditions. Based on point analyses, the Cr-spinel detected in the
siliceous breccia show high Cr# typical for chromite from boninitic melts. Thi finding is in
agreement with studies by [68] showing that lherzolite from at Tiébaghi and Poum presents
a refertilized harzburgite having experienced an interaction with a boninitic melt [68].

Associated with the Cr-rich spinels in the siliceous breccia, diamond including londs-
daleite and moissanite as 6O-SiC occur. Different models were proposed to explain the
diamond and moissanite occurrence in ophiolites, based on C-isotopic compositions, trace
element studies on diamonds and diamond inclusion mineralogy [4,15,16]. Moissanite
xenocrysts in chromitite are suggested being originated from a deep mantle source in
the Luobusa ophiolite, as chromite crystals represent coesite lamellae [70]. Organic car-
bon derived from the subduction slab was proposed as C source as the involvement of
high temperature fluids, such as second stage melts [71]. New results, based on miner-
alogical studies on microdiamonds from ophiolites in Cuba and Mexico [4,15,16], and
thermodynamic calculation by McCollom and Bach [72] supports a low- pressure origin
of microdiamonds.

In nature, lonsdaleite is mainly associated with cubic diamond. It can form under
ultra-high pressures (>130 kbar), at depths > 150 km, at temperatures above 950 ◦C at
PO2 close to IW (Iron-wüstite) [73,74]. Since it is described from meteorites and rocks
having experienced shock metamorphism [75], intensive studies have been performed [76].
Lonsdaleite is difficult to analyze as is always tightly intergrown with diamond, sometimes
graphite, and is of submicrometric size [76]. These phases often present dislocations,
stacking faults, twins, and grain boundary disordering. Therefore, microanalysis and
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structural interpretations of XRD and TEM-SAED (transmission electron microscopy (TEM),
selected area electron diffraction (SAED)) may be erroneous due to fuzzy spectra [77].

In this study, analyzes of spectral data from micro-Raman spectroscopy were compared
and supplemented by results from DFT. This methodology allowed unambiguously to
identify lonsdaleite and cubic diamond. The mineral association (lonsdaleite, moissanite,
chromite, native chromium) observed in the unaltered chromitite and peridotite from the
above-mentioned localities is like that observed in the siliceous breccia from the Tiébaghi
mine [4]. The moissanite described from peridotites and chromitites in ophiolites are
mainly subhedral to anhedral, similarly to those observed in the siliceous breccia pores at
Tiébaghi [4].

At Tiébaghi, not only microdiamonds were detected but also lonsdaleite and moissan-
ite Our data set is not sufficient to conclude on the ultimate origin of these reducing phases.
However, we suggest that these phases are inherited from the serpentinized peridotites.
Further studies must be carried out to support a deep or shallow mantle origin. This is
beyond the scope of this study.

The uranyl-silicates are the most abundant group of uranyl minerals because of the
ubiquity of dissolved Si in most groundwaters. Uranophane is the most common uranyl
mineral, precipitating from near neutral to alkaline groundwaters that contain dissolved
Si and Ca. Uranophane is a common neoformed mineral derived from the alteration of
uraninite (UO2) [78] in large surroundings of uranium deposits such as in the Koongarra
deposit (Australia) [79]. At this location uranium mineralization occurs in breccia and
associated faults surrounding the breccia. This is related to the high mobility of uranium in
oxidizing environments due to U(VI) formation.

Uranyl silicates are formed in the surface of uraninite under oxidizing conditions [80–83].
However, the direct precipitation of uranophane, as observed in the siliceous breccia in this
study, requires a high concentration of Si in solution [80,82]. The stabilization of uranophane
in high silica, high pH and Ca2+ bearing environments is also documented [80,82].

The origin of the uranium in the siliceous breccia, can be only roughly discussed,
as no uranium mineralization is known in New Caledonia. Uranium bearing minerals,
such as apatite was detected by micro-Raman analyses in this study. Apatite commonly
contains several tens to hundreds of ppm of uranium [83]. However, under the above-
mentioned conditions, apatite tends to be stable [84], which makes such an origin unlikely.
At Tiébaghi, pegmatitic dykes crosscutting the laterite profile are described [28]. However,
no petrographical study on these rocks is published so far. These rocks need to be further
investigated as pegmatites may host uranium and uranium bearing accessory minerals.

5. Conclusions

In this paper, we reveal for the first time the association of SiC and diamondpolytypes,
chromite and uranophane in a nickel laterite profile at Tiébaghi (New Caledonia), unam-
biguously defined by Micro Raman spectroscopy and XRD. The diamond and moissanite
polytypes are inherited from serpentinized peridotites.

Based on these studies, the breccia at Tiébaghi needs to be further investigated and
may present exploration potential, as it acts as a trap for weathering-resistant valuable
minerals, and elements migrating in low temperature silica rich environments, such as U,
Ni, Cr.

This study also highlights the potential and importance of micro-Raman spectroscopy
to achieve the structural properties of porous materials. This technique is thus crucially
important for mining companies to rapidly access detailed mineralogical compositions
without any sample preparation.
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