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ABSTRACT

Nickel laterite deposits developsd on wlim-
mafic mcks have traditionally been a signif-
icant source of Mi and Co and recently of
5c. Although the Loma de Hierro deposit
[Venezuela] has been in operation for more
than 50 years, it lacks detailed studies on the
mineralogical and geochemical composition
of the lateritic profile. In this shady, we present
a gecchemical and mineral description of the
main carrier phases of Wi and Coin 2 complens
profile of the deposit. The selected wearhering
profile has heen developed from a partalby
serpentinized harzhurgicic protofith and has
a welldeveloped saprofific horizon covered
by & thin limondtic horizon. The geochemical
signature of the profile & characterized by a
sigmificant Mg and Si decrease towards the top
of the saprofite, with a dearly vishle Mg dis-
comtingirg The main Ni-bearing minerals are
secondary serpentine [ —4 wi.% Ni(J} and ker-
olite-pimelite-dominated  garmierite mixhares
with serpentne {1822 wt.% Nil¥. Limomice
i rich in goethite (103 wi. % MNi(Y), gibbsite,
and Mneoxy-hydroxides. The lacter hawve inter-
mediate compositions berwesn lichiophorice
and asholane [2-13 wt.% Co(l). The highest
5 grades (4060 ppmi) were ohserved in the
limeomite with amounts positvely cormelated
with Fe comtemt. Rare earth elemencs are
mainly concentrated in the upper pant of the
saprolite: horizom (G000 ppmi), while they have
a lower comtent in the imonite (=45 ppm). In
this horizon, rare earth elements are cleardy
associated with Fe, indicating adsorptinn and.’
or coprecipimtion. This association was not
ohserved in the saprolite, suggesting that other
minerals [e.g, clay minerals) are conerolfing
their concentration; more  infrmation &
needed to ideniify the rare earth elemneni-bear-
ing minerals. The lateritic profile of Loma de
Hierro can be clasified as representtive of
brydrared Mg sllicate deposits, and was formed
in a combext of contimuous tectonic wplift and a
low water table conditions favoring the devel-
opment of a thick saprolitic horizon and the
precipitaton of  keroliee-pimelice <dominated

Eeywords: MNickel, cobali; Loma de
Hierro, laterite, critical metals,
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1. Introduction

Nickel laterite deposits are an important source
of Ni and Co (Golightly, 1981, 2010; Freyssinet
et al., 2005; Lambiv Dzemua e al., 2013), and
are also considered worthy targets for Sc and
platinum-group-clement (PGE) exploration (Aigl-
sperger ef al., 2016; Chasse ef al. 2017, 2019; Teatler
et al., 2019 and references therein).

Worldwide, the estimated land-based resources
of nickel are about 150-300 Mtons, #0% of which
are found in magmatic sulfide deposits, and 60%
in laterites (Gleeson e al., 2003; Kuck, 2013
Ni-laterite deposits are mainly found in New
Caledonia, Indonesia, the Philippines, Australia,
Brazil, and the Canbbean area. The global mine
production of Ni has greatly increased in the
period 2000-2018, reaching values dose to 2.5
Mtons in 2015 (McRae, 2018) due to the increas-
ing demand in China and other countries, which
has been covered by the main Ni producers in
Russia, Australia, Indonesia, Canada, New Cale-

donia, the Philippines, and Brazil.
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Ni-laterite deposits form from the chemical and
mechanical weathening of partally or totally ser-
pentimzed ultramafic rocks (dunites, harzburgtes),
exposed to the surface under favorable chmatic and
topographic conditions. Their formation is con-
trolled by intrinsic factors (protolith chemical and
mineralogical composition, mineral dissolution
rates, and surface areas) and by extrinsic factors
(geologacal and hydrological context, temperature
and rainfall, weathering process duration; eg., Fre-
yssinet ef al., 2005; Butt and Cluzel, 2013).

A typical Ni-laterite profile consists of a set
of superposed horizons over a partially or totally
serpentinized ultramafic rock (protolith). The
profile is comprised of unaltered minerals at the
bottom, followed by a saprolite horizon dominated
by secondary Si- and Mg-bearing minerals with
textural features inhented from the protolith, and
a hmonite horizon at the top. The limonite hori-
zon is composed mainly by goethite that evolves to
hematite with tme (Golightdly, 1981, 2010).

During the ore-formation process triggering lat-

eritization, the interaction of shightly acidic mete-
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deposzits around the marginz of the Caribbean Plate. Ni-laterite

deposits from Moa Bay and San Felipe (Cuba), Falcondo (Dominican Republic), Sierra Bermeja (Puerto Rico), Loma de Hierro (Venezuela),
Cerro Matozo (Colombia) and Sierra de Santa Cruz (CGuatemala). Modified from Lewis et al. (2006) and Aiglzperger et al (2016).
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oric waters with the ultramafic protolith causes the
release of Mg and 5i, which are transported down-
wards, In the imonite zone, N1 is mainly retained
by goethite (adsorbed or subsatuting Fe in the min-
eral structure] and by minor Mn-ocy-tydrozxides
(Boqué-Bosell at ol 2010; Dubler ef af., 2015 and
references theremn). With ame M1 15 remobilized
and redeposited at depth. In the saprolite zone, Ni
is mainly found in garnierite (eg., Wells a af., 200,
Villanova-de-Benavent o al, 2014; Cathelinean ef
al, 7016) and/or secondary Ni-rich serpentine (e.g.,
Crolightly and Arancbia, 1979; Pelletier, 1996; Vil-
lanova-de-Benavent &f af., 2017) and smectite (eg.,
Tauler ef al., 2017; Putzolu & al., 2020),
Ni-laterites are usually classified imto three
categories according o their dominant Ni-bear-
ing mineralogy. Coade latente deposits are those
in which N1 15 mainly associated with Fe- and
Mn-oooy-hydronddes  (ep, goethite and  lithio-
phonte-asbolane,  respectively);  clay  silicate
deposits are dominated by Ni-nch smecttes; and
hydrous Mg silicate deposits mainly have Mg—Ni
phylloslicates (including garmientes; Brand e af,
1998; Freyssinet ef al, 2005). Hydrous My silicate
deposits generally have the highest N1 grades
(1.8—2.5 wt.% INi) and are characterized by a thick
serpentine-dominated saprolite horzon covered
by a thin limomte honzon. Ni mean grades in
made-type deposits range from 10 to 1.6 wt.% M
(Butt and Cluzel, 2013 and references theremn).
The main Ni-lateritic deposits discovered so far
have developed in eguatorial and tropical areas
lantude £ 26% eg, New Caledoma, Indonesia,
Philippines, Cuba, Domimcan Republic, Ven-
ezela, Colombia, and Braml). However, mamy
laterite-endowed mineral distices (eg, Greece,
Urals, and Austraha) also oocur at higher latitudes
and are generally classified as paleolatenites (Fre-
yaainet &f al., 20035). The petrography, mineralogy,
and geochemistry of the most important Ni-lat-
ente deposits situated in the northern part of the
Carbbean plate (Cuba and Dominican Bepublic)
have been recently revised and updated (eg., Vil-
lanova-de-Benavent o al, 2014; Proenza, 2015;
Adglsperger ef all, 20016; Doménech of al, 2017;

Roqué-Rosell o al., 2017; Tauler o af, 20017). In
the southern margn, the most important deposits
are m Colombaa (Cerro Matoso) and Venezuela
(Loma de Hierro; Figure 1),

Regarding the Venezuelan deposits, very few
studies have been published, apan from the work
of Soler & al. (2008). Recently, the techmical shut-
down of the Loma de Niquel exploitation and
nickel producdon plant in Loma de Hierro (50
km S5W of Caracas) opened the opportunity for
collecting samples in a complete profile of an open
pit, from the unaltered bedrock to the limonite at
the top. The aim of this work 15 w gain further
insight into the origin of Ni-laterite profile in the
Loma de Hierro deposit. The present work reports
a detailed petrographic, mineralogical, and geo-
chemical descripion of the honzons, and the
general mechanism of formation and enrichment
in Ni 15 discussed taking into account the com-
position of the protolith and the role of chmate,

topography, elevaton, and ome of exposition.

2. Geological setting

1.1. LOMA DE HIERRO Ni-LATERITE DEFOSIT

The Loma de Hierro umit, where the mining area
exasts, 15 aligned W-E and 1s part of an elongated,
deformed belt in the southern Canbbean Plate
margin (Figure 1; Lewis a al. 2006, The south-
ern margin of the Canbbean Plate 15 represented
by the late Cretaceous Dutch and Venezuelan
Islands and the northern Cordilleras of Venezuela
(Giunta ef af., 2002a). Like the northern margin,
the southern margin consists mainly of trans-
pressive or stike-slip shear zones, and mcludes
Jurassic e Cretaceous  ophioline  complexes
cropping out along suture zones, such as that of
Venemela (Giunta e al, 2002b. This southern
margn 15 formed by a thrust belt wath a set of late
Cretaceous south-vergent oceanic and continental
tectomc units that have been progressively affected
by brittle and ductile deformation related to W-E
strke-ship faults (eg., La Victoria Fault, Figure 2;
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Giunta ef al, 2002b). The Franja-Costera umnit 2.2. THE LOMA DE HIERRO Ni-LATERITE DEPOSIT

not shown in Figure 2) is an eardy Cretaceous
ophiolitic mélange that overthrusts southwards the
northern border of Serrania de la Costa (Giunta ef
al., 2002a). The Serrania de la Costa comprises the
’aleozoic metamorphic association (orthogneisses
and schists) of the Avila unit (Urbani, 2003) and
the late Jurassic carbonate-terrigenous sequences
of the Caracas unit (Figure 2).

The Caucagua-El Tinaco unit, in the Serrania
del Interior, overies the Serrania de la Costa. It is
a pre-Mesozoic basement covered by Cretaceous
volcanosediments, basalts, dolerites, and gabbros
Figure 2; Giunta o al, 2002a). The Loma de
Hierro unit appears to the south of the Cauca-
gua-El Tinaco unit. It 1s an oceanic sequence of
serpentinized mantle peridotites and Cretaceous
metavolcanic sediments (Glunta e al., 2002a).
The Loma de Hierro unit is overthrusted by the
Villa del Cura unit, composed of early Cretaceous
wehrlite-clinopyroxenite cumulates and metamor-
phosed serpentimized mantle peridotites, massive
metabasalts and metavolcanic sediments (Giunta
etal., 2002b).

The Ni-latenite deposit of Loma de Hierro is
located 50 km SW of Caracas, in the northern-cen-
tral part of the country, and extends roughly W-E
i & series of hills in the mountain ranges of Ser-
rania del Intenior. The area mined for mckel by the
state company Loma de Niquel C_A. has a length
of about 15 km with WSW-ENE direction, and a
width from | to 7 km, between the states of Ara-
gua (west) and Miranda (east). Its coordinates are
10°09-10°10'N and 67°08 “67°06 "W, and has an
altitude of ~1300 m.as.L

In 1941, laterite soils from Loma de Hierro
were discovered as a potential source of nickel.
They were exploited untal 1960, when the work
was stopped as the hills were declared an area of
special natural interest. After several studies on
the Ni-extraction economic interest and viahility,
exploitation was resumed in 2001 by Anglo Amer-
ican PLC. In 2015, the exploitabon was assumed
by the Venezuelan State, creating the company
Loma de Niquel C.A., with an estimated reserve

of 40 Mtons of mickel. In 2017, due to a technical
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GEOLOGICAL SETTING / MATERIALS

AND ANALY TICAL TECHNIQUES

() Panoramic view of the laterite profile of Loma de Hierro, zhowing the location of the zampled area (b). (c) Detail of the
lowest part of the profile, zhowing the zampled zaprolite horizon (d). (e, f, g) Detail of the serpentine-dominated zaprolite horizon. (h)
Detail of the goethite-dominated limonite horizon.

shutdown of the exploitation and of the factory of tolith, a well-developed saprolite zone, and a thin
ferronmickel pellets attached to it, the mine could be limonite zone (Figure 3). For the present work, 17
visited, allowing the sampling of a complete later- of these samples were selected for detailed chemi-
ite profile. A panoramic view and several details of cal and mineralogical analyses.

the mining front are shown in Figure 3.
3.2, ANALYTICAL AND COMPUTATION TECHNIQUES

3. Materials and analytical techniques
Samples were powdered, sieved below 75 pm par-

3.1. SAMPLING tcle size, dned, and homogenized. Major, minor
and trace element compositions were determined

A total of 33 samples were collected from an at the Actlabs Laboratonies (Ontanio, Canada) by
exploitation front. The selected profile is ~25 m X-ray fluorescence (XRF) and inductively coupled
thick and is characterized by three zones (from plasma mass spectrometry (ICP-MS; after acid
bottom to top): the serpentinised peridotite pro- dissolution).
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Table 1. Concentrations of major and minor elements {in wt.%) as well as of race elements {in ppm) in samples from the Loma de Hierro
laterite deposit
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The same samples were analyzed using X-Ray
(XRPD).
were obtained at Centres Cientifics 1 Tecnologics
of the Universitat de Barcelona (CCiT-UB) in a
PANalytical X'Pert PRO MPD Alphal powder
diffractometer in Bragg-Brentano 68/26 geome-

powder diffracton Diffractograms

try of 240 mm of radius, nickel filtered Cu Kal
rachation (A = 1.5406 A), 45 kV and 40 mA. The
samples were scanned from 4 to 1007 (26) with a
step size of 0.017” and measuning ame of 50 s per
step, using an X' Celerator detector (active length
= 2.122"). Mineral-identification was facilitated by
X'Pert High Score search-match software using
the powder diffraction database of the Interna-
tional Centre for Diffracton Data (ICDD). Min-
eral semi-quantitative analyses were performed by
the full profile fitting method (Rietveld method
using the TOPAS V4 software and the Amencan

Mineralogist Crystal Structure Database.

wt. %
75 0

0 25 50

depth (m)

1234

.

Minerals and textures were examined on polished
thin sections under optical microscope (OM) wath
both transmitted and reflected light, and under a
scanning electron microscope (SEM) Quanta 200
FEI, XTE 325/D8395, with an INCA Energy
Dispersive Spectrometer (EDS) microanalysis sys-
tem at the CCrI=-UB.

Electron microprobe analyses (EMPA) of rep-
resentative samples were performed with 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 counting
time of 20 s per element. The calibraton stan-
dards used were wollastonite (S1, Ca), commndum
(Al}, orthoclase (K), hematte (Fe), periclase (Mg),
rhodonite (Mn), NiO (Ni), metallic Co (Co), rutile
(Ti), albite (Na), Cr,0O, (Cr), V (V), and Sc (Sc).
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Idealized Ni-laterite profile (right) from the Loma de Hierro laterite deposit (Venezuela) showing the location of the samples,
with contents of major and relevant minor elements (in wt.% oxide), Sc and REE (in ppm).
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TECHNIQUES / WHOLE ROCK CHEMISTRY

MATERIALS AND ANALYTICAL

Loma de Hierro Ni-laterite deposit
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Structural formulae were calculated on the basis
of 1.5 oxygens (goethite), 4 oxygens (ohivine,
magnetite, Crspinel), 6 oxygens (pyroxene), 7
oxygens (serpentine), and 11 oxygens (garnierite).
Structural formulae of primary serpentine (Srp-I)
were calculated taking into account all Fe as Fe(II),
while those of secondary serpentine (Srp-1I) and
garnierite were obtained taking into account all Fe
as Fe(Ill), based on XANES data on Srp-1, Srp-II
and garnienites from the Dominican Republic
Roqué-Rosell ef al., 2017). In addition, the molar

° | Boletin de la Sociedad Ceologica Mexicana [ 72 (3) | A050620/ 2020

percentage of the tale-like phase (kerolite-pimelite
in the garnierite mixture was calculated using the

equation proposed by Soler ef al. (2008).

4. Whole rock chemistry

The concentrations of major and minor elements
(in wt.%s) in selected samples from Loma de Hierro
are given in Table I. Figure 4 shows the general
trend observed across the Loma de Hierro profile
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concerning the distribution of the major elements
Si, Mg, Fe, and Al), relevant minor elements (N3,
Co, and Mn), Sc, and Rare earth elements (REE).
Si and Mg are the main components of the pro-
tolith samples, with values around 43 wt.% for
both 510, and MgO. The saprolite zone presents
a quite similar content of Si (~42 wt.% Si0,}, and
Mg contents in the range of 28-38 wt.% MgO.
The limonite zone is characterized by signifi-
cantly lower Si contents (10-16 wt.% $510,), and
extremely low Mg concentrations (<3 wi.% MgQ),
clearly defining the Mg discontanuity (Figure 4). In
the hmonite zone, Fe and Al are the main compo-
nents, with concentrations of 38-58 wt.% l“r:,( )s
and 5-28 wt.% ALO,.

Ni is enniched in the saprolite zone (1.1-2.7
wt.% NiQO) compared to the protolith (<0.7 wt.%
NiO; Figure 5a). In the limonite zone, Mn and Co
concentrations are close to one order of magmni-
tude higher than in the saprolite zone and in the

protolith, achieving values up to 1.40 wt.% MnO

and 0.19 wt.% Co,O, (Figures 5b, 5¢ and 5f].
The total REE concentradon in the protolith
samples and the lower part of the saprolite horizon

15 low, below 6 ppm. However, it increases up to

81 ppm in the upper pant of the saprolite mainly

due to the contnbution of Y, La and Nd. In the
limonite zone, total REE concentration decreases
to values below 45 ppm, being Ce, La, and Nd the
most relevant REE (Figure 5d).

REE chondnte-normalized patterns of pro-
tolith and saprolite samples (Figure 6] are quite
similar, despite the Ce negative anomalies in
saprolite samples, also observed in other deposits
(Aiglsperger et al., 2016, Ulnch e al., 2019). REE
patterns from the limonite zone have a negative
continuous slope from La to Lu, with slighty pos-
itive Ce anomalies. Sc contents are clearly higher
in the hmonite zone (Figure Se), where they range
from 43 to 58 ppm, whereas in the saprolite and
protolith samples values range from 8 to 17 ppm
(Figure 4).
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Chondrite normalized rare earth element (REE) patterns from Loma de Hierro Ni laterite deposit. Normalization values are
from Anders and Grevesze (1989).
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5. Mineralogy and textures chlonte, and/or smectte] ofien occurning as fine

MINERA LOGY AND TEXTURES

Semni-uantitative analyses shown in Figure 7 give
a clear picture of the mineral evolution from the
bedrock towards the top of the profile.

The protwlith consists of a slightly serpentimized
harzburgite. According o XRPD, harzburgite s
made up by obvine (6570 wit."%e) and onthopyros-
ene (10-15 wi.%s), with minor amounts of lzard-
ite, chrysotle, and kerolite (10-15 wt.%), chlorite
(1 wt. %) and amphibole (in one of the samples, 4
wi.%; Figure 7). The lowest part of the saprolite
zone (represented by samples A-01, A-O4, A-08,
A-13, and B-03) 15 charactenzed by snll having a
significant amount of olivine [13-46 wi.%) and
orthopyroxene (up to 15 wt.% Figure 7), but the
main component are phyllosilicate minerals (up
to 68% wi.%; Figure 7). Lizardite and chrysotile
contents range from 16 to 35 and 2 to 7 wi.%,
respectively while kerolite content in sample A-(H
15 close to 36 wit.% and above 19 wt.% in the other
samples. This zone is alko characterized by the
presence of minor amounts of garnierites (Soler
et al, 2008), described as a group of Ni-ennched
sceondary  phyllosibicates (incduding  serpentne,
the “talc-like” kerohte—pimelite series, sepiolioe,

0% 20 40%

B-13/14
=12
E-11

B-4B
B-10
B-(8
B-07
B

B-4 A
B-03
Al
Al
A-13
A-08
A-14

PR

grained, poorly crystalline, intimate mixmres (£g.,
Brndley, 1978 Towards the surface, the upper
saprofite, represented by samples B-04-A, B-05,
B-07, B-08, and B-10, 15 poorer in olivine [(-6
wit.%0) and orthopyroxene (<15 wt.%), and ncher
m lzardite (27-35 wi.%) than the lower saprolite
horzon [Figure 7). Kerolite and chrysotile contents
are around 37 and 7 wi.%, respectively. Up to 16
wit.% of chlonte is observed within the upper sap-
rolite horizon. Finally, the imonite zone, at the top
of the profile, is charactenzed by a sharp increase
in goethite ($#0-57 wt.%), hematite (916 wt.%),
and gibbsite (435 wt.%). Quartz content ranges
from 2 to 17 wt.% [Figure 7).

Concerming  textures, under OM and SEM
alivine in protolith displays undulate extinction,
and orthopyroxene has kink bands, indicating
plastic deformation at high temperatures. In addi-
tion, orthopymxens may contain clinopyoosens
exsolutions. The serpentine minerals result from
the alteration of the protolith before the lateriza-
tion process and therefore are named Srp-1. They
appear surrounding the olivine and pyrosene
grains, and in fractures crossoutting them and
defining some subgrains (Figures 8a and 8h).
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Semi-quantitative representation of X-Ray powder diffraction (XRFD) results {in wii), obtained with Rietveld method. Ol

{olivine); Dpx {orthopyroxenel, Amf (amphibole); Lz (lizarditek, Ctl {chrysotile); Ker {(kerolite); Chl ichloritel; Oz {guartz); Mag {magnetitel;
Chr (Cr-zpinely;, Gth (goethitel; Hem (hematite)l; Gbs (gibbsite)
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MINERALOGY AND TEXTURES

—
7

Saprolite

N\

protolith

Plane polarized light (OM) and croszed polarz (OMx) optical micrographs of (a-b) the protolith, (c-f) the zaprolite horizon
and (g-h) the limonite horizon. (a-b) Tranzmitted light optical images of zample A-14, showing well defined grainz of enstatite (En)
and fractured forsterite (Fo) crossed by primary zerpentine (Srp-l). (c-d) Tranzmitted light optical images of zample A-1, showing the
formation of Srp-Hl in fractures croszsing protolith forming minerals. (e-f) Tranzmitted light optical images of zample B-10, showing
previous forsterite and enstatite grains replaced by serpentine and surrounded by magnetite. (g-h) Reflected light optical images of
sample B-13/14, showing grains of goethite, hematite, and quartz.

Loma de Hierro Ni-Haterite deposit
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The lower saprodite has a higher degree of alter-
aton of olivine, with serpentine minerals in frac-
tures and subgrain rims, and psendomorphically
replacing orthopyroxene grains (Figures 8c, 8d,
and 9c). However, olivine and orthopyroxene
contents are sull sygmificant; the onginal fabnc s
maostly preserved and porosity has increased due
to the dissoluton of olivine subgrains. Most of the
serpentine minerals observed in this horzon were
formed dunng the laterzaton process and called
Srp-11 to discern them from Srp-1, of oceanic on-
gin. (zarnientes appear as fracture fillings (Figure
Od).

By contrast, the upper part of the saprolite
15 brown, dumpy, and significanty more altered
than the lower saprolite. Srp-11 practically replaces
psendomorphically all orthopyroxene and olivine
grains (Figures 8e and 8f), but the orginal texture
of the rock has collapsed and porosity 15 reduced.
Limonite-horzon samples are brown to reddish,
formed by disaggregated matenal (suggestng
possible remenval or transport along a few meters),
and with a complete loss of the onginal texture
(Figures 8g, Bh and Sh). According to OM and
SEM observations, magmetite (Mag) and Cr-spi-
nel (Chr) are idenofied as accessory minerals in
the lower saprolite zone (Figure 9a and 9b) and
the upper saprolite zone (Figure 9¢). In the latter,
Fe- and Mn-oxy-hydroades and chlonte are also
ohserved (Figure 9f). In the limonite zone, relice
Cr-spinel partially aliered to ferman chromate,
magnetite partally altered to goethite or hematite,
quartz, altered phyllosiicates, Mn-mo-hydroades
(Figures 9 and %h), and minor amounts of mile
and ilmenite have also been observed.

6. Mineral chemistry of the Ni-bearing
phases

In Tables 2—4, representatrve EMPA analyses and
structural formulae of the main minerals ocourring
m the studied profile are gven. In the protolit,
olivine has a forsteritic composition with an aver-
age composidon of Fﬂm (Table 2). It i= the main

9 | Boletin de la Sociedad Ceoldgica Mexicana | 72 (3) | AD50620/ 2020

carrier of Ni, with 0.4 wt.% NiQ) [compare with
(.33 wr.% NiQ of the whole rmock, Table 1). Since
forsterite represents about 70wt % of the protolith
(see Figure 7], it can be concluded that around 90
wt.%o of the bulk Ni in the protolith is contained in
alivine. Crrthopyroxene corresponds to an enstatite
with an average composition of En,, characterized
by a Mg# “[MgH#=Mg/ Mg+Fc)|" ranging from
0.91 to 0.92. The ALO, content of enstatite ranges
from 044 to 3.03 wit. %, while that of Ca() vanes
from 0.20 to 338 wi.%. Cr and N1 contenis are
below 0.9 wt.% Cr,0, and 0.2 wi.% NiO [Table
2. The content of Ni in Srp-1 15 not higher than
0.4 wit % N (< 0.02 atoms per formula unit
[apfu] Ni), while Fe ranges from 2.85 to 5,42 wt.%
Fel) [0.11-0.22 apfu Fe; Tahle 3, Figure 10). Its
average structural formula 15 (Mg, Fe M Al )
51, 0, (0OH),). Crspinel is nich in Al (Cré# = 0.48
to 0527 Cr# = Cr/[Cr+A” ) and Mg (Mg =
0.48 to 0.52), and Ti0), and Ni0) contents are 0.05
wt.% and (.07 wt.% respectively, while Mn() 15
between 0.27 and 0.31 wt.% [Table 2). In magne-
e Ni10) content is less than 0,08 wit.% (Tahle 2).

Srp-ll contains 1.4—4.1 we.% NG (006016
apfu Ni) and 3.0-62 wi%% Fe (O, (0.11-0.23
apfu Fe), with an average stroctural formula of
Mg, Je, N AL S O OH),.  Figure 10
shows the relatonship among the octahedral
elements in Srp-1 and Srp-Il of Loma de Hierro,
compared to compositions of Srp-1 and II from the
literature (CGolightly and Arancibia 197%; Tanler
e al., 2017; Villanova-de-Benavent & af,, 2017).
There 15 a clear negative correlagon between Mg
and Ni (Figure 10a), as well as berween Fe and Mg
(Figure 10c), or Fe+Ni and Mg (Figure 10d), sug-
gesting that N1 and Fe exchanges with Mg in the
octahedral site of serpentine. Ni and Fe correlation
indicates that N1 content in Srp-11 increases more
rapidly than that of Fe Those results agree with
other serpentine mineral compositions reported in
the: hiterature,

Their structural formulae usually @mve a sg-
nificant deficiency in octahedral cations [Table
i), which has also been observed in Srp-11 from
Indonesia (GGolightly and Arancibia, 1979) and in
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Back:canered electron microscope (SEM-EDS-BS) images of (a-b) the protolith, (c-f) the zaprolite horizon and (g-h) the limonite
horizon. {(a-b) SEM-EDS-BS images of zample A-14, chowing grains of magnetite (Mag) and Crspinel (Chr). (c-d) SEM-EDS-BS images of
sample A-1, showing the formation of Srp-ll and garnieritez (Grn) in fractures crossing protolith forming minerals. (e-f) SEM-EDS-BS
images of zample B-10, showing the relationship between magnetite, Srp-Il, and Mn-oxy-hydroxides. (g) SEM-EDS-BS image of goethite
{Gth) in sample B-13. (h) SEM-EDS-BS image of Mn-oxy-hydroxides with Co, Ni, and Fe in zample B-11.
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Table 2. Representative electron microprobe analyses (in wit3) and structural formulae (in atoms per formula unit, apfu) of forsterite,
enctatite, magnetite and Cr-<pinel of Loma de Hierro samples.
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the Falcondo miming distnct (Tauler & al, 2017). Figure 11). Furthermore, garmientes from Loma

This deficiency 15 more important with higher N de Hiermo follow the same trend as those examined

and Fe contents, in Villanowva-de-Benavent & al. (2016) by transmis-

Composiional analyses shown in Table 3 sion electron microscopy, as they yield relatvely

sugrest that garmerites from Loma de Hierro are high Xi contents and have a high ale component.

mixtures between serpentne and a talc-like phase In the bhmonite honzon, goethite exhibits

kerolite-pimelite), with a Ni content ranging from substitution of Fe by Al (up to 22 wt.% ALO,;

19 to 22 wit % NiC) (1.24-1.53 Ni apfu, calculated Figure 12a, Table 4) and Ni contents up to 2

on the basis of 11 oxygens), and they are Fe and wit.% Ni(), although in most cases N1 contents

'E Al poor (Al 15 below detection limit). As displayed are neghmble (Figure 12h). The average content

g in Figure 11, these mixtures are kerolite-pimelite of Ni() in goethite 15 close to 0.5 wi.%. Analyses

3 dominated (tale percentage ranging from 71 to 75 showing the highest N1 concentratons also show

i wt.%a). They have similar compositions o the com- the highest amounts of Co (up to 0.6 wt.% Co()

" position of Loma de Hierro garmierite of Soler o and Mn (up o 5 wr.% Mn(}), these three elements

= al, (2008; 63 we% talc), to those reported in the being directly correlated (Figures 12c and 12d).

E Falcondo mining district, Dominican Bepublic The sigmficant Mn content in the monite hori-

':% Villanova-de-Benavent & al., 2014; Tauler & al, zon (Figure 5c) 15 explained by the abundance of

2 2017}, and to those described by Wells of al, (2009 Mun-oooy-hydrocades ocourning as black sheets and

a and Cathelineau & al. (2016) in New Caledonia plates. These mov-hydrosades have a Mn content
§
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from 22 to 41 wt.% MnO, with an average of 37
wt.%; a Co content from 2.6 to 13 wt.% CoQ),
with an average of 8 wt.%; and a Ni content from
8 to 20 wt.% NiQ), with an average of 15 wt.%. In
Table 4, three selected Mn-oxy-hydroxide analyses
are given (for maxaimum values of MnQ, NiO, and
Co0), as well as the average of all the analyses,
Mn-oxy-hydroxides comprehend a set of different
minerals, some of them with a poorly defined
stoichiometry: lithiophorite ((ALLi)MnQO,[OH),),
(CoNi),_{(MnQO,), (OH), . ., (HO),
hithiophorite-asholane intermediates, crypto-
melane ]\'.\‘ltl"ill\ln;"g()‘,.\i. and  pyrochroite
Mn(OH) ) (e.g., Roqué-Rosell et al., 2010). Accord-
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ing to their composition, Mn-oxy-hydroxides from
Loma de Hierro have been mosdy identified as
lithiophorite-ashbolane  intermediates  although
some of them have a higher asholane component
(Figure 13). These hthiophonite-asholane interme-
diates, together with lithiophonte, have also been
identified in Moa Bay (Cuba), with values up to 22
wt.% Ni (Roqué-Rosell ¢ al., 2010; Aiglsperger ef
al., 2016), in New Caledonia with up to 15 wt.%
NiO (Dublet etal., 2017), in Loma Ortega (Domin-
ican Republic) with up to 23 wt.% NiO (Tauler e
al., 2017), and in Wingellina (Australia) (Putzolu
et al., 2018). Since the crystal structures of these
minerals (mostly asbolane) are not well known,
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Comparizon between the major octahedral elements in Srp-1 and Srp-ll in the zamples of Loma de Hierro. (a) Ni-Mg. (b) Ni-Fe.

{c) Fe-Mg. (d) Ni+Fe-Mg. Values are in wt%. Areas represent the values for Srp-l and Srp-ll of Loma Ortega (Dominican Republic; Tauler
et al, 2017), Indonesia (New Caledonia; Golightly and Arancibia, 1979), and Yamaniguey (Cuba; Villanova-de-Benavent et al, 2017).
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they cannot be identified nor quaniified by XRPD. plastic deformation at high temperatures. This
However, the amount of Mn-oxy-hydroxides in harzburgite has been only shightly primarily ser-
limonite samples can be estimated to be around 3 pentinized, so that in the saprolite horizon most
wt.%, by assuming both the whole rock (in wi% phyllosihicates are secondary m ongmn. “The wan-
MnO from XRF and IGP-MS analyses) and the sition from hard rock to saproliee 15 gradual, with
maneral Mn() content (in wit.% :"n[r'.{). from EMPA joined blocks of harzburgite becoming sparser,
analvses). and rounded corestones being found wathin the

Srcandium has been detected in some analyses saprolite (1.e. sample A-14). Very often, these
of goethite, showing values up o 001 wr% (100 blocks are coated by garmente.

ppm), although in most of them Sc was below

T 7.1. ELEMENTAL MOBILITY IN THE WEATHERING
detection limat,

]

=

o PROFILE

=

= 7. Discussion In the protolith, the dismriboton of the relevane
aala

< major element oades among the main minerals
E Permographic and mineralogical observations, as mcicate that Mg and S are contained in forster-
T well as whole rock chemical analyses, permitted us ite, enstatite, and Srp-I; Fe 15 present in the above
3 to conclude that the protolith consists of mantle phases plus magnetite and Cr-spinel; and Al
E harzhurgite tectonites that have expernenced a very scarce (1 wt.% Al O, is contained in minor
|
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Nép

%

Mi
L N E N Ternary plot showing the electron microprobe analyses (EMPA) of selected garnierites of the saprolite horizon (green dots;
madified from Villanova-de-Benavent et al, 2014; Sep = sepiclite, Fal = falcondoite, Ker = kerolite, Pim = pimelite, Lz = lizardite, H&p =

Mg+ Fe

nepouitel. Srp-l and Srp-ll EMPA analyses have also been plotted for a sake of comparizon. 5i, Mg, Fe, and Mi are in atoms per formula
unit. The shadowed area represents the compositional field of gamierites from the Falconde mining area (Dominican Republich from
Tauler et al (2017) and Villanova-de-Benavent et al (2014) in blue and of garmierites from Mew Caledonia, from Cathelineaw et al
{2016) in gray. Orange dot is garnierite composition of Loma de Hierre reported in Soler et al (2008). Gray squares are New Caledonia
gammierite compositions reported in Wells et al (2009).

chlonite and Cr-spinel (both less than 1% modal),
The Fo/En molar ratio 15 about 3, inchcatng that
complete serpentimzation would yield an excess of
forsterite, which will be eliminated by dissolution
during the supergene stage.

Forsterite  dissolution by acidic weathering,
according to reaction 1, results in an increase of
porosity, even i silica were retained as an amor-
phous slica gel. This s reflected by the increase of
the 51/ Mg molar ratio, from (1.7 in the protolith o
.95 at the top of the saprolite horizon, near the

My discontnuity.
Mg 5i0), + 4H™ = 50, + Mg + 2H,0 «l

The preservaton of rock structure in the saprolite
suggests a replacement of forsterite and enstatite
by serpentine (Srp-1I) and/or kerolite. Assuming
total retenton of slica and maxdmum conserva-
ton of mass in the minerals ('which 15 not the case),
the net reactions from forsterite (dominant in the
protolith) can be written as

IMg,Si0, + 2H+ + HO =
Mg 8i,0,/0H), + Mg r2

3/2Mg,Si0, + 5/28i0 faq) + HO =
Mg 8,0, [OH), 3

The equivalent reactions from enstatite would be

given by
SMgsi0), + IH, 0 = Mg, 5, 0,(0H), + 510, 4

IMgSIO, + 5i0 jag) + H,0 =
Mg,Si,0, [OH), L5

The formanon of serpentine (Srp-11) from forster-
ite and enstatite weathenng according to r.2 and
r4, and that of kerolite, more famworable under
higher 51/Mg aqueous concentration ratios ((zali
et al, 2012), (c3, r3), may explain the formation
of the secondary phyllosilicate mixture identified

in the feld.
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Table 4. Representative electron microprobe analyses (in wit%) and structural formulae {(in atoms per formula unit, apfu) of goethite and
the asbolanedithiophorite intermediate minerals of Loma de Hierro samples. The maximum content of Mn (Max{Mn]), of Ni (Max{Ni}} and
of Co (Max(Ca)) is included in the asbolane-lithicphorite intermediate minerals, as well as the average analyses of all samples.
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The newly formed Srp-I1 is quite different from
Srp-L. Srp-1, which 15 only observed in the proto-
hith, indicating that its composition is essentally
unstahle in weathering conditions, 15 Al-poor, and
has half the Fe and more than one order of mag-
mituce less Ni compared to either the coexdsting
forsterite or enstatte [Table 2. In the saprolie
horzon, Srp-11 15 ennched in Fe by a factor of 1.5
from 3 to 5 wi.% Fe()) and in X1 by more than
two orders of magmitude (from 00,02 w0 & wi %
MNi(Y) compared to Srp-l. It has been shown [(for
a review, see for mstance Villanova-de-Benavent «f
al., 201 7) that this change in compositon stabilizes
serpentine in the laterinc environment. In partic-
ular, S3rp-I1I may be descobed as a three-compo-
nent solid solution of the end members hzardite,
Myg,5,0,(0H),, népoute NiSi, 0, /0H], and
Fe(lll}-serpentine Fe 8i O, (OH),, that lowers the

equilibrium constant for dissolution by 2 o 5 log

K units. The detailed mechanism of formation of
such a sohd solution 15 controversal.

Fe released m the dissolunon of olvine and
pyroxene  precpitates as  Fe[lID-oor-hydooades,
Magmetite 15 also frequenty omadized to goethite

afterwards (r.6).
Fe 0+ 3/2HO0+1/40,=3F00H b

The ransition to the limonite horizon is marked by
a clear Mg-discontimuty (Figure 4). This hmonite
honzon concenirates the highly insoluble elements
Fe, Al and Cr included in inherited manerals that
resisted weathering, such as magmetite and Cr-spi-
nel, or in newly formed phases such as goethie,
hematite, and mbbsate (Figure 4, Table 1.

SEM images show an astomshing variety of
microstructures and reactions in all these minerals,

which include several processes of cementation of
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quartz by oxy-hydroxades, alteration of Cr-spinel
post-magmatc), transformation of goethite to
hematite and vice versa, phyllosilicates pseudo-
morphed by goethite and gibbsite, and a variety of
mixtures of amorphous Fe-oxy-hydroxides (Fig-
ures 8g and 8h). Mn is retained in black, poorly
crystalline nodules identified as minerals of the
lithiophorite-asholane series and asbolane (Figure
9h).

The remarkable Al O, content in the limonite
honzon, which i1s related to the high amount
of gbbsite detected by XRPD, has also been

observed iIn other Ni-laterites wordwide [(eg.,
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the hydrous Mg silicate-type deposits of Cerro
Matoso, Colombia (Gleeson ef al., 2004} and Loma
Canbe and Loma Peguera, Domimican Republic
Aiglsperger et al., 2016), and the oxide-type later-
ites of Nkamouna, Camercon (Lambiv Dzemua
et al., 2013) and Moa Bay, Cuba (Aiglsperger e
al., 2016)]. In all cases, the protolith 15 not sub-
stantially rich in Al (<2 wt.% ALO,), but the Al
content increases upwards in the profile. In par-
ticular, ALO, reaches 6-10 wt.% in the ferricrete
and 8-10 wt.% in the hmonite of Cerro Matoso,
32 wt.% in the ferricrete and 10-23 wt.% in the

limonite of Loma Canbe, 26 wt.% in the ferrc-
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(0 TR Pl Element correlation in goethite from EMPA analyzes. (a) Fe,0,-AL O (b) Fe, O -NiO. (c) NiO-CoO. (d) MnO-CoO. From the
samples of Loma de Hierro. Values are in wt%.
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rete and 4 wt.% in the imonite of Loma Peguera,
20-25 wt.% n the limonite and ferricrete breccia
of Nkamouna, and 15 wt.% in the dunicrust and
8-10 wt.% of the hmonite of Moa Bay. This 1s
correlated with important amounts of gibbsite
and kaolinite (eg., up to 22 wt.% gbbsite in the
ferncrete and 7 wt.% kaolinite in “tachyhite™ of
Cerro Matoso). In Cerro Matoso, the protolith is a
lherzolite with harzburgite and dunite, containing
forsteritic olivine, orthopyroxene, and chnopyrox-
ene. In the Domimican latenites, the protolith is
mainly harzburgite and dunite, and in Moa Bay, it
is harzburgite. Hence, they may all contain sigmif-
icant amounts of Al-bearing pyroxene, explaining
the higher Al contents, which, together with Fe,
Ni, Co, and Mn, would ulimately concentrate in
the upper honzon.

The overall REE contents in the Ni-laterites
are very low when compared to conventional REE
ore deposits (eg., Chakhmouradian and Wall,
2012), but they are similar to REE contents mea-
sured in other laterite deposits of the Caribbean
area. In Moa Bay (Cuba), Y REE concentrations
are low in the unweathered harzburgite (~0.1
ppm), vary from | to 3 ppm in the saprolite, and

Al a

Lithiophorite

"Lithiophorite-asbolane intermi
(Moa Bay laterites)

@ | Boletin de la Sociedad Ceologica Mexicana [ 72 (3) | A050620/ 2020

are higher in the limonite (15 to 68 ppm) (Aigl-
sperger et al., 2016). In Loma Canbe (Falcondo,
Dominican Republic), the parent rock contains
0.6 ppm Y REE, the saprolite contains 0.9 to 1.6
ppm Y REE, and the limonite concentrates 37 to
335 ppm Y REE. In Loma Peguera, the contents
of REE in the parent rock, saprolite, and imonite
horizons are 0.2, 0.5 to 6, and 122 to 171 ppm
Y REE, respectively (Aiglsperger e al., 2016). In all
cases, REE contents in saprolite and imonite hori-
zons are enriched with respect to the protolith, as a
result of the decomposition of REE-bearing min-
erals due to the weathering process. REE aqueous
complexes move down the profile but are removed
from the aqueous phase by mineral precipitation
or sorption processes once pH increases.
However, note that in Loma de Hierro, the
highest Y REE contents (up to 81 ppm) are found in
the upper saprolite horizon, just below the limonite
horizon, while in the aforementioned Caribbean
laterites and in other deposits such as Wingellina
Ni-Co oxide-type laterite deposit (Australia) REE
are mainly concentrated in the imonite horizon
(e.g., Aiglsperger et al., 2016; Putzolu « al., 2019).
Aiglsperger et al. (2016) and Putzolu et al. (2019)

A\ \ \ \ N\ N\ \ Ay \ % Ai \ \ \ \ A\ \. \ Y \ A
Co

(T TICRE N Ternary diagrams zhowing the compositions of Mn-oxy-hydroxides analyzed with electron microprobe analyzez (EMPA). (2)
Mn-Al-Co. (b) Al-Co-Ni. Modified from Roque-Rozell et al, 2010.
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ohserved a positive correlation between REE and
Mn0) or Fe, (3, content in the limonite homizon., In
Loma de Hierro, despite the highest REE concen-
tration in the saprolite horizon, this correlation is
also observed (Figures 5c and 5d) suggesting that
EEE can accumulate in Fe/Mn-bearing oxov-hy-
droxades. These oxides have been identfied, and
despite being in low amount, the preferential Fes
Mn-oxy-hydroxides scavenging of LEEE instead
of HEEE [due to the highest stahility of HEEE-hu-
mic acids aqueous complexes] may explain the
negative continuous slope for LEEE  ohserved
in Figure & (Sanematsu and Watanabe, 2016).
Moreover, in this imonite honzon, there 1s a slight
positive Ce anomaly, which indicates the oxadation
of CefIII) to Ce(IV) and probably precipitation of
Ce(IV) solid phases under the oxddizing conditions
prevailing in this horzon (eg., Adgslperger ef al.,
2016 and references therein). Ce content positively
correlates with Fe O, (Table 1), which is coherent
with the Ce fractionation and concentration in
the upper horzons of the deposit Mongelli o
al, 2014). The REE accumulation at the top of a
developed saprolite horizon with significant nega-
tve Ce anomalies below a thin EEE-leached zone
with positive Ce anomalies, as observed in Loma
de Hierro, is similar to the ion-adsorption-rype
FEE deposits of China descrbed in Sanematsu
and Watanabe (2016). These deposits developed
over granites and are characterized by REE being
preferentially sorbed onto kaolinite and similar
minerals. According to Sanematsu and Watanabe
(2016) and references therean, EEE fracoonation
due o sorpion is negligible at the iomic strength of
=0l water, and this would explain the planar slope
ohserved in Figure 6. However, more information
is needed to locate the mineralogy of REE, and
constrain the weathering conditions that occurred
i the Venezuelan latenites. In additon, more data
on worldwide distribution of REE in oxide, clay,
and hydrous My silicate-type Ni-laterites, together
with a detailed mineralogical characterization, is
paramount.

Co contents are hnked to Mn contents (Figure

12d) as in other laterite deposits (Llorea and Mon-

choux, 1991; Roqué-Rosell & al, 20010; Lambaiv
Dzemua ef al., 20135; Alglsperger ef al, 2016; Put-
zolu ef al., 2019). However, while in Moa Bay and
Falcondo the Mn—Cio association is mainly found
in the upper saprolite, in Wingellina, as in Loma
de Hierro, the most significant contents of Mn and
Co are found in the imomte horzon. According to
Putzolu & al. (2019), precipitation of Mn-ooy-hy-
drovdides is controlled by the vanaton of Eh and
pH in the profile. Accumulaton of Mnp-ocy-hy-
drocades i the transiion between saprolite and
limomite horzons has been frequently described
(Brand ef al. 1998). Dublet e of. (2017) suggested
that weathering of the protolith promotes the oxi-
dation of Mn(II) to Mn (111} and finally to BMn(IV),
which preapiates forming Mn-osoy-hydrosades
rather than being incorporated into goethite, This
precipitaton seems to be favored by a high humid-
ity and an alkaline pH, conditions that are likely to
b found at some depth from the surface, close o
the Mg discontimuty:

Sc contents in the limonite horizon of Loma
de Hierro (4070 ppm) are not as high as values
reported by Adglsperger ef al. (2016) in Moa Bay
(Cuba) and Falcondo [(Dominican Republic) lar-
ertes (70H80 ppm and higher) or by Teiter & al
(2019) in New Caledonia (40— 100 ppm). However,
they are similar to those measured in laterites
from Mew Caledonia (up to 70 ppm; Aadet (2008)
in Adglsperger & all, 20016), Oman (3585 ppm;
Al-Khirbash, 2016), and Austraha (1580 ppm;
Putzolu & af, 2019, In the Austraban laterites,
howewer, higher 3¢ concentrations were measured
in the saprolite honzon, contrary to that ohserved
in this study and in the other cited references.

¢ 18 considered to be imigally present in
pyroxene in the peridotve (Aiglsperger o al,
2016; Teutler &f al, 2019), substtuning for ferrous
iron and later concentrating in Fe(lll-beanng
minerals during laterizaton. This association
with Fe(lll} has also been observed m a latentoc
deposit in eastern Australia (Chassé of al,, 2017)
and in a bamate deposit in Greece (Vind of al,
2018). Sc may substitute for Fe(Ill) in the goethite
structure (Levard of al, 2008; Ulrich ef all 2019)
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or be sorbed onto Fe-omdes minerals (Chasse ef
al., 2017), but after recrystallizadon of goethite w
hematite, ¢ concentrates downwards leading to
further S¢ ennchment (Tewtder et al., 2019). Putzolu
et al. [2019) suggested that 5c may also substitute
for Fe{llI) in Fe(lll}-beanng layered silicates (eg,
montmortlonite or chlonie), although more stud-
ies must be done o clanfy this poine. In this stody;
only a few EMPA measurements have shown Sc
m goethite, Considening its low concentration and
the complexity of Fe-omyhydroade texture and
crystallimty, more efforts should be focused (g,
dedicated LA-ICP-MS analyses) on the mineral-
ogy of 3¢, and to better determine 5S¢ contents
m given minerals in order to improve the Sc
extraction methods.

7.2, MINERALOGY OF Ni

In the harzburgitic protolith, Ni is maimly found in
forstenite with values lower than 0041 wi.% NiCk,
also N1 content in enstatite 15 below 0.21 wi%
MNi(), while Srp-I i very poor in Ni (<0004 wt.%

a) AF-8-M plot
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MNi0). As seen in Figure 4, the most Ni-ennched
horzon in Loma de Hierro s the saprolite hor-
zom. This honzon 15 nich in Srp-11L with Ni() con-
tents close to 6wt %, Moreover, kerolite-pimelite
dominated garmentes are also present, with N
contents as high as 22 wi% Ni(), Goethite, the
main constituent of the imonite honzon, is poorer
in N1, showing a mean Ni() content of (L5 wt.%,
although In some cases 1t can reach valoes of 2
wt.%, Meanwhile, Mn-ooy-hydroades have, in
general, higher N1 ocontents (~15 wi% Ni(J).
Assurmng this average Ni10) content and that the
estimated amount of these Mn-oooy-hydroxides in
the samples 15 3 wi.%, Mn-ocy-hydrocades would
acconmt for approcamately 80% of the Ni() con-
tained in the imonite horzon.

According to the dassfication of Ni-latentes
by Brand e af. (1998) and Butt and Cluzel (2013),
which is based on the prncipal Ni-beanng miner-
als, the Loma de Hierro deposit can be classified
as a hydrous My silicate-type, which is consistent
with the thickness of the saprolite honzon com-
pared to that of the hmomtc horzon (Figure

AL,

%
=
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Molar ternary plots in the Al-Fe-Mg-5i space showing the weathering trends of ultramafic rocks and the ultramafic index
of alteration (UMI&), with data from this study and from Brazil (Colin et al, 1990), Greece (Eliopoulos and Economous-Eliopoulos,
2000, Colombia (Gleeson et al, 2004), Cameroon (Mdjigui et al, 2008; Ndjigui and Bilong, 2010), and Cuba and Dominican Republic
{Aiglsperger et al, 2016). {a) AF-5M ternary plot illustrating the general weathering trend of peridotites with initial loss of MgD
followed by loss of 5i0), and concomitant enrichment of A1,0, and Fe O, (b) A-5M-F ternary plot illustrating the weathering trend with

respect to A1,0, enrichment {bauxitization) or Fe 0, enrichment.
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4). Fe and Ni contents in Srp-11 are comparable
with those of other Canbbean hydrous Mg sih-
cate deposits. In the Yamamgiiey deposit (Cuba),
developed on serpentinized harzburgee and dun-
ite, Ni and Fe contents in Srp-I1 are in the ranges
199472 wt.% Ni0» and 2.2-15.6 wt. Fe,0,;
while m Loma Canbe, from the Falcondo mimng
area (Domimican FKepublic) and developed on a
serpentinized harzbungite, Ni and Fe contents in
Srp-II range from 1.8 to 7 wi% NI and from
3.8 to 13.5 wt.% Fe,O, (Villanova-de-Benavent
et al, 2017). The contents of Ni() in Srp-11 and
kerolite—pimelite dominated garmierites in Loma
de Hierro are also stmilar to those measured in the
Loma Oriega depost, also from the Falcondo area
and classified as a hybrd-hydrons Mg silicate-clay
depost (<25 wt.% Ni() in Srp-11 and 23-36 wt.%
MNi(Y; Tauler et al. 2017).

7.3. CONTROLS ON THE FORMATION OF THE
WEATHERING FROFILE

As stated by many authors (Golightly, 1981, 2010,
Frevssinet ef al., 2005; Butt and Cluzel, 2013), the
main factors governing the formation and evolu-
iion of Ni-laterites are the parent rock (mineral
composigon, degree of imital serpentinizaton),
climate temperature, raimfall), water table, topog-
raphy (lulls, slopes, plateau), tectomes (uphit,
fractures), and age (exposure time). The present
climatic conditions in Loma de Hierro are char-
acteristic of a semi-humid tropical high forest,
with annual precipitation of 950 mm and mean
temperature of 19 °C, with a dry season from
December to March, Tectomic uphifi has been
important, probably early after the emplacement
of the ophiohtc unit, which represents an exposure
period lasiing for several My Iis alotude [~ 1500
m.a.5l.) combined with rather high emsion rates
has resulted in a mountainous relief, with slopes
up to 25 (46%).

In the studied profile, the Mg discontinury 1
also a marked physical discontinuity as there 1
an irregular, sharp surface (Figure 3a) between
the saprolite and hmomite horzons, easily seen

by the contrasing color and the change in the

mechanical consistency, texture and mineralog-
wal compositon of the matenals. This irregular
surface suggests that erosion left the terrane
exposed and the residual inconsistent hmonite
material was locally removed and redeposited,
replenishing the depressed areas of the eroded
surface, where fragments of duncrust (ferricrete)
can be found. As seen in Fygure 7, the amount of
Mg-bearing secondary minerals (egp kerolite] 1
still high ar the upper saprolite, consistent with a
sigmificant mechamical erosion. After uphft reju-
venated the relief dunng important elapsed tme
perods, emsion ransported weathered material
downwards, being erosion the dominant process,
However, when uplift ceased, weathering became
the dominant process and the emoded surface was
covered again by hmonite matenal. The blocks of
fractured harzburgte, separated by several cen-
tmeters, are often coated by garmernte that may
have precipitated due to oversaturaton of the
percolanng solutions, perhaps more accentuated
during the dry penods.

The wlramahc index of alteranon (UMIA),
defined by equation | (Adglsperger of al, 2016;
mspired by the mafic index of alieraton [MLA)
by Babechuk e al, 2014}, has been caleulated
for each sample and 15 shown in Table 1. UMIA
for the protohth in Loma de Hiermo has a value
of 3 while that of saprolite samples i= around 6,
consstent with values for umweathered pendotites
and saprolites shown by Aiglsperger o af. (2016)
m laterites of Moa Bay (Cuba) and Falrondo
(Dominican  Republic) (Figure 14a). Limonite
samples of Loma de Hierm, however, show values
from 53 vo 73, shghtly lower than those caloulated
by Aaglsperger of al. (2016) in the Canbbean area
(Figures 14a and 14h).

UMIA = 100 X [[ALO, + Fe,0,)/(ALO, + Fe,0,
+ S0, + MgO)] eq.|

Although there is a dlear loss of Mg and 5 in the
upper parts of the profile, the ennchment in Fe in
Loma de Hierro laterite is not as high as i other

latenites,
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The Loma de Hierro Ni-laterite deposit has been
classified as a hydrous-Mg-silicate-tvpe  deposit,
developed from a partially serpentinized harzbur-
giic pendogte (<007 wt.% Ni()). The saprolte
horzon is relatively thick (~17 m) compared
the poordy developed imonite horzon (>3 m) and
contains the main Ni-hearing minerals, Srp-I1
(14—4.1 wi% Ni()) and kerolite—pimelite domi-
nated Ni-rich garnierite miotures (~22 we.% Nic)),
The Emonite horizon is dch in goethite (~0.5 wt.%s
Ni(}) and Mn-ooy-hydromdades (~15 wt.% Ni())
which have been classified as hthiophonte-asho-
lane intermediates and asholanes.

The highest contents of Co (0,19 wit.% Co,0 )
and Sc (470 ppm) are found in the Emonite
honzon, but while Co is cleady associated with the
Mun-ooey-hydroxides in this horzon, Sc seems to be
assnciated with Fe-ooy-hydrosddes. Differing from
other Caribbean laterite deposits, the highest REE
contents are found in the upper saprolite horizon
1 ppm), below the Mg discontinuity, instead of
heing in the limonite horizon (40 ppm). REE data
from the limonite horzon suggest that they are
sorhed or coprecipitated within Fe-oooy-hydrorides.
In the saprolite this nk 1= not observed. A Ce
negative anomaly in the saprolite horzon suggests
the scavenging of Ce in the hmonite honzon by
precipitation as a Ce(IV) phase and explains the
higher content of Ce in limonite than in the sapro-
lite. More studies should be done to better clarify
the location of Co and 3¢ in the imonite honzon
and of KEE in the saprolite of Loma de Hiermo.

The combinaton of high erosion rates with
sequental uplifts perinds could have facilitated the
remowval and transport of the already formed hmo-
nite material, exposing again the saprolite to weath-
erng and resulting in a poordy developed hmonite
hornzon and a well-defined Mg discontinuity
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