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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).

===\
200 [
.~

10°4

Cocos Plate

Yu

1
aY
jf_/:\fum &?}O Atlantic Ocean HI b :] Peralvillo Formation
o &—\’)‘? Moa S Q'Qo[)ov"\']c,\\' - Siete Cabezas Formation

San Fel i < o g ori
catan Pt REPUBLIC 200 ] vorite
> Gabbro

< ne) UERTO RIC - P

. . - Serpentinite
[ Harzburgite and therzolite

Plate Oceanic

Caribbean

[@®] Dunite

.0
74
9

Q

o

Plateau

°

-10°

T
-90°

—-=-fault

L} 1§ L)
-80° -70° -60°
@ Ophiolitic Peridotites containing Ni-laterite deposits

67°30
|Z| 10°30"

67°

river contact

50 km

UNITS

Serraniade la Costa
-Faja Avila (Ordovician = Permian) FajaLoma de Hierro (Cretaceous)
[l Faja Caracas (Jurassic-Cretaceous) Terreno Paracotos

Serrania del Interior
[ Faja Caucagua-El Tinaco (Paleozoic)

- Terreno Loma de Hierro
- FajaVilla de Cura (Jurassic-Eocene)

Figure 1. Loma Caribe (Dominican Republic) and Loma de Hierro (Venezuela) Ni laterite deposits:
(a) location in the Caribbean region; (b) geological map of Loma Caribe (redrawn from [18]); and
(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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Figure 2. Ni—Co laterite profile from Loma Caribe (Falcondo, Dominican Republic) and Loma de
Hierro (Venezuela) ore deposits, showing the location of the samples studied in this paper with major
and relevant minor element contents.

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 km?) within the Serrania 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 Niquel 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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Figure 3. Field occurrence of Co-Mn mineralisations in Loma Caribe (a-c) and Loma de Hierro (d—f).
Panorama view of the mining pits (a,d,e) and close-up views of Co-Mn mineralisations (b,c,f).

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 Cientifics i Tecnologics of
the Universitat of Barcelona (CCiT-UB) with a PANalytical X'Pert PRO MPD Alphal powder
diffractometer in Bragg—Brentano 0/26 geometry of 240 mm of radius, nickel filtered Cu
Kal radiation (A = 1.5406 A), 45 keV and 40 mA. The samples were scanned from 4 to 100°
(20) 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
(PDEF-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 um x 15 pum (full width at
half maximum) with a Rayonix SX165 CCD detector.

For the above measurements, a wavelength of 0.4246 A 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 LaBg
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 N(g) atmosphere with a flow rate of 80 mL min~!, in a range between 25 to
800 °C at 10 °C min ! 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 L at the Departament de Mineralogia, Petrologia i
Geologia Aplicada de la Facultat de Ciencies 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 Ciencies 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 pm 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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Counts

(Mn), NiO (Ni), metallic Co (Co), rutile (Ti), albite (Na), Cr,O3 (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 A (Figure 4a,b). Those dy, are
comparable to those obtained by Burlet and Vanbrabant [32] (9.45 and 4.69 A in lithio-
phorite, 4.76 A in asbolane, and 9.59 and 4.76 A in lithiophorite—asbolane intermediates),
and by Putzolu and co-authors [15] (4.84 A 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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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 (A = 1.5406 A). (e) Two micro-XRD measurements
of sample LH-10 obtained at ALBA synchrotron (A = 0.4246 A).
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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_, curve exhibited the XRD
signature of gibbsite, the LH-10_; 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 — Fe, O3 + H,O) 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 AIOOH (AIOOH — Al,O3 + H,0) (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 ™!
(associated with Mn-O bonds of the MnOg octahedra) and in the range of 3100~3500 cm !
(stretching modes of OH groups) [40,41]. The band around 1600 cm~! was the water
bending mode, that may suggest that at least some of the OH is H,O [41,42]. According to
IR spectra (Figure 6), samples were mostly poorly crystalline, although peaks around 3400,
1600 and 1000 cm ! could be assigned to lithiophorite, while those around 3600-3500 cm !
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~! could be related to kaolinite. It must be noted that mineral contamination can
also affect IR spectra.

----LCé6 L7 --- LC7_black
2.5
a 3 3 . . .
20 ClbbSlteT_ithiophorite Lithiophorite LithiophoS8
g = vy . v '
g 5 s R - o TR
< 1.5 1 K oy e A RIS P .
2 .
= - s .
= 10 .
‘ " N g %»
0.5 - 7 Rk P —mzaSs 8§ T
L _ - s
2 &
0.0 L L] L L] L] L] L} L} L) A Ll L] L]
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——LHA-1 ---- LHA-2
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20 47— ii Lithiophorite 1cuophort
ad bW
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Figure 6. IR spectra of (a) samples LC6, LC7 and LC7_black from Loma Caribe (Dominican Republic),

and (b) samples LHA-land LHA-2 from Loma de Hierro (Venezuela). Arrows indicate the peak
positions. The grey shadowed band represents the peaks associated with Mn-oxides.
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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).

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).



Minerals 2022, 12,927 11 of 26

20 pm

20 pm

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 9¢,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 9¢,d). Locally, Ni and Co were concentrated
in the outer rims, while the Min grade was higher in the core (Figure 10).

MnOxOH
fibres

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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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 9¢c
(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.%), SiO; (0.4-11 wt.%),
AlyO3 (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, Al,O3, and SiO, 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.% Al,O3, 2 -28 wt.% FeO, 8-20 wt.% NiO,
3-7 wt.% CoO, <2 wt.% 5i0O,, 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.%
Co0). 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.% AlyO3) (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.%
5i0;, 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).

20

18

Mn (wt.%)
—Loma Caribe

[l Colloform aggregates

A Fibres

@ Core

O Rim

@ Globular spherulitic aggregates
A Ba-ich crystals

—Loma de Hierro

A Fibres
[l Colloform aggregates

@® Core

O Rim1 } LHA
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m

® Moa Bay © Loma Ortega

15

Al (wt.%)

Figure 11. Binary diagrams of (a) Ni vs. Mn, (b) Co vs. Mn, and (c) Co vs. Al (in wt.%), of the Mn-Co
minerals analysed in this study, and from Loma Ortega [46] and Moa Bay [47].
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Table 1. Representative EMP analyses (in weight percent) of the studied Co-Mn-oxyhydroxide types in Loma Caribe (Dominican Republic). <d.1.: below detection

limit; n.a: not analysed; F: fibres; CA: colloform aggregates; C: core; R: rim; GS: globular spherulitic aggregates; Ba: Ba-rich minerals.

Label Texture SiO, Al,O3 CaO K,O Na,O MgO NiO CoO FeO MnO Cr,03 BaO TiO; V,0; Sc,03 Total
LC-6_01 F 6.24 8.37 0.04 <0.01 0.01 0.37 17.22 6.73 6.84 26.01 <0.01 0.01 n.a n.a n.a 71.84
LC-6_02 F 3.01 8.18 0.05 0.04 0.09 0.37 18.82 6.96 7.82 27.90 <d.L 0.11 n.a n.a n.a 73.34
LC-6_03 F 3.99 8.71 0.03 0.03 0.01 0.12 20.60 8.52 8.72 28.63 0.03 <d.L n.a n.a n.a 79.38
LC-6_04 F 414 9.47 0.02 0.02 0.03 0.24 14.97 6.89 9.32 23.57 0.05 0.04 n.a n.a n.a 68.75
LC-6_05 F 2.09 9.50 0.07 <0.01 0.02 0.13 19.23 6.38 6.21 23.09 0.03 0.02 n.a n.a n.a 66.76
LC-7_01 F 0.49 12.47 0.02 0.17 0.61 0.64 11.82 9.51 4.02 31.08 <d.l <d.l n.a n.a n.a 70.82
LC-6_06 CA 4.36 8.91 0.06 <0.01 0.01 0.11 19.11 7.88 8.72 26.86 <0.01 <d.L n.a n.a n.a 76.02
LC-6_07 CA 6.65 10.47 0.04 <0.01 0.06 0.08 16.32 6.12 7.47 20.68 <d.l 0.09 n.a n.a n.a 67.98
LC-6_08 CA 1.40 10.73 0.03 0.02 0.06 0.07 16.63 6.30 6.45 21.62 0.03 0.09 n.a n.a n.a 63.43
LC-6_09 CA 7.70 10.91 0.05 0.02 0.18 0.15 13.95 6.64 5.79 22.35 0.02 0.08 n.a n.a n.a 67.86
LC-7_02 CA 0.39 5.95 0.11 0.43 1.13 2.02 10.20 5.56 6.24 37.47 0.02 0.42 n.a n.a n.a 69.94
LC-7_03 CA 1.09 11.39 0.04 0.16 0.46 0.35 15.70 8.11 3.72 30.91 <0.01 <d.L n.a n.a n.a 71.93
LC-7_04 CA 191 16.03 0.05 0.14 0.37 0.05 6.01 7.79 12.62 25.95 0.05 <d.l n.a n.a n.a 70.97
LC-7_05 CA 0.50 19.67 0.04 0.05 0.18 0.02 3.85 9.12 4.08 33.27 0.10 <d.L n.a n.a n.a 70.87
LC-6_10 C 0.39 0.24 0.03 0.03 0.04 7.78 3.36 0.30 0.63 55.20 <d.l 0.66 n.a n.a n.a 68.66
LC-6_11 C 0.61 0.76 0.04 0.05 0.04 6.65 4.76 0.46 0.91 52.85 <d.l 0.57 n.a n.a n.a 67.71
LC-6_12 R 11.27 10.38 0.09 0.03 0.16 0.11 11.43 5.88 5.13 19.96 0.02 <d.L n.a n.a n.a 64.46
LC-6_13 R 1.52 9.69 <d.L 0.03 0.06 0.07 10.41 4.83 7.46 17.20 0.04 0.06 n.a n.a n.a 51.38
LC-6_14 R 2.11 8.16 0.10 <0.01 <d.L 0.21 15.53 6.81 8.13 23.74 <d.L <d.L n.a n.a n.a 64.79
LC-6_15 R 1.56 13.53 0.04 0.03 0.08 0.11 13.74 7.99 4.58 25.72 0.02 <d.l n.a n.a n.a 67.40
LC-6_16 R 7.92 12.20 0.18 0.04 0.19 0.11 14.23 6.80 6.49 22.84 <d.l. <d.L n.a n.a n.a 71.00
LC-6_17 R 1.34 11.85 0.09 0.04 0.04 0.25 16.23 8.13 491 26.05 0.02 <d.l n.a n.a n.a 68.95
LC-7_06 GS 0.26 15.33 0.07 0.11 0.24 0.16 6.85 11.36 1.90 34.17 0.02 0.33 n.a n.a n.a 70.81
LC-7_07 GS 3.40 12.39 0.31 0.05 0.49 0.24 5.60 8.71 11.08 22.74 0.65 0.06 n.a n.a n.a 65.71
LC-7_08 GS 5.46 16.01 0.14 0.12 0.37 0.11 3.48 7.10 13.70 21.66 0.86 0.02 n.a n.a n.a 69.03
LC-7_09 GS 2.63 14.82 0.13 0.07 0.18 0.08 3.90 10.04 8.30 25.64 0.26 <d.L n.a n.a n.a 66.05
LC-7_10 GS 7.29 15.57 0.17 0.10 0.32 0.10 3.43 7.49 9.97 22.02 0.39 <d.l n.a n.a n.a 66.84
LC-7_11 GS 1.73 19.73 0.06 0.05 0.13 0.05 3.58 8.29 6.69 30.43 0.19 <d.L n.a n.a n.a 70.92
LC-7_12 GS 0.98 21.11 0.02 <0.01 0.09 0.02 3.69 8.20 2.89 33.13 0.05 0.09 n.a n.a n.a 70.26
LC-7_13 GS 1.69 21.26 0.02 0.01 0.09 0.04 2.85 5.70 10.58 28.71 0.18 0.10 n.a n.a n.a 71.23
LC-7_14 Ba 0.30 3.91 0.04 0.51 0.36 0.05 0.70 0.96 2.75 58.51 0.08 9.87 n.a n.a n.a 78.04
LC-7_15 Ba 0.25 3.20 0.05 0.51 0.29 0.02 0.74 1.04 3.16 57.82 0.10 10.51 n.a n.a n.a 77.70
LC-7_16 Ba 0.27 3.81 <0.01 0.41 0.27 0.03 0.71 1.04 2.79 57.63 0.07 10.56 n.a n.a n.a 77.59
LC-7_17 Ba 0.47 421 <d.l 0.43 0.26 0.02 0.71 0.91 6.33 54.30 0.17 10.51 n.a n.a n.a 78.32
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Table 2. Representative EMP analyses (in weight percent) of the studied Co-Mn-oxyhydroxide types in Loma de Hierro (Venezuela). <d.l.: below detection limit;
F-fibres; CA—colloform aggregates; C-core; R-rim; T-tabular.

Label Texture SiO, Al,O3 CaO K,O Na,O MgO NiO CoO FeO MnO Cr, 03 BaO TiO, V,0;3 Sc, 03 Total
LH-10_01 F 3.47 1.06 0.03 0.04 0.01 4.60 18.19 3.23 12.48 31.30 0.03 0.05 n.a. n.a. n.a. 74.50
LH-10_02 F 3.93 1.81 0.08 0.02 0.04 6.29 20.40 3.71 3.87 35.48 <d.l 0.24 n.a. n.a. n.a. 75.86
LH-10_03 F 5.56 0.82 0.06 0.06 <d.L 6.16 13.20 2.19 24.20 21.70 <d.l. n.a. <0.01 <d.L n.a. 73.94
LH-10_04 F 4.75 0.98 0.07 0.04 0.06 5.80 16.76 3.08 12.47 29.73 <d.l n.a. 0.02 <0.01 n.a. 73.76
LH-11_01 CA 0.12 2.01 0.08 n.a. n.a. 3.12 18.77 3.78 9.96 40.03 <d.l n.a. 0.01 0.02 <d.l 77.90
LH-11_02 CA 0.20 2.26 0.05 n.a. n.a. 3.48 18.15 4.83 10.12 39.41 <d.l n.a. <d.L <d.L <d.l 78.50
LH-11_03 CA 0.13 2.68 0.06 n.a. n.a. 2.07 20.02 5.17 8.90 38.13 <d.L n.a. <d.L <d.L <d.l 77.16
LH-11_04 CA 0.16 2.98 0.04 n.a. n.a. 4.26 13.52 8.95 8.96 37.55 <d.l n.a. <d.l 0.01 <d.l. 76.44
LH-11_05 CA 0.37 6.35 0.04 n.a. n.a. 3.76 16.23 7.37 4.21 40.69 <d.l n.a. <d.L n.a. <d.l 79.02
LH-11_06 CA 0.30 7.53 0.03 n.a. n.a. 4.51 13.98 10.70 2.08 39.03 <d.l. n.a. <d.L <0.01 <d.l. 78.16

LHA_1 C 0.04 1.02 0.02 0.12 <d.L <d.l 0.27 1.23 0.45 78.56 <d.l 0.12 n.a. n.a. n.a. 81.82
LHA_2 C 0.13 1.72 <0.01 0.15 0.08 0.05 0.25 1.05 1.62 75.97 0.01 0.26 n.a. n.a. n.a. 81.30
LHA_3 C 0.05 1.06 <0.01 0.08 <d.L <0.01 0.30 1.38 0.45 78.74 0.02 0.07 n.a. n.a. n.a. 82.15
LHA_4 R 0.08 8.58 <0.01 0.16 0.07 0.03 2.54 2.06 3.05 54.91 0.03 0.50 n.a. n.a. n.a. 72.02
LHA_5 R 0.13 9.13 0.03 0.22 <d.l 0.10 2.37 2.59 3.55 52.98 <d.l 0.72 n.a. n.a. n.a. 71.81
LHA_6 R 0.08 18.56 <d.L 0.08 0.10 0.04 5.61 5.97 147 39.21 <d.l 0.12 n.a. n.a. n.a. 71.24
LHA_7 R 0.09 2.10 0.02 0.59 0.09 0.03 0.37 1.25 0.49 72.74 <d.l 1.30 n.a. n.a. n.a. 79.07
LHA_8 R 0.09 3.26 0.04 0.90 0.05 0.02 0.57 1.55 0.56 70.65 0.01 1.31 n.a. n.a. n.a. 79.01
LH-11_07 T 141 5.25 0.04 n.a. n.a. 2.50 10.43 7.42 24.66 26.30 0.80 n.a. 0.04 0.03 <d.l 78.88
LH-11_08 T 1.19 5.79 0.02 n.a. n.a. 2.45 10.36 7.38 22.38 28.17 0.66 n.a. 0.02 0.03 <d.l 78.44
LH-11_09 T 0.92 6.43 0.02 n.a. n.a. 2.72 14.72 6.72 17.50 33.08 0.46 n.a. 0.02 0.02 <d.l 82.61
LH-11_10 T 1.35 5.15 0.03 n.a. n.a. 2.74 11.27 6.00 28.23 26.08 0.69 n.a. 0.04 0.04 <d.l 81.62
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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.% SiO,, 25-29 wt.% Al, O3, <2 wt.% FeO,
6-12 wt.% MnO, <0.5 wt.% NiO, and 2—4 wt.% CoO (Table 3). The rim yielded 19-20 wt.%
Si0,, 23-24 wt.% Al,O3, 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).

20 pm

20 pm 20 pm

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.
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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 SiO, Al, O3 CaO KO Na,O MgO NiO CoO FeO MnO Cr,03 BaO Total
LHA_10 C 3435 2860 006  0.06 0.00 0.08 0.30 1.54 113 5.78 0.04 <d.l. 71.95
LHA_11 C 2650 2496 003 004 0.06 0.04 0.54 3.95 1.49 12.08 <dl. 0.04 69.73
LHA_12 R 1991 2412 004 013 0.02 0.01 0.86 5.93 3.29 18.22 0.02 0.02 72.57
LHA_13 R 1876 2336 003 0.6 <dl. 0.02 0.79 6.53 341 18.95 <dl. 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,0OH);-nH,0) and
lithiophorite ((Al,Li)MnO,(OH),) (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.
Co % Mn
eterogenite ;
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B Colloform aggregates
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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 romanechite,
which despite their close paragenetic association, showed different chemical compositions.
Romanechite 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 romanechite 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 romaneéchite I
of [15], although NiO and CoO contents were lower (less than 0.7 and 1.4 wt.%, respectively).
Pure romanechite has the structural formulae Bag ¢sMn501¢-34H,0O, 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.%
Al,Os 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.% Co0). In the analysed samples, Al and Fe contents ranged from 4 to
17 wt.% Al,O3 and from 3 to 11.4 wt.% Fe,O3, 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 (rthizo)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 romanechite, 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 MnO, (wt.%) CoO (wt.%) NiO (wt.%) Reference
Lipovsk (Middle Urals, Russia) (1) 94.2 - 6.3 [59]
Lipovsk (Middle Urals, Russia) (2) 46.9-49.1 6.9 114 [58]
Urals (Russia) (3) 55.1-66.7 <69 11.4-21.6 [38]
Asbol. New Caledonia (1) 48.3 21.1 10.7 [53]
sbolane 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 12-78 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]
H . New Caledonia (1) 0.2 69.3 47 [38,52,53]
eterogenite . .
Shaba (Democratic Republic of the
0.5 76.4 1.9 [38]
Congo) (1)
New Caledonia (1) 46.0 7.1 1.5 [38,52]
Postmasburg (South Africa) (1) 47.0 - - [38]
Lithiophorite 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 1.3-14 [53]
Loma Ortega (Dominican Republic) (27) 14.1-85.6 0.1-6.5 0.6-23.2 [46]
Palawan (Philippines) (4) 34.3-44.7 1.3-8.1 3.7-19.5 [571]
Lithiophorite—asbolane New Caledonia (1) 454 12.6 2.7 [52]
intermediate 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 1.2-15 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 58 [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(ll) is very slow in natural waters, but Fe(Ill) 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(lIl) 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-H,O system cal-
culated with the Gibbs Studio code [30] based on Phreeqc [31] and the lInl.dat database
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from [31]. The thermodynamic data for Co aqueous species Co(OH);™ 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)s(s) and Mn(OH),(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.

1.51 151 b
0,(g) >0.21 atm . 0,(g) >0.21 atm MnO.*
\\ Co(OH),(aq) . .
AN Col \\ . Co(OH);
—~ 051 __ os- T\
> 2’ 'rnessit\e\“
< Mn** - Mn?* R
. 01 - 01 Co* Co(DOH)»(aq)
T s . Co(OH)*
05{ Hie)>1atm 05{ Hidg)>1latm e I /
MnOH* By
1 Mn(QH);’ 1 Mn(OH)x(aq)  Mn(QH)s
4 6 8 10 12 4 6 8 10 12
pH pH

Figure 14. Predominance diagram (Eh—pH) of the Mn—-Co-H,O 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~ M (a) and 10710 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
(Iherzolite, 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(Il) being the most thermodynamically stable oxidation state in environmental
conditions, it is easily oxidised to Co(Ill) by reduction of Mn(IV) to Mn(IlI) 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(IlI) 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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