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Abstract 14 

 15 

The Moa Bay lateritic Ni-Co mining district (eastern Cuba) has total mineral resources 16 

of 198.54 Mt at 1.07% Ni and 0.12% Co. Laterite profiles from this district are 17 

characterized by their oxide-dominated ore zones. Laterite profiles from the Yagrumaje 18 

Norte, Punta Gorda and Yamanigüey deposits contain average Ni and Co concentrations 19 

in the oxide zone of 0.88 and 0.12%. Goethite is the most abundant mineral in the oxide 20 

zone and the most important Ni-Co-Sc bearing mineral, with median NiO, CoO and Sc 21 

contents of 0.78 wt.%, 0.07 wt.% and 58 ppm, respectively and up to 2.77 wt.%, 0.26 22 

wt.% and 117 ppm. Maghemite is also widely present (average of 5% and up to 19% 23 

modal proportion) and represents an important but largely ignored Ni- and Co-bearing 24 

ore phase, with median NiO and CoO concentrations of 2.11 wt.% and 0.25 wt.%, 25 

respectively, and maximum values of 13.9 wt.% and 1.84 wt.% each. Nickel and Co 26 

substitute for ferric iron in the structure of maghemite. Mn-oxyhydroxides 27 

(lithiophorite, and lithiophorite-asbolane intermediate), which are also significant Ni-Co 28 

bearing phases, have median NiO and CoO contents of 10.6 wt.% and 6.41 wt.% 29 

respectively. Some Mn oxyhydroxides, which formed after replacing goethite, also 30 

contain significant amounts of Sc (up to 94 ppm).  31 

Although most deposits in the Moa Bay lateritic district are classified as oxide-type, 32 

Yamanigüey (average Ni grade of 1.98%) is characterized by well-developed saprolite 33 

horizons, with secondary serpentine (serpentine II) and garnierite being the main Ni-34 

bearing phases. 35 
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Introduction 54 

Nickel laterites are supergene deposits formed by the weathering of ultramafic rocks in 55 

warm, humid climates, predominantly developed in tropical areas within 26 degrees 56 

from the equator (Golightly, 1981, 2010; Elias, 2002; Freyssinet et al., 2005; Marsh et 57 

al., 2013). These deposits contain exploitable resources of the critical metal Ni (IEA, 58 

2021; European Commission, 2023; USGS, 2023) that is widely used in the steel, 59 

electric vehicle (EV), electroplating, catalyst, and chemical industries (Mudd and Jowitt, 60 

2022). Nickel laterites account for 60% of worldwide nickel resources and production 61 

worldwide (Butt and Cluzel, 2013; USGS, 2021a). A steady decline in Ni-bearing 62 

sulfide deposits and the estimated increasing demand for Ni in the future make laterite 63 

deposits crucial as exploration and exploitation targets (Marsh et al., 2013; Mudd and 64 

Jowitt, 2022). Cobalt, used in rechargeable battery cathodes, is often exploited as a by-65 

product of Ni-laterites and is also listed as a critical metal by several international 66 

agencies (IEA, 2021; European Commission, 2023; USGS, 2023). Nickel laterite 67 

deposits, together with magmatic Ni-Cu-PGE deposits, contain the second largest Co 68 

reserves in the world, second only to the sediment-hosted Cu-Co deposits of central 69 

Africa (USGS, 2021b). Occasionally, economic concentrations of other critical metals, 70 

such as Sc, used to produce alloys and solid oxide fuel cells, and platinum group 71 

elements (PGE: Os, Ir, Ru, Rh, Pt, Pd), employed, for example, in catalytic converters 72 

by the car industry, can be economically extracted as by-products in Ni-(Co) laterites 73 

(Butt and Cluzel, 2013; Aiglsperger et al., 2016; Zhou et al., 2022). 74 

Ni laterite deposits have been classified into three broad categories: hydrous Mg 75 

silicate-type, oxide-type, and clay-type (Brand et al., 1998). The main Ni-(Co)-bearing 76 

minerals are goethite and Mg-Ni phyllosilicates (Freyssinet et al., 2005), but ore mineral 77 

complexity and heterogeneity pose difficulties in their mining and processing. The lack 78 

of precise knowledge regarding the distribution of Ni and/or Co among different 79 

mineral phases within the laterite profile, and how these metals are contained within the 80 

ore minerals (solid solution, adsorption, as nanoparticles) makes the metallurgical 81 

processes energy extensive and, often, inefficient (Elias, 2002; Hernández et al., 2006; 82 

Marsh et al., 2013). Consequently, up to 20% Ni and up to 60% Co is not extracted 83 

during processing and ends up in the mine tailings (Elias, 2002; Hernández et al., 2006).  84 

Cuba has historically been an important producer of Ni and Co from lateritic 85 

deposits since the beginning of the 1940s, when the first nickel plant was constructed in 86 



Nicaro (Nelson et al., 2011). Currently, Cuban laterite deposits contain 5.5 Mt of nickel 87 

(5.9% of the world’s Ni reserves) and 500,000 t of cobalt (7% of the world’s Co 88 

reserves) (USGS, 2021a, b). These deposits produced 49,000 t of Ni (USGS, 2021a) and 89 

3,600 t of Co during 2020 (USGS, 2021b). Eastern Cuba is one of the largest Ni laterite 90 

mining provinces in the world, with approximately 100 km2 of nickel laterites 91 

(Linchenat and Shirakova, 1964; Lavaut, 1998; Lewis et al., 2006). This laterite 92 

province hosts several important mining districts, such as Nicaro, Pinares de Mayarí, 93 

and Moa Bay, the latter being considered the best-known example of an oxide type 94 

nickel laterite deposit (Gleeson et al., 2003).  95 

Despite the past and present-day economic importance of Cuban laterites in 96 

producing Ni and Co, most geological information on the laterite deposits of the island 97 

has been published in Cuban (e.g., Lavaut, 1998; Rojas-Purón and Turro-Breffe, 2003) 98 

and Russian journals (e.g., Voskrenskaya, 1987); relatively little information has been 99 

published in other journals (e.g., Aiglsperger et al., 2016; Villanova-de-Benavent et al., 100 

2017; Domènech et al., 2017). 101 

This contribution evaluates the geochemistry of Ni-laterite profiles from three 102 

different deposits in the Moa Bay mining district (Yagrumaje Norte, Punta Gorda and 103 

Yamanigüey). The mineralogy of the Ni- and Co-bearing mineral phases was 104 

determined using X-ray diffraction, scanning electron microscopy, Raman 105 

spectrometry, electron microprobe, and focused ion beam coupled with high-resolution 106 

transmission electron microscopy, to determine the mineralogical and the geochemical 107 

evolution of the deposits. This has been done to potentially improve ore treatment and 108 

extraction of Ni and (Co) in Ni-laterite deposits elsewhere. 109 

Regional Geology 110 

Cuba hosts the largest ophiolite belt in the Caribbean region, cropping out 111 

discontinuously for over 1000 km in a general E-W trend across the island (Fig. 1a). 112 

The Cuban Ophiolitic Belt (COB) consists of variable-sized mafic and ultramafic 113 

bodies, spatially associated with blocks subjected to high pressures within serpentinite-114 

matrix subduction mélanges (Iturralde-Vinent, 1996; Garcia-Casco et al., 2006; Lewis 115 

et al., 2006; Iturralde-Vinent et al., 2016). The COB represents slices of oceanic 116 

lithosphere obducted onto the North American continental paleo-margin in Late 117 

Cretaceous to Late Eocene times, during the collision of the Caribbean volcanic arc with 118 



Jurassic-Cretaceous passive margins of the continental Maya block and the Bahamas 119 

platform (Garcia-Casco et al., 2008; Iturralde-Vinent et al., 2016; Butjosa et al., 2024).  120 

The largest exposures of ophiolitic rocks across the COB are found in eastern Cuba 121 

(Fig. 1b), within the so-called Mayarí-Baracoa Ophiolite Belt (MBOB). The MBOB is 122 

divided into the Mayarí-Cristal (western) and the Moa-Baracoa (eastern) massifs, both 123 

of which formed during the Cretaceous (90-138 Ma; Rojas-Agramonte et al., 2016; Rui 124 

et al., 2022). The Mayarí-Cristal massif is a 5 km-thick, highly serpentinized, 125 

harzburgite tectonite that contains Cr-rich chromitite bodies (Proenza et al., 1999; 126 

Gervilla et al., 2005). Several generations of websterite and gabbro dikes of island arc 127 

tholeiite (IAT) affinity crosscut the serpentinized peridotites (Marchesi et al., 2006). 128 

The ultramafic rocks were thrust over a crustal unit consisting of gabbros, 129 

microgabbros, and abundant diabase dikes (Proenza et al., 1999; Marchesi et al., 2006, 130 

2007). The easternmost part of the Mayarí-Cristal massif (Sagua de Tánamo region) is 131 

composed of highly serpentinized mantle tectonites that host either Al- or Cr-rich 132 

chromitite ore bodies (Proenza et al., 1999; Gervilla et al., 2005; González-Jiménez et 133 

al., 2011). The mantle tectonites were thrust over low-Ti island arc tholeiites (LOTI) of 134 

boninitic affinity (Proenza et al., 2006, 2018). The Moa-Baracoa massif, on the other 135 

hand, is composed of a 2.2 km-thick, mantle tectonite consisting of harzburgite with 136 

subordinate dunite, and a well-preserved Moho Transition Zone (MTZ: dunite, wehrlite, 137 

plagioclase and clinopyroxene-bearing peridotites, sills and dikes of gabbro). The Moa-138 

Baracoa massif contains several Al-rich chromitite ore bodies that are systematically 139 

restricted to the uppermost part of the MTZ, close to the layered gabbros (about 500 m 140 

thick) (Proenza et al., 1999). U-Pb ages of zircon and baddeleyite grains from gabbro 141 

dikes and sills intruding the MTZ of the Moa-Baracoa ophiolitic massif, which are 142 

interpreted to date the time of crystallization and ophiolite formation, range from 138 ± 143 

5.9 to 124 ± 1 Ma (Rojas-Agramonte et al., 2016; Proenza et al., 2018; Pujol-Solà et al., 144 

2020; Rui et al., 2022). Layered and isotropic gabbros and pillow basalts with a general 145 

back-arc geochemical affinity are tectonically overlain by the mantle sequence (Proenza 146 

et al., 1999, 2006, Marchesi et al., 2006, 2007). 147 

Geology of the Moa Bay District 148 

The Moa Bay Ni laterites formed by weathering of serpentinized ultramafic rocks 149 

(mainly harzburgite) of the Moa-Baracoa massif (Fig. 1b) (Linchenat and Shirakova, 150 

1964; Lavaut, 1998; Lewis et al., 2006; Proenza et al., 2007; Nelson et al., 2011; Elias 151 



et al., 2019). Laterization took place from the Miocene to the present-day (Lewis et al., 152 

2006). According to the latest NI 43-101 technical report (Foret et al., 2023), the Moa 153 

Bay district, composed of 11 ore deposits (Fig. 2), has total mineral resources 154 

(measured, indicated, and inferred) of 198.54 Mt at a grade of 1.07% Ni and 0.12% Co. 155 

From 1959 through 2022, the Moa Bay district produced a total of 1.217 Mt of Ni and 156 

0.055 Mt of Co, and in 2022 they produced together produced 32,268 t of nickel and 157 

3,368 t of cobalt (Sherritt International Corporation, 2022, Foret et al., 2023). It must be 158 

noted that these numbers reflect only the resources and production from the deposits 159 

exploited by Sherritt International Corporation, which has a license to exploit the 160 

Yamanigüey, Yagrumaje Norte, Yagrumaje Sur, Moa Oriental, Moa Occidental, La 161 

Delta, Cantarrana and Santa Teresita deposits (Fig. 2). The rest of the district is under 162 

exploitation by a Cuban state company that, to the best of the authors' knowledge, does 163 

not publish the reserves and production data of their deposits. This company owns the 164 

Punta Gorda, Camarioca Norte and Camarioca Sur deposits (Fig.2). The Moa Bay 165 

deposits are classified as oxide-type because Ni and Co are mostly extracted from Fe 166 

oxyhydroxides located in the upper parts of the lateritic profiles, however, some 167 

deposits also show important Ni concentrations in their saprolitic horizons. The laterites 168 

have an average thickness of 10 m, although they can reach up to 50 m (Lavaut, 1998). 169 

They are subdivided into horizons (the terminology used by the Cuban geologists and 170 

miners, also reported by Golighlty (2010), is written in brackets), which from top to 171 

bottom are: 1) ferricrete (Ocre inestructural con perdigones); 2) red oxide zone (Ocre 172 

inestructural sin perdigones); 3) yellow oxide zone (Ocre estructural final); 4) 173 

saprolite; and 5) bedrock. 174 

Yagrumaje Norte 175 

Yagrumaje Norte has proven and probable reserves of 2.6 Mt at 1.06 % Ni and 0.13 % 176 

Co (Elias et al., 2019). The studied profile has a thickness of 24.5 m with a top, fine-177 

grained oxide zone of ~20 m where the original textures of the protolith have not been 178 

preserved. The color of the oxide zone is reddish in the upper ~4 m due to the 179 

ubiquitous presence of hematite and becomes yellowish below that depth as goethite 180 

content increases (Fig. 3). In the yellow oxide zone, Mn oxyhydroxide disseminations 181 

occur at 10 and 16 m below the surface. The saprolite horizon starts at ~23 m depth and 182 

is characterized by fine-grained minerals and the preservation of primary textures of the 183 

peridotite protolith. 184 



Yamanigüey  185 

Yamanigüey has proven and probable reserves of 0.9 Mt at 1.33 % Ni and 0.12 % Co 186 

(Elias et al., 2019), and is the shortest of the three studied profiles, with a thickness of 187 

8.5 m. In contrast to the Yagrumaje Norte and Punta Gorda profiles, this profile has a 188 

thicker saprolite horizon relative to the oxide zone (Fig. 4). The upper ~3.5 m consist of 189 

a thin red oxide zone, enriched in hematite, that grades to a slightly thicker yellow oxide 190 

zone more enriched in goethite. This oxide zone contains quartz veins and Mn 191 

oxyhydroxides disseminations. At ~3.5 m, the saprolite horizon occurs, showing pale-192 

green colors and preserving most of the original textures for ~5 m. The serpentinized 193 

protolith (harzburgite) occurs at a depth of 8.5 m.  194 

Punta Gorda  195 

Punta Gorda has reserves of 2.6 Mt at 1.25% Ni and 0.10% Co (Cuador-Gil, 2005). The 196 

studied profile, previously investigated by Aiglsperger et al. (2016), has a thickness of 197 

~45 m and, from top to bottom, shows a thin ferricrete cover (~1 m) that tops a thick 198 

oxide zone of ~38 m. The latter is subdivided into a thin red oxide zone enriched in 199 

hematite, and an extensive yellow oxide zone enriched in goethite. The oxide zone also 200 

contains Mn oxyhydroxides disseminations at a depth of 12.5 m. The ~5 m thick 201 

saprolite horizon above the bedrock appears at a depth of 38 m and is pale green to 202 

yellowish in color and preserves the protolith textures. 203 

 204 

Sample Selection and Analytical Techniques 205 

Three diamond-drill cores (Fig. 2), each representative of one of the three studied 206 

deposits, were selected to investigate the mineralogy and geochemistry of the different 207 

lateritic deposits. The selected drill holes were chosen because they represent the 208 

different horizons observed in the field for every deposit (see Appendix 1 for the 209 

detailed core logging description of each deposit). Geochemical and mineralogical 210 

characterization was carried out on 47 samples (taken at intervals of between 0.5 to 2 m) 211 

from the three drill cores (Fig. 2): Yagrumaje Norte (18 samples), Yamanigüey (20 212 

samples) and Punta Gorda (9 samples).  213 

Whole rock geochemical analyses 214 



Major, minor and trace elements were determined at Activation Laboratories Ltd. 215 

(Actlabs, Ontario, Canada) by means of X-ray fluorescence (4C Laterite – Fusion XRF 216 

package) and ion coupled plasma mass spectrometry (ICP-MS; 4Litho package), 217 

respectively (Appendix 2). The geochemistry of Punta Gorda samples was previously 218 

studied by Aiglsperger et al. (2016) while the variance of the geochemistry was 219 

evaluated here using principal component analysis (PCA) of multielement geochemical 220 

data. The PCA was carried out using the 47 samples studied here in addition to 137 221 

samples of other Caribbean laterite deposits (see Appendix 3: Cuba, Tauler et al., 2023; 222 

Colombia, Gleeson et al., 2004 and Tobón et al., 2020; Dominican Republic, 223 

Aiglsperger et al., 2016; Venezuela, Domènech et al., 2022). The PCA was performed 224 

using IoGas software version 7.4.2 by Imdex Limited. For the interpretation of the 225 

outcomes of PCA, we relied exclusively on components contributing at least 10 % of 226 

the variance of the dataset. 227 

 228 

X-ray diffraction analysis 229 

Random powder X-ray diffraction (XRD) analyses were obtained at Centres Científics i 230 

Tecnològics of the Universitat de Barcelona (CCiT-UB), in a PANalytical X’Pert PRO 231 

MPD Alpha1 powder diffractometer in Bragg–Brentano θ/2θ geometry of 240 mm of 232 

radius, nickel filtered Cu Kα1 radiation (λ = 1.5406 Å), 45 kV and 40 mA (Appendix 233 

4). The samples were scanned from 4 to 100° (2θ) with a step size of 0.017° and 234 

measuring time of 150 s per step, using an X’Celerator detector (active length = 2.122°). 235 

Mineral identification was facilitated by X’Pert Highscore search-match software using 236 

the powder diffraction database of the International Centre for Diffraction Data to 237 

estimate the proportion of the various mineral phases; the quantitative Rietveld analysis 238 

method (Young, 1993) with the software Topas V4.2 was used. X-ray diffraction 239 

analyses on samples from Punta Gorda were previously obtained by Domènech et al. 240 

(2017). 241 

 242 

Scanning electron microscopy 243 

The electron microscopy study was carried out on carbon-coated polished thin sections 244 

and polished sections using a Quanta FEI XTE 325/D8395 scanning electron 245 

microscope (SEM) equipped with an INCA Energy 250 coupled with an energy 246 

dispersive spectrometry (EDS) microanalysis system and a JEOL JSM-7100 field-247 

emission SEM at the CCiT-UB. Operating conditions were 20 kV and 5 nA. 248 



 249 

Raman spectroscopy  250 

Raman spectra were obtained on selected polished sections using a HORIBA Jobin 251 

Yvon LabRam HR 800 dispersive spectrometer equipped with an Olympus BXFM 252 

optical microscope at the CCiT-UB. The analyses were performed using a 532 nm laser, 253 

a 100x objective, a 10% filter, and consisted of 5 accumulations of 30 seconds each. 254 

The results were processed using the LabSpec® software.  255 

 256 

Electron microprobe (EMP) analyses 257 

Electron microprobe (EMP) analyses on oxyhydroxides (goethite, maghemite, Mn 258 

oxyhydroxides) and silicates (serpentine and garnierite) were conducted at CCiT-UB 259 

with a JEOL JXA-8230 equipment with four wavelength-dispersive (WDS) 260 

spectrometers and one energy dispersive system (EDS) (Appendix 5). The analytical 261 

conditions were 15–20 kV accelerating voltage, 10–20 nA beam current, 1–2 μm beam 262 

diameter, and 10–20 s counting time (peak and background) per element. Measurements 263 

and calibrations were performed using the following natural and synthetic standards: 264 

hematite (Fe), rutile (Ti), periclase (Mg), rhodonite (Mn), Al2O3 (Al), Cr2O3 (Cr), 265 

diopside (Si), NiO (Ni), wollastonite (Ca), orthoclase (K), metallic cobalt (Co) and 266 

sphalerite (Zn). 267 

A special EMP procedure was designed for measuring Sc in goethite, 268 

maghemite, Mn oxyhydroxides and hematite from the Punta Gorda and Yamanigüey 269 

deposits. Scandium was measured first with four WDS spectrometers and one EDS 270 

spectrometer for 12 minutes of counting time (peak and background), followed by the 271 

analysis of Si, Al, Cr, Mg, Ti, Co, Ni, Fe and Mn with counting times of 10-20 s (peak 272 

and background), for a 20 kV accelerating voltage and 15 nA beam current with a probe 273 

size of 5 μm. The standards used were the same as for the procedure used for major 274 

elements in oxyhydroxides and silicates, plus metallic scandium to calibrate Sc. The 275 

detection limit for Sc for these analyses is 15 ppm. Maghemite and hematite Sc 276 

measurements were all below the limit of detection. 277 

The structural formulae of serpentine group minerals were calculated on the basis of 278 

7 oxygens, and that of garnierites on the basis of 7 or 11 oxygens, depending on the 279 

predominance of serpentine or kerolite-pimelite (talc) in the mixture. The talc fraction 280 

or Xtalc in the mixture was calculated using the method of Villanova-de-Benavent et al. 281 

(2022). Iron in primary hydrothermal serpentine (“serpentine I”) was calculated as Fe2+, 282 



and in secondary weathering serpentine (“serpentine II”) and in garnierites as Fe3+ 283 

(Roqué-Rosell et al., 2017; Villanova-de-Benavent et al., 2017). 284 

 285 

Focused ion beam (FIB) 286 

One electron transparent thin-foil sample was analyzed using a dual beam FEI Thermo-287 

Fisher Scientific Helios 650 focused ion beam scanning electron microscope (FIB-288 

SEM) at the Laboratorio de Microscopías Avanzadas (LMA) at the Instituto de 289 

Nanociencia de Aragón (INA) – University of Zaragoza, Spain. The selected area of 290 

interest was first covered by a thin strip (~ 300 nm) of carbon by focused electron beam 291 

deposition (FEBID), followed by a second strip of Pt (~ 1 µm). These two strips acted 292 

as protectors during the extraction process of the thin foils. The bulk material was first 293 

removed on both sides of the lamella by a rough Ga+ ion milling at 30 kV with 2.5 nA 294 

current and the subsequent polishing at 30 kV with 0.23 nA current. The final polishing 295 

step was completed by milling the samples at 5 kV with 68 pA current until electron 296 

transparency was achieved. An Everhart-Thornley SE detector was used to monitor the 297 

electron transparency of the sample. Once the electron transparency was obtained, the 298 

thin-foil sample was rapidly polished at 6 kV using a low current of 10 pA to reduce 299 

amorphization until a final thin-foil thickness of ~100 nm was achieved. After that, the 300 

sample was undercut at 30 kV with a 2.5 nA current, lifted-out and transferred to a 301 

TEM grid using an OmniProbe nanomanipulator with a tungsten tip. Finally, ion-beam 302 

assisted Pt deposition was performed to weld the thin-foil samples to the tungsten tip, 303 

and subsequently to the TEM grid. 304 

 305 

High resolution transmission electron microscopy (HRTEM) 306 

A FEI Titan G2 TEM equipped with a Field Emission Gun (FEG) was used to analyze 307 

the thin-foil at the Centro de Instrumentación Científica of the University of Granada, 308 

Spain. The FEI Titan G2 microscope is equipped with four energy dispersive 309 

spectrometers (EDX) X-ray detectors (FEI microanalysis Super X) and a high-angle 310 

annular dark-field (HAADF) detector. The FEI Titan G2 microscope has a spherical 311 

aberration correction at the objective lens. Selected mineral areas of interest sampled 312 

within the thin-foil were imaged on the FEI Titan G2 microscope using a combination 313 

of HAADF imaging, to obtain Z high contrast images, and HRTEM imaging, to 314 

characterize the texture of the grains and to properly define the ordering of the mineral 315 

aggregates. All the images were treated using the Digital Micrograph® software 316 



Version 1.71.38, while maps were processed with the VELOX® software package. The 317 

FEI Titan G2 was operated at 300 kV and HRTEM images were acquired using a Gatan 318 

CCD Camera. Elemental maps were also processed using the VELOX® software. 319 

 320 

Results 321 

Profile petrography and mineralogy of the lateritic horizons 322 

The studied profiles from Yagrumaje Norte, Yamanigüey and Punta Gorda are 323 

very similar in terms of the petrography and the mineral distribution of their different 324 

horizons (Figs. 3-6).  325 

The oxide zone of all deposits (Figs. 3-5; Domènech et al., 2017) is dominated 326 

by goethite, followed by hematite and maghemite, and minor proportions of Mn 327 

oxyhydroxides, gibbsite, Cr-spinel, magnetite, and silicates. Goethite is ubiquitous 328 

throughout the oxide zone and its content increases in the intermediate and lower levels 329 

of this horizon (up to 93 % modal proportions; Fig. 5). Goethite is usually found as fine-330 

grained aggregates making up most of the matrix of the oxide zone (Fig. 6a-b). 331 

However, they may also occur as botryoidal aggregates (Fig. 6a), as fibrous, elongated 332 

crystals (Fig. 6b), or as pseudomorphs of the primary bedrock minerals (e.g., olivine). 333 

Hematite is more common towards the uppermost levels of the oxide zone (10-89 % 334 

modal proportions; Fig. 5) and usually forms fine-grained aggregates that replaced 335 

goethite. Maghemite is particularly abundant towards the lower levels of the oxide zone 336 

(modal proportions between 10-19 %; Fig. 5), and found either as isolated, euhedral, 337 

octahedral grains up to 50 µm in size (Supplementary Figure 1), or as sets of various 338 

euhedral, ~10 µm sized grains surrounded by elongated goethite grains in a “baguette-339 

like” texture (Fig. 6c-d). The margins of maghemite grains are locally oxidized to 340 

hematite. Mn oxyhydroxides replace goethite or occur as individual colloform aggregate 341 

grains (Fig. 6e-f). Weathered Cr-spinel grains, crosscut by numerous dissolution cracks 342 

that resemble a wormy texture (Supplementary Figure 2), martitized subhedral 343 

magnetite grains (Supplementary Figure 1), gibbsite, quartz and small amounts of 344 

silicates (enstatite, chlorite and serpentine) are also present in the oxide zone.  345 

In the saprolite horizons, serpentine (in combination with fine-grained smectite 346 

and talc [kerolite]) is the most abundant mineral (modal proportions > 80 %; Fig. 5), 347 

and is present as a colorless primary serpentine (Ni-poor, hereafter “serpentine I”) or as 348 

a yellowish secondary serpentine (Ni-rich, hereafter “serpentine II”; Fig. 6g-h). 349 



Serpentine preserves the mesh texture of the primary bedrock, and also occurs as 350 

pseudomorphs of residual olivine and pyroxene. Small amounts of magnetite, Cr-spinel, 351 

and low quantities of forsterite and enstatite (< 10 % modal proportions), remnants of 352 

the original ultramafic protolith mineralogy, are also found in all the different saprolitic 353 

horizons. Additionally, in the Yamanigüey profile, multiple generations of micrometer-354 

thick garnierite veins crosscut the saprolite matrix (Fig. 6g). In some veins, Mn 355 

oxyhydroxide fibrous aggregates (Fig. 6h) partially replace garnierite. 356 

The bedrock has only been observed in the Yamanigüey and Punta Gorda 357 

profiles, where it preserves up to 35 % modal proportions of primary, anhydrous 358 

silicates (forsterite, enstatite and rarer clinopyroxene). However, most of their grains are 359 

generally completely replaced and/or surrounded by colorless serpentine and, to a lesser 360 

degree, magnetite. The bedrock preserves its original mesh texture resulting from the 361 

pseudomorphic replacement of olivine and orthopyroxene (now “bastite”) by serpentine. 362 

Accessory, subhedral Cr-spinel, partially altered at the rims by chlorite, is also found in 363 

these rocks. 364 

 365 

Geochemistry 366 

At Yagrumaje Norte, dominated by a thick oxide zone, Fe2O3 (median values of 63 367 

wt.%) and Al2O3 (median values of 11 wt.%) are very high throughout most of the 368 

profile (Fig. 3). Median concentrations of MgO and SiO2 are 0.7 and 4.8 wt.%, 369 

respectively, in the oxide zone, whereas they both show an abrupt increase in their 370 

contents at the transition between the oxide zone and the saprolite horizon, yielding 371 

median values of 27.0 and 32.9 wt.%, respectively. The oxide zone and the saprolite 372 

horizon have similar Ni concentrations, reaching up to 1.30 and 1.27 wt.%, respectively. 373 

The concentration of Co is higher in the oxide zone, up to 0.19 wt.%, especially where 374 

MnO is also significantly concentrated (up to 1.57 wt.%, and median value of 0.63 375 

wt.%). Scandium is also more enriched in the oxide zone (up to 96 ppm, with median 376 

values of 72 ppm) than in the saprolite horizon (up to 33 ppm). 377 

The upper part of the Yamanigüey profile (Fig. 4) has a ~3 m thick oxide zone 378 

dominated by Fe2O3 (median value of 66.9 wt.%) and Al2O3 (median value of 7.68 379 

wt.%). MgO and SiO2 concentrations rise in the saprolite horizon, with median values 380 

of 33.3 wt.% and 40.5 wt.%, respectively. Nickel is higher in the saprolite horizon (up 381 

to 2.84 wt.% and median values of 1.96 wt.%). However, Ni concentrations in the oxide 382 



zone are also high, with median values of 1.18 wt.%, and reach a maximum of 1.67 383 

wt.%. Cobalt (up to 0.43 wt.% and median values of 0.15 wt.%) and MnO (up to 2.31 384 

wt.% and median values of 1.12 wt.%) are higher in the oxide zone too, due to the 385 

presence of disseminated Mn oxyhydroxides. The concentration of Sc in the oxide zone 386 

(up to 92 ppm, with median values of 79 ppm) is also higher than in the saprolitic 387 

horizon (up to 18 ppm). 388 

The Punta Gorda profile mostly consists of an oxide zone dominated by high 389 

concentrations of Fe2O3 (median value of 68.7 wt.%), followed by Al2O3 (median value 390 

of 9.16 wt.%). MgO and SiO2 median values in the saprolite horizon are 35.7 wt.% and 391 

39.4 wt.%, respectively. The highest Ni concentrations occur in the upper parts of the 392 

saprolite horizon, with contents of up to 1.79 wt.%, however, the oxide zone has higher 393 

median values of Ni (1.33 wt.%), compared to those of the saprolite horizon (0.41 394 

wt.%). Cobalt (up to 0.47 wt.% and median value of 0.12 wt.%) and MnO (up to 4.24 395 

wt.% and median value of 1.02 wt.%) are also higher in the oxide zone especially at the 396 

levels with abundant Mn-oxyhydroxides. The oxide zone also contains the highest 397 

concentrations of Sc (up to 98 ppm, with median values of 85 ppm) compared to the 398 

saprolite horizon (up to 17 ppm). 399 

Mineral Compositions 400 

 401 

Oxide zone (goethite, maghemite, Mn-oxyhydroxides) 402 
 403 

- Goethite 404 

Nickel is higher in goethite grains from Punta Gorda (NiO concentrations up to 2.77 405 

wt.%, and median values of 1.18 wt.%) than in those from Yagrumaje Norte (up to 1.89 406 

wt.%, and median values of 0.54 wt.%) and Yamanigüey (up to 1.87 wt.%, and median 407 

values of 0.68 wt.%) (Fig. 7). Cobalt contents are similar in the three studied deposits. 408 

Goethite grains from Punta Gorda have CoO concentrations up to 2615 ppm and median 409 

values of 735 ppm. Goethite from Yagrumaje Norte has CoO contents up to 2560 ppm, 410 

with a median value of 741 ppm. Goethite in the Yamanigüey deposit have CoO 411 

concentrations of up to 1720, with a median value of 753 ppm. Goethite from 412 

Yagrumaje Norte have higher and more variable SiO2 (up to 17.1 wt.%) and Al2O3 413 

contents (up to 17.9 wt.%) compared to those from Punta Gorda (SiO2 up to 3.58 wt.% 414 

and Al2O3 up to 11.1 wt.%) and Yamanigüey (SiO2 up to 11.8 wt.% and Al2O3 up to 415 



11.4 wt.%). Scandium concentrations in goethite range from 23 ppm to 117 ppm, with 416 

median values of 58 ppm. 417 

- Maghemite  418 

Nickel contents in maghemite are higher in Yagrumaje Norte samples (NiO up to 13.9 419 

wt.%, and median values of 2.99 wt.%) than in those from Punta Gorda (NiO up to 10.1 420 

wt.%, and median values of 1.60 wt.%) and Yamanigüey (NiO up to 1.25 wt.%, and 421 

median values of 0.49 wt.%) (Fig. 8). Similarly, Co is also higher in maghemite from 422 

Yagrumaje Norte (CoO up to 1.84 wt.%, and median values of 0.74 wt.%) compared to 423 

that from Punta Gorda (CoO up to 0.58 wt.%, and median values of 0.19 wt.%) and 424 

Yamanigüey (CoO up to 0.16 wt.%, and median values of 0.10 wt.%). SiO2 and MnO 425 

median contents in maghemite vary from 0.5 to 1 wt.% (Fig. 8a). Nickel, and to a lesser 426 

extent Co, show negative correlations with Fe3+ content (R2 of 0.66 and 0.51, 427 

respectively). Ni in maghemite is heterogeneously distributed within the grains, either in 428 

the isolated, euhedral grains or the ones with baguette-like textures (Fig. 9b-f). 429 

Conversely, Co is more homogeneously distributed among the grains (Fig. 9c-g).  430 

A nanoscale study performed in one grain of maghemite precludes the presence of Ni- 431 

and/or Co-bearing nanoparticles as the responsible for the high Ni and Co contents of 432 

maghemite, thus confirming that these metals are found within the maghemite crystal 433 

structure (Fig. 10). Moreover, the Ni content of maghemite does not significantly 434 

modify its cell parameter. The measured d311 spacing is 2.516 Å in the Ni-enriched zone 435 

(Fig. 10g), and 2.518 Å in the Ni-depleted zone (Fig. 10f). Mn oxyhydroxides 436 

Most Mn oxyhydroxides found within the three studied deposits occur in the oxide zone 437 

and display a wide range of MnO (10.3-53.1 wt.%; median value of 35.8 wt.%), FeO 438 

(0.22-45.2 wt.%; median value of 4.24 wt.%), NiO (1.68-21.7 wt.%; median value of 439 

13.5 wt.%), Al2O3 (2.66-20.9 wt.%; median value of 6.85 wt.%) and CoO contents 440 

(1.50-12.8 wt.%; median value of 7.46 wt.%) (Fig. 11a). Besides, the analyzed grains 441 

have low concentrations of K2O (median values of 0.72 wt.%), MgO (median value of 442 

0.49 wt.%) and SiO2 (median values of 0.47 wt.%). The Sc content in Mn 443 

oxyhydroxides with low MnO contents (median value of 15.3 wt.%), and intermediate 444 

to high Al2O3 and FeO contents (median values of 9.95 wt.% and 12.5 wt.%, 445 

respectively) that are replacing goethite grains, ranges from 57 to 94 ppm.  446 

Saprolite horizon (serpentine, garnierite, Mn oxyhydroxides) 447 



- Serpentine  448 

Serpentine I (hydrothermal, primary) from Yamanigüey yields up to 0.48 wt.% NiO and 449 

3.55-16.05 wt.% FeO, with an average structural formula of 450 

(Mg2.582Fe0.360Al0.021Ni0.011)(Si1.986Al0.014)O5(OH)4. In contrast, serpentine II contains 451 

0.55-3.70 wt.% NiO and 4.39-34.51 wt.% Fe2O3, with an average structural formula of 452 

(Mg2.371Fe0.384Ni0.063)(Si1.968Al0.026)O5(OH)4. In Punta Gorda, serpentine I contains ~0.4 453 

wt.% NiO (Proenza et al., 2007), whereas serpentine II contains 0.97-2.67 wt.% NiO 454 

and 3.29-14.05 wt.% Fe2O3, with an average structural formula of 455 

(Mg2.724Fe0.194Ni0.069)(Si1.826 Al0.042Fe0.132)O5(OH)4. In Yagrumaje Norte, only 456 

serpentine I was analyzed, yielding 0.4-0.6 wt.% NiO, similar to olivine from the 457 

bedrock (Proenza et al., 2007). When compared to other Ni-laterite saprolites 458 

worldwide, serpentine II from Moa Bay has similar Ni contents, but both serpentine I 459 

and II from Yamanigüey have the highest Fe contents (Fig. 12). 460 

- Garnierite 461 

The garnierite from Yamanigüey consists of mixtures of serpentine and kerolite-462 

pimelite. While most of the analyses display compositions near the kerolite-pimelite end 463 

member, a few analyses fall closer to serpentine (Fig. 13g). Those closer to the kerolite-464 

pimelite end-member contain 39.79-52.53 wt.% SiO2, < 0.59 wt.% Al2O3, 4.84-22.06 465 

wt.% MgO, 10.92-32.49 wt.% NiO and 0.26-11.00 wt.% Fe2O3, with a mean structural 466 

formula of (Ni1.839Mg1.213Fe3+
0.071Mn0.003)(Si3.866Al0.003)O10(OH). The serpentine-467 

dominant ones contain 40.15-45.32 wt.% SiO2, 0.01-0.44 wt.% Al2O3, 12.52-23.77 468 

wt.% MgO, 13.21-31.53 wt.% NiO and 0.74-9.24 wt.% Fe2O3, with a mean structural 469 

formula of (Ni1.333Mg1.071Fe3+
0.060Mn0.002)(Si2.255Al0.004)O5(OH)4. Hence, there is a wide 470 

variation in terms of Xtalc and Ni content, comparable to garnierite from the Falcondo 471 

Ni-laterite district in the Dominican Republic (Fig. 13g; Villanova-de-Benavent et al., 472 

2014). It is worth noting that the composition of garnierite varies across the same vein, 473 

for example, Fig. 13a-d shows that a more Ni enriched kerolite-pimelite dominated 474 

garnierite precipitated first as thin films parallel to the vein walls, followed by an 475 

intergrowth of a similar garnierite, with a fish-like texture, and a more Ni-poor, Fe-rich, 476 

serpentine-dominated garnierite matrix. 477 

- Mn oxyhydroxides 478 



Mn oxyhydroxides from the saprolite horizon of Yamanigüey (Fig. 11a) have high MnO 479 

concentrations (34.6-54.1 wt.%; median value of 51.6 wt.%) and moderate MgO (6.83-480 

13.2 wt.%; median value of 7.94 wt.%), NiO (5.25-7.46 wt.%; median value of 6.20 481 

wt.%), SiO2 (3.99-21.2 wt.%; median value of 6.32 wt.%), and FeO concentrations 482 

(1.35-6.38 wt.%; median value of 1.73 wt.%). The Mn oxyhydroxides from the 483 

saprolitic horizon have lower CoO (up to 0.44 wt.%) and negligible Al2O3 contents 484 

(below the detection limit) with respect to those of the oxide zone. 485 

Discussion 486 

Geochemical distribution along the studied profiles 487 

From bottom to top, the three studied profiles (Figs. 3-4, and Fig. 5 of Aiglsperger et al., 488 

2016) evolve from the MgO- and SiO2-rich saprolite horizon to the Fe2O3- and Al2O3-489 

rich yellow and red oxide zones. The concentrations of MgO and SiO2 show a marked 490 

drop at the interface between the saprolite and the oxide horizon, which has been 491 

described in many lateritic profiles worldwide as the Mg-discontinuity (i.e. Freyssinet et 492 

al., 2005; Butt and Cluzel, 2013), due to the disappearance of Mg silicates. The trend of 493 

Mg and Si depletion and Fe, and Al enrichment towards the surface is well observed in 494 

the Fe2O3+Al2O3-MgO-SiO2 ternary diagram (Fig. 14), which shows the weathering 495 

trend from the MgO-, SiO2-rich bedrock (ultramafic rock), with low ultramafic index of 496 

alteration (UMIA) values (≤ 10), to the saprolite zone samples, with intermediate UMIA 497 

values (11-26), and ultimately to the Fe2O3-Al2O3-rich oxide zone with high UMIA 498 

values (≥ 85). This weathering trend from low to high UMIA values is consistent with 499 

trends observed in laterite profiles from other lateritic mining districts (Fig. 14).  500 

The results of a PCA carried out using the whole rock geochemistry of the 501 

studied samples and including samples from other lateritic mining districts from the 502 

Caribbean region, show that the first two components (PC1-PC2) comply with the 10% 503 

cut-off value of the explained variance and together account for almost 75% of the total 504 

variance of our dataset (Fig. 15a). PC1 (54.92% of variance) produces two antithetic 505 

sets of elements, MgO-SiO2 and Fe2O3-Al2O3-Sc, which have negative and positive 506 

values respectively, reflecting their opposite trends (Fig. 15b). These antithetic values 507 

are seen as two clusters of samples along the PC1 axis, with negative and positive 508 

values in the samples from the bedrock + saprolite and oxide zones, respectively (Fig. 509 

15b).  510 



The opposite behavior between Fe2O3-Al2O3 and MgO-SiO2 (Figs. 14 and 15) 511 

reflects the mineralogy of the different horizons within the lateritic profile. The bedrock 512 

and the saprolite zone consist mostly of Mg silicates (olivine and orthopyroxene, and 513 

serpentine, respectively), whereas the oxide zones are composed largely of Fe- and Al-514 

oxyhydroxides. During laterization, Mg silicates are dissolved progressively, and Mg 515 

and Si were leached and transported downwards, whereas Fe2+ was oxidized to Fe3+ and 516 

fixed as insoluble Fe-oxyhydroxides, that may also accumulate large amounts of 517 

insoluble Al3+ (Freyssinet et al., 2005; Roqué-Rosell et al., 2010; Golightly, 2010; 518 

Villanova-de-Benavent et al., 2017).  519 

In the studied profiles, Ni is slightly more enriched in the saprolite horizons 520 

(median content of 1.43 wt.%) than in the oxide zones (median content of 0.75 wt.%). 521 

This behavior is illustrated in Figure 15b where Ni is almost perpendicular to PC1, 522 

indicating that it can be significant in both the saprolite and oxide zones. Nickel 523 

enrichment started with the weathering of olivine, the main Ni-bearing mineral of the 524 

ultramafic bedrock. The released Ni was subsequently retained mostly in goethite, either 525 

adsorbed or substituting Fe3+ in its structure (Freyssinet et al., 2005; Roqué-Rosell et al., 526 

2010; Dublet et al., 2015; Domènech et al., 2017). It is noted that Ni is also incorporated 527 

in maghemite and Mn oxyhydroxides in the oxide zone. Further weathering caused 528 

goethite to dissolve and reprecipitate, releasing Ni that is incorporated in serpentine II or 529 

in garnierite in the saprolite zone (Freyssinet et al., 2005; Villanova-de-Benavent et al., 530 

2014, 2017).  531 

Cobalt is more enriched in the oxide zones (median values of 0.1 wt.%) 532 

compared to the saprolite zones (median values of 117 ppm). Despite this, Co behavior 533 

deviates from the PC1 axis and the multi-elemental cluster made by Fe2O3-Al2O3-Sc 534 

(Fig. 15b). In this case, Co is highly correlated with MnO (R2 = 0.92). This is because 535 

Mn oxyhydroxides are enriched in Co, with CoO median contents of 7.46 wt.%, 536 

compared to the CoO median contents of 2700 and 600 ppm of maghemite and goethite 537 

respectively. This enrichment in Co of Mn oxyhydroxides in the oxide zone is very 538 

common in lateritic profiles worldwide (i.e. Llorca, 1993; Lambiv-Dzemua et al., 2013; 539 

Domènech et al., 2022). 540 

Scandium is more enriched in the oxide zone (median content of 77 ppm) than in the 541 

saprolite zones (median content of 13 ppm). Scandium plots parallel to the PC1 axis 542 

forming a well-defined set of elements with Fe2O3 and Al2O3 (Fig. 15b). Scandium and 543 



Fe2O3 have an excellent positive correlation (R2 = 0.97; Supplementary Figure 3), most 544 

likely because Sc is largely associated with goethite, which is the main Sc-bearing 545 

mineral in lateritic deposits (Levard et al., 2018, Chassé et al., 2017, 2019).  546 

Ni- and Co-bearing mineral phases in the oxide zone 547 

Nickel and cobalt in goethite have been typically interpreted as either structural, by their 548 

cationic exchange with Fe3+ (i.e. Manceau et al., 2000; Carvalho-e-Silva et al., 2003; 549 

Dublet et al., 2017), or as adsorbed cations on the surface of goethite (i.e. Myagkiy et 550 

al., 2017; Domènech et al., 2017; Putzolu et al., 2018). Goethite grains show no 551 

correlation between Fe3+ and Ni or Co (Fig. 7b-c), suggesting that Ni and Co do not 552 

significantly substitute for Fe3+ in the structure. In addition, charge balance calculations 553 

indicate how the median content of Ni and Co entering the goethite crystal structure is 554 

only around 5 %. Consequently, the remaining 95 % of Ni and Co must be adsorbed. 555 

The capacity of a mineral to adsorb cations is mainly controlled by its surface area and 556 

its surface charge values (Zhao et al., 2021). Goethite has a relatively high surface area 557 

that allows the adsorption of metals such as Ni, Co, Pb, Sb, Cr or Cd (Cornell and 558 

Schwertmann, 2003; Das and Hendry, 2011). Furthermore, goethite surface charge 559 

values also favor adsorption under a wide range of pH conditions (Gaboriaud and 560 

Ehrhardt, 2003). In the oxide zone at Moa Bay, goethite either forms as coarse grains or 561 

as fine-grained aggregates that constitute most of the oxide zone matrix. The latter are 562 

the ones of most interest because of their smaller size, with their corresponding higher 563 

specific surface area, would make them more prone to adsorb higher concentrations of 564 

Ni and Co.  565 

At Moa Bay, the fine-grained goethite from the matrix appears darker in BSE 566 

images compared to the coarser grained goethite grains (Fig. 6a-b). This contrast in BSE 567 

brightness between coarse- and fine-grained goethite is very common in many oxide 568 

zones of laterite deposits worldwide (see for example Fig. 6d in Putzolu et al., 2018; 569 

Fig. 10h in Ito et al., 2021). Coarse grains have total oxides close to the 89 wt.% of ideal 570 

goethite (Cornell and Schwertmann, 2003). However, the analysis of fine-grained 571 

goethite using EMP implies that the electron beam (diameter ~ 1 µm) measures the 572 

volume combination of different sub-micrometric goethite grains and the porosity found 573 

in-between. As the porosity, most likely filled with volatiles (i.e. water, organic matter), 574 

cannot be quantified by EMP, the sum of oxides in the measured fine-grained goethite 575 

grains yields lower values. This decrease in the total oxides is mostly accounted for by 576 



Fe2O3 (Fig. 16a), nevertheless, Ni and Co contents in goethite are independent of the 577 

total oxides and have very similar concentrations in fine- and coarse-grained goethite 578 

(Fig. 16b-c). Consequently, for the same NiO and CoO concentrations, the NiO/ Fe2O3 579 

(Fig. 16d-f) and CoO/ Fe2O3 (Fig. 16e) ratios are higher in the goethite with lower total 580 

oxide values. This means that the fine-grained goethite from the matrix is relatively 581 

more enriched in Ni and Co compared to the coarse-grained goethite. 582 

Goethite is affected by a series of reactions thorough time (known as goethite 583 

aging or maturing) that steadily reduce its surface area and the number of contained 584 

micro or nanopores resulting in an increase of crystallinity and desorption of Ni and Co 585 

(Das and Hendry, 2011). At the deposit scale, Dublet et al. (2015) and Domènech et al. 586 

(2017) observed how more mature goethite grains from the upper levels of a lateritic 587 

profile contain less Ni than less evolved grains from deeper levels. At Moa Bay, this 588 

process occurs at the hand-specimen scale, where larger, more crystalline goethite 589 

grains have relatively less Ni and Co (lower NiO/Fe2O3 and CoO/Fe2O3 ratios) 590 

compared to the less mature, more porous, goethite grains of the matrix that have higher 591 

Ni and Co adsorption potential (higher NiO/Fe2O3 and CoO/Fe2O3 ratios; Fig. 16f). 592 

Consequently, the coexistence of coarse- and fine-grained goethite grains reflects the 593 

complex, multi-episodic evolution and nature of laterite deposits. 594 

Goethite is also the main Sc-bearing mineral phase in the Moa Bay district, with 595 

median contents of 58 ppm, and maximum measured contents of 117 ppm, as it is in 596 

many other laterite deposits worldwide (Chassé et al., 2017, 2019; Teitler et al., 2022; 597 

Santoro et al., 2022). However, the median Sc content of the analyzed goethite grains is 598 

lower than the median Sc content of the oxide zones (77 ppm), suggesting that either Sc 599 

in goethite has been underestimated by our analyses, or that there may be other mineral 600 

phases within the oxide zone capable of hosting Sc. How Sc is found in goethite has 601 

been a topic of recent discussion with authors claiming that almost all Sc is incorporated 602 

within the goethite structure, with Sc behaving as an almost ideal solid solution with 603 

Fe3+ (Levard et al., 2018), while others show that part of the Sc can be adsorbed onto its 604 

surface (Chassé et al., 2017; 2019). An underestimation of the Sc measured in goethite 605 

might have been a product of analyzing only large grains of goethite with less porosity 606 

and less sorption capacity. However, this is not the case here as both fine- and coarse-607 

grained goethite grains (lower and higher oxide totals, respectively) were measured (see 608 

Appendix 5). Therefore, the most feasible option to explain the Sc underestimation is 609 



that Sc is also hosted by other minerals. Hematite, the second most abundant mineral in 610 

the oxide zone, yields Sc values below the detection limit of 15 ppm, despite hematite 611 

being an important Sc-bearing mineral in other laterite deposits (Chassé et al., 2017). 612 

Maghemite, also abundant in the studied profiles, has also been ruled out, as its Sc 613 

contents are below the detection limit. However, some Mn oxyhydroxides replacing 614 

goethite have Sc contents ranging from 57 to 94 ppm. This likely indicates that Sc, 615 

originally hosted by goethite, has been transferred to the Mn oxyhydroxides. The 616 

presence of Sc in some Mn oxyhydroxide grains reveals that part of the Sc budget in the 617 

oxide zones of Moa Bay occurs in minerals other than goethite. 618 

The Mn oxyhydroxides from the oxide zones are classified as lithiophorite, or 619 

lithiophorite-asbolane intermediates, in contrast to the minor Ni-asbolane found in the 620 

saprolite zone (Fig. 11b-c). Mn oxyhydroxides represent a significant ore mineral for Ni 621 

and Co in the oxide zone (up to 21.7 wt.% NiO and 7.46 wt.% CoO). The most 622 

abundant Mn oxyhydroxides in terms of Ni and Co are those enriched in Mn, 623 

moderately enriched in Al, and depleted in Fe (Fig. 11b-c). The enrichment of Ni and 624 

Co in Mn oxyhydroxides is caused by the strong negative surface charges that these 625 

minerals have at pH values commonly observed in soils (McKenzie, 1989). Hence, 626 

cations, such as Ni and Co are easily adsorbed onto the surface of Mn oxyhydroxides. 627 

Furthermore, with time, Co can become permanently fixed in the structure of Mn 628 

oxyhydroxides (Lambiv-Dzemua et al., 2013). 629 

The Al present in the Al-bearing Mn oxyhydroxides (lithiophorite and lithiophorite-630 

asbolane intermediates), and other Al-bearing minerals (gibbsite, Al-rich goethite) is 631 

derived from the weathering of plagioclase-, clinopyroxene- and Cr-spinel-bearing 632 

peridotites and/or gabbro sills and dikes, all abundant within the mantle transition zone 633 

section of eastern Cuba (Marchesi et al., 2006). Lithiophorite and lithiophorite-asbolane 634 

intermediates are the final products of the breakdown of less stable, Al-poor Mn 635 

oxyhydroxides, such as birnessite, hollandite, or cryptomelane (Dowding and Fey, 636 

2007; Lambiv-Dzemua et al., 2013; Putzolu et al., 2018), which are yet to be identified 637 

in the Moa Bay deposits. In addition, lithiophorite and lithiophorite-asbolane 638 

intermediates form under well-drained, oxygenated and moderately acidic (pH ~ 6) 639 

conditions (Llorca, 1993; Lambiv-Dzemua et al., 2013). This makes them good reliable 640 

markers of the position of a previous water table in the lateritic profile (Domènech et 641 

al., 2022).  642 



In the oxide zone from the Moa Bay district, maghemite is an abundant ore mineral 643 

(average modal proportions of 5% and up to ~20 %; Fig. 5), with NiO and CoO 644 

concentrations of 13.9 and 1.84 wt.%, respectively. The negative correlation between Ni 645 

and Co with Fe3+ (Fig. 8 b-c) suggests that Ni and Co substitute for ferric iron and that 646 

they fill maghemite lattice vacancies.  647 

Despite maghemite occurring in the oxide zone of different laterite deposits (i.e. 648 

Indonesia, Santoro et al., 2022; Dominican Republic, Aiglsperger et al., 2015, Tauler et 649 

al., 2017; Australia, Elias, 1981; Oman, Al-Khirbash, 2015; Colombia, Gleeson et al., 650 

2004), its potential as an ore mineral for hosting notable concentrations of Ni and Co 651 

has not been taken into consideration. This is partially due to the difficulty in 652 

differentiating maghemite from magnetite, as both minerals have euhedral octahedral 653 

morphologies, both are mainly composed of Fe, and the conventional analytical 654 

techniques generally do not distinguish Fe2+ from Fe3+ (see Appendix 6 for a thorough, 655 

step-by-step maghemite reconnaissance, and differentiation from magnetite). In laterite 656 

deposits where maghemite is present, due to its high magnetic susceptibility (Mullins, 657 

1977), maghemite concentrates can be produced using magnets. Furthermore, Ni and 658 

Co are efficiently liberated from maghemite (recovery rates of 98 and 88%, 659 

respectively; Liu et al., 2010) using high-pressure acid leaching (HPAL), a metallurgical 660 

process commonly used to process oxide ores from lateritic deposits. 661 

Maghemite formation has traditionally been attributed to: 1) oxidation of magnetite 662 

(e.g., Liu et al., 2004); 2) dehydroxylation of lepidocrocite (e,g., Cudennec and Lecerf, 663 

2005); 3) heating of goethite in the presence of organic matter (e.g., Schwertmann and 664 

Taylor, 1989); and 4) a transient phase in the transformation of ferrihydrite to hematite 665 

(Barrón and Torrent, 2002; Torrent et al., 2006; Liu et al., 2008; Bilardello et al., 2020). 666 

The oxidation of magnetite has been the preferred option for maghemite genesis 667 

(Domènech et al., 2017; Santoro et al., 2022). However, this cannot be the case for the 668 

studied maghemite because the analyzed magnetite is depleted in Ni and Co 669 

(Supplementary Figure 1), which does not match the high concentrations of these 670 

elements in maghemite. Moreover, partial oxidation of the studied magnetite grains 671 

produces hematite (martitization) instead of maghemite (Supplementary Figure 1a). The 672 

dehydroxylation of lepidocrocite (γ-FeOOH) to form maghemite has also been ruled out 673 

because the Fe-hydroxides here are goethite-like (α-FeOOH) as identified by XRD (Fig. 674 

5) and micro-Raman spectroscopy (Fig. 9d-h). In addition, lepidocrocite is generally 675 



found in more temperate climates (Till et al., 2014). The formation of maghemite via 676 

thermal transformations of goethite in the presence of organic matter could explain 677 

some of the maghemite grains found in the upper levels of the studied profiles. Though 678 

the temperature needed for this process could eventually be provided by vegetation fires 679 

above the lateritic soil, the thermal aureole of these fires cannot penetrate deep enough 680 

to explain the genesis of the maghemite grains found in the deeper parts of the oxide 681 

zone (Barrón and Torrent, 2002).  682 

Ferrihydrite constitutes a poorly ordered and thermodynamically unstable hydrous 683 

iron oxide that slowly recrystallizes into goethite and/or hematite (Schwertmann and 684 

Cornell, 2000). The transformation of some ferrihydrite into hematite (Torrent et al., 685 

2006) takes place in soils that remain moist, but not saturated in water, and warm (20-686 

30ºC). In the ferrihydrite to hematite reaction, maghemite forms as an intermediate 687 

phase (Barrón and Torrent, 2002; Torrent et al., 2006; Liu et al., 2008; Bilardello et al., 688 

2020). The kinetics of the ferrihydrite  maghemite  hematite reaction is highly 689 

dependent on temperature and rainfall (Barrón and Torrent, 2002; Torrent et al., 2006). 690 

According to these authors, the time needed to fully transform ferrihydrite to hematite 691 

takes millions of years at 25ºC. Furthermore, in areas where the rainfall is abundant and 692 

dry seasons are short, like in Cuba, the kinetics of the first part of the reaction 693 

ferrihydrite  maghemite is fast, whereas the kinetics of the second part (maghemite  694 

hematite) is very slow, thus favoring the formation of abundant maghemite in the 695 

profiles (Barrón and Torrent, 2002; Torrent et al., 2006). Consequently, maghemite may 696 

form as a transient mineral phase in the ferrihydrite to hematite reaction and remain 697 

stable in the lateritic profiles due to the slow kinetics of the maghemite  hematite 698 

reaction. However, in the upper parts of the oxide zone, maghemite is scarce and 699 

hematite is abundant (Fig. 5) because: 1) water easily evaporates favoring drying 700 

conditions that accelerate the kinetics of the maghemite  hematite reaction; and 2) the 701 

upper parts of the profile are the oldest in the profile and ferrihydrite has had more time 702 

to fully transform into hematite. 703 

Ni-bearing mineral phases in the saprolite horizon 704 

In the Yamanigüey deposit, both serpentine I and II have high Fe contents, while Ni 705 

contents are similar to those reported in other localities (Fig. 12). Serpentine I 706 

(∑tetrahedral = 2.000-2.111 a.p.f.u., and ∑octahedral = 2.765-3.073 a.p.f.u.) is, in 707 

general, more stoichiometric than serpentine II (∑tetrahedral = 2.000-2.162 a.p.f.u., and 708 



∑octahedral = 2.244-2.261 a.p.f.u.). Golightly and Arancibia (1979) and Orberger et al. 709 

(1990) related this non-stroichiometry to the substitution of Mg by Fe3+ in the 710 

octahedral position during weathering. The fact that Fe enters the octahedral position is 711 

observed in the negative correlation between Mg and Fe+Ni (Fig. 12c). However, it 712 

must be noted that high Fe contents, also in serpentine I, indicate that (a) the serpentine 713 

was already enriched in Fe prior to weathering, (b) Fe enters the structure of serpentine 714 

faster than Ni (opposite to the hydrous Mg silicate-type Loma Caribe Ni-laterite profile, 715 

Villanova-de-Benavent et al., 2017), or (c) a combination of both. Regarding garnierite, 716 

the variation in composition in terms of Ni and Xtalc in the same vein (Fig. 13d-g) points 717 

to marked changes in the saturation conditions of the percolating aqueous solution, as 718 

noted by Villanova-de-Benavent et al. (2014, 2022). Overall, the mineralogy, textures, 719 

and chemical composition of Ni-bearing phyllosilicates in the saprolite horizon of an 720 

oxide-type Ni-laterite profile do not differ much from those of typical hydrous Mg 721 

silicate-type deposits (Figs. 13-14), and therefore should also be considered attractive 722 

exploration targets.  723 

Conclusions 724 

Deposits from the Moa Bay lateritic mining district have ore-grade Ni-(Co) 725 

mineralization in both oxide (average Ni and Co of 0.88 % and 0.12 %, respectively) 726 

and saprolite horizons (average Ni of 1.98 %). In the oxide zone, goethite represents the 727 

most abundant ore mineral, with Ni and Co being adsorbed onto its surface. Goethite 728 

grain size plays an important role in adsorbing Ni and Co, as the smaller the grains, the 729 

more Ni and Co they adsorb. Goethite is also the main Sc-bearing mineral from the 730 

oxide zone, with a median Sc content of 58 ppm. Most likely, Sc in goethite is found as 731 

a combination of i) incorporated Sc substituting Fe3+ in the goethite structure, and ii) 732 

adsorbed Sc onto the goethite surface. Maghemite is found in the oxide zones from the 733 

three studied deposits, with average modal proportions of 5 %. Maghemite, despite 734 

being described in many other laterite deposits, has been commonly overlooked as a 735 

potential ore mineral in laterite literature. In the Moa Bay district, maghemite represents 736 

an important ore phase with NiO and CoO contents of 14 and 2 wt.%, respectively. A 737 

detailed nanoscale study performed on maghemite indicates that Ni and Co enter the 738 

maghemite crystal structure by substituting for the ferric iron, and filling some of the 739 

maghemite lattice vacancies. This study also precludes that the Ni and Co enrichment in 740 

maghemite is related to the presence of Ni- and/or Co-bearing nanoparticles. 741 



Identification of maghemite in oxide zones from other laterite deposits might help to 742 

enhance their Ni-Co recovery rates. Mn oxyhydroxides from the oxide zone, classified 743 

as lithiophorite and lithiophorite-asbolane intermediates, are found as abundant 744 

disseminations at specific levels of the oxide zone, likely indicating the location of 745 

previous water table levels in the profile. These Mn oxyhydroxides contain very high Ni 746 

and Co contents (median 10.6 wt.% NiO and 6.41 wt.% CoO). Some of these Mn 747 

oxyhydroxides replaced goethite and contain significant Sc contents. 748 

In the Moa Bay district, there are also very well developed saprolitic horizons, 749 

especially in the Yamanigüey deposit. In these horizons, Ni-rich, serpentine-II 750 

represents the main Ni-bearing phase, due to its high modal proportions (> 80 %) and 751 

median NiO contents (1.57 wt.%). Additionally, the saprolite horizon at Yamanigüey is 752 

crosscut by several generations of garnierite veins, with remarkable NiO contents (10.9 753 

to 32.5 wt.%). 754 
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Figure captions 1095 

Figure 1: (a) Simplified geological map of the Greater Antilles, with the location of 1096 

different laterite mining districts (modified from Wilson et al., 2021). (b) Geological 1097 

map of the Mayarí-Baracoa Ophiolite Belt (after Pushcharovsky, 1988) with the 1098 

location of the Moa Bay laterite mining district. 1099 

Figure 2: Location of eight of the eleven laterite deposits within Moa Bay mining 1100 

district. The drill core location of the three studied profiles is marked with a red star. 1101 

The two metallurgical plants and the tailing pond are also observed. Satellite image 1102 

taken from Google Earth. 1103 

Figure 3: Schematic Ni laterite profile from the Yagrumaje Norte deposit with major, 1104 

minor and trace element contents. 1105 

Figure 4: Schematic Ni laterite profile from the Yamanigüey deposit with major, minor 1106 

and trace element contents. 1107 

Figure 5: Quantitative mineral distribution patterns along the studied profiles of 1108 

Yagrumaje Norte and Yamanigüey deposits. 1109 

Figure 6: Back-scattered electron (BSE) images of (a) botryoidal aggregates of goethite; 1110 

(b) goethite grain composed by fibrous, elongated crystals; (c-d) maghemite crystals 1111 

surrounded by goethite grains forming the so-called “baguette-like” texture; (e-f) Mn 1112 

oxyhydroxides with colloform textures; (g) garnierite vein crosscutting serpentine II; (h) 1113 

Mn oxyhydroxides growing in a fracture of the saprolite horizon. Note that the fine-1114 

grained, darker in the BSE images, matrix from images (a) to (f) corresponds to fine-1115 

grained goethite. Abbreviations: Chr: Cr-spinel; Gar: garnierite; Gth: goethite; Mgh: 1116 

maghemite; Mn-OH: Mn oxyhydroxides; Srp II: serpentine II. 1117 

Figure 7: Composition of goethite. (a) Box and whiskers diagram; (b) Fe2O3 (wt.%) vs 1118 

NiO (wt.%) binary diagram; (c) Fe2O3 (wt.%) vs CoO (wt.%) binary diagram.  1119 



Figure 8: Composition of maghemite. (a) Box and whiskers diagram; (b) Ni (a.p.f.u.) vs 1120 

Fe3+ (a.p.f.u.) binary diagram; (c) Co (a.p.f.u.) vs Fe3+ (a.p.f.u.) binary diagram.  1121 

Figure 9: (a) BSE image of a euhedral, isolated maghemite crystal. The locations of the 1122 

Raman spectra from (d) and the thin-foil, obtained by FIB, are showed with red circles 1123 

and a red line respectively; (b-c) Ni and Co elemental maps of the euhedral maghemite; 1124 

(d) Raman spectra of the maghemite and goethite from (a); (e) BSE image of a 1125 

“baguette-like” maghemite that has been partially replaced by hematite. The locations of 1126 

the Raman spectra from (h) are showed with red circles; (f-g) Ni and Co elemental maps 1127 

of the “baguette-like” maghemite; (h) Raman spectra of the maghemite, hematite and 1128 

goethite from (e). 1129 

Figure 10: (a-e) HAADF image and TEM-EDS elemental maps for Ni, Co, Si and Cr of 1130 

the maghemite thin-foil whose extraction location can be found in Fig. 10a; (f) HRTEM 1131 

image of maghemite Ni-depleted zone; (g) HRTEM image of maghemite Ni-enriched 1132 

zone; (h) HRTEM image of a fracture cross-cutting the maghemite filled with goethite. 1133 

Figure 11: Composition of Mn oxyhydroxides. (a) Box and whiskers diagram; Al-Ni-Co 1134 

and Al-Fe-Mn ternary diagrams classified according to (b) Ni content of the Mn 1135 

oxyhydroxides on the basis of 100 oxygens, and (c) Co content of the Mn 1136 

oxyhydroxides on the basis of 100 oxygens.  1137 

Figure 12: Binary (a-c) and ternary (d) diagrams representing the chemical composition 1138 

of serpentine I and II from Yamanigüey in terms of wt.% Mg, Ni and Fe from EMP data 1139 

(this study and Villanova-de-Benavent et al., 2017), compared to other Ni-laterite 1140 

serpentines from the literature: Punta Gorda, Loma Caribe (Villanova-de Benavent et 1141 

al., 2017), Loma Ortega (Tauler et al., 2017), San Felipe (Tauler et al., 2023), New 1142 

Caledonia (Pelletier, 1996), and Indonesia (Golightly and Arancibia, 1979). 1143 

Figure 13: BSE (a) and (b) Mg, (c) Fe, (d) Ni, (e) Si and (f) Mn X-ray elemental maps 1144 

of a garnierite vein crosscutting the saprolite matrix; (g) ternary plot showing the 1145 

composition of the analyzed garnierite grains compared to the garnierite composition 1146 

from the Falcondo Ni laterite deposit (Dominican Republic). 1147 

Figure 14: Molar ternary plot of Al2O3+Fe2O3-MgO-SiO2 showing the weathering 1148 

trends of ultramafic rocks and their relationship with the Ultramafic Index of Alteration 1149 

(UMIA). Our dataset is compared with data from Punta Gorda (Aiglsperger et al., 2016) 1150 



and other lateritic mining districts from the Caribbean (Cuba, Tauler et al., 2023; 1151 

Colombia, Gleeson et al., 2004 and Tobón et al., 2020; Dominican Republic, 1152 

Aiglsperger et al., 2016; Venezuela, Domènech et al., 2022; Guatemala, Tavchandjian 1153 

and Golighlty, 2010). 1154 

Figure 15: (a) Scree plot showing the % of explained variance of each Principal 1155 

Component (PCs) of the dataset; (b) PC1 vs PC2 binary diagram of the studied samples 1156 

and samples from Punta Gorda (Aiglsperger et al., 2016) and other lateritic mining 1157 

districts from the Caribbean (Cuba, Tauler et al., 2023; Colombia, Gleeson et al., 2004 1158 

and Tobón et al., 2020; Dominican Republic, Aiglsperger et al., 2016; Venezuela, 1159 

Domènech et al., 2022). 1160 

Figure 16: Relationship between the total oxides (wt.%) and (a) Fe2O3 (wt.%); (b) NiO 1161 

(wt.%); (c) CoO (wt.%) of goethite grains from the three studied deposits. Binary 1162 

diagrams (d) NiO (wt.%) vs NiO/Fe2O3 ratio, and (e) CoO (wt.%) vs CoO/Fe2O3 ratio, 1163 

with data classified according to their total oxides content (in wt.%); (f) BSE image of 1164 

three goethite types according to their BSE brightness and grain size. Note that goethite 1165 

in the matrix is relatively more enriched in Ni than coarse-grained goethite.  1166 

Supplementary Figure 1: (a) Optical microscope photomicrograph of magnetite being 1167 

replaced by hematite (martitization), together with their Raman spectra. Both, magnetite 1168 

and hematite have NiO and CoO contents below the detection limit; (b) BSE image of 1169 

two euhedral, isolated, maghemite grains, together with the Raman spectrum of the 1170 

larger crystal. Note the maghemite high contents of NiO and CoO. 1171 

Supplementary Figure 2: Cr-spinel grains from the oxide zone with wormy textures. 1172 

Supplementary Figure 3: Sc (ppm) vs Fe2O3 (wt.%) contents in the bedrock, saprolite 1173 

and oxide zones of the studied profiles. Data from Punta Gorda is taken from 1174 

Aiglsperger et al. (2016).   1175 


