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ABSTRACT

Nickel laterite deposits developed on ultra-
mafic rocks have traditionally been a signif-
icant source of Ni and Co and recently of
Sc. 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 study, we present
a geochemical and mineral description of the
main carrier phases of Niand Co in a complete
profile of the deposit. The selected weathering
profile has been developed from a partially
serpentinized harzburgitic protolith and has
a well-developed saprolitic horizon covered
by a thin limonitic horizon. The geochemical
signature of the profile is characterized by a
significant Mg and Si decrease towards the top
of the saprolite, with a clearly visible Mg dis-
continuity. The main Ni-bearing minerals are
secondary serpentine (1-4 wt.% NiO) and ker-
olite-pimelite-dominated garnierite mixtures
with serpentine (18-22 wt.% NiO). Limonite
is rich in goethite (0-1.85 wt. % NiO), gibbsite,
and Mn-oxy-hydroxides. The latter have inter-
mediate compositions between lithiophorite
and asbolane (2-13 wt.% CoO). The highest
Sc grades (40-68 ppm) were observed in the
limonite with amounts positively correlated
with Fe content. Rare earth elements are
mainly concentrated in the upper part of the
saprolite horizon (60-80 ppm), while they have
a lower content in the limonite (7-45 ppm). In
this horizon, rare earth elements are clearly
associated with Fe, indicating adsorption and/
or coprecipitation. This association was not
observed in the saprolite, suggesting that other
minerals (e.g, clay minerals) are controlling
their concentration; more information is
needed to identify the rare earth element-bear-
ing minerals. The lateritic profile of Loma de
Hierro can be classified as representative of
hydrated Mg silicate deposits, and was formed
in a context of continuous tectonic uplift and a
low water table conditions favoring the devel-
opment of a thick saprolitic horizon and the
precipitation of kerolite-pimelite-dominated
garnierites.

Keywords: Nickel, cobalt, Loma de
Hierro, laterite, critical metals.

RESUMEN

Los depésitos lateriticos desarrollados sobre rocas ultra-
mdficas han sido tradicionalmente una_fuente significa-
twa de Ny Coy recientemente de Sc. Aunque el depésito
de Loma de Hierro (Venezuela) ha estado mds de 50
afios en explotacion, adolece de estudios detallados sobre
la composicion mineraldgica y geoquimica del perfil
lateritico. En este estudio presentamos una descripcion
geoquimica y mineraldgica, incluyendo las principales
Jases portadoras de Ni y Co, de un perfil completo de
este depisito. El perfil se ha desarrollado a partir de
un protolito harzburgitico parcialmente serpentinizado.
Presenta un  horizonte saprolitico bien desarrollado
cubterto por un delgado horizonte limonitico. El Mg y
St disminuyen hacia la parte superior de la saprolita y
la discontinuidad de Mg se identifica claramente. Los
principales minerales portadores de Ni son serpentina
secundaria (1-4% en peso NiO) y garmieritas con
una composicion de mezcla entre kerolita-pimelita y
serpentina en menor medida (18-22% en peso NiO).
La limonita es rica en goethita (0-1.9 % en peso
NiO), gibbsita y oxihidroxidos de Mn, de composicion
intermedia entre litioforita y asbolana (2-13% en peso
C00). Las concentraciones mds elevadas de Sc (40-60
ppm) se encuentran en la limonita y se correlacionan
positivamente con los contenidos en Fe. Los elementos
de tierras raras se concentran principalmente en la parte
supertor del horizonte de saprolita (60-80 ppm) y la
limonita tiene un contenido menor (7-45 ppm). En
este horizonte, los elementos de las tierras raras estdn
claramente asociados al Fe (adsorcion/coprecipitacion),
asoctacion que no se observa en la saprolita, lo que
sugiere que otros minerales controlan su concentraciin.
El perfil lateritico de Loma de Hierro se puede clasificar
como representativo de depdsitos tipo silicato de Mg
hudratado. Se formd en un contexto de levantamiento
tectonico continuo y un nivel fredtico bajo, condiciones
que_favorecieron el desarrollo de un horizonte saprolitico
de gran espesor y la precipitacion de las garmeritas
dominadas por kerolita-pimelita.

Palabras clave: Niquel, Cobalto, Loma
de Hierro, laterita, metales criticos.
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1. Introduction

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

Worldwide, the estimated land-based resources
of nickel are about 150-300 Mtons, 40% of which
are found in magmatic sulfide deposits, and 60%
in laterites (Gleeson et al,, 2003; Kuck, 2013).
Ni-laterite deposits are mainly found in New
Caledonia, Indonesia, the Philippines, Australia,
Brazil, and the Caribbean area. The global mine
production of Ni has greatly increased in the
period 2000—2018, reaching values close 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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1 1

Ni-laterite deposits form from the chemical and
mechanical weathering of partially or totally ser-
pentinized ultramafic rocks (dunites, harzburgites),
exposed to the surface under favorable climatic 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
(geological and hydrological context, temperature
and rainfall, weathering process duration; e.g., Fre-
yssinet et 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 inherited from the protolith, and
a limonite horizon at the top. The limonite hori-
zon 1s composed mainly by goethite that evolves to
hematite with time (Golightly, 1981, 2010).

During the ore-formation process triggering lat-
eritization, the interaction of slightly acidic mete-
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m Distribution of ophiolitic peridotites containing Ni-laterite deposits around the margins 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 Matoso (Colombia) and Sierra de Santa Cruz (Guatemala). Modified from Lewis et al. (2006) and Aiglsperger et al. (2016).
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oric waters with the ultramafic protolith causes the
release of Mg and Si, which are transported down-
wards. In the limonite zone, Ni is mainly retained
by goethite (adsorbed or substituting Fe in the min-
eral structure) and by minor Mn-oxy-hydroxides
(Roqué-Rosell ¢t al., 2010; Dublet et al., 2015 and
references therein). With time Ni is remobilized
and redeposited at depth. In the saprolite zone, N1
is mainly found in garnierite (e.g., Wells e al., 2009;
Villanova-de-Benavent ¢t al., 2014; Cathelineau et
al.,2016) and/or secondary Ni-rich serpentine (e.g.,
Golightly and Arancibia, 1979; Pelletier, 1996; Vil-
lanova-de-Benavent ¢t al., 2017) and smectite (e.g.,
Tauler et al., 2017; Putzolu et al., 2020).
Ni-laterites are usually classified into three
categories according to their dominant Ni-bear-
ing mineralogy. Oxide laterite deposits are those
in which Ni is mainly associated with Fe- and
Mn-oxy-hydroxides (e.g., goethite and lithio-
phorite-asbolane, respectively); clay silicate
deposits are dominated by Ni-rich smectites; and
hydrous Mg silicate deposits mainly have Mg—Ni
phyllosilicates (including garnierites; Brand et al.,
1998; Freyssinet et al., 2005). Hydrous Mg silicate
deposits generally have the highest Ni grades
(1.8-2.5 wt.% Ni) and are characterized by a thick
serpentine-dominated saprolite horizon covered
by a thin limonite horizon. Ni mean grades in
oxide-type deposits range from 1.0 to 1.6 wt.% Ni
(Butt and Cluzel, 2013 and references therein).
The main Ni-lateritic deposits discovered so far
have developed in equatorial and tropical areas
(latitude £ 26°; e.g., New Caledonia, Indonesia,
Philippines, Cuba, Dominican Republic, Ven-
czuela, Colombia, and Brazil). However, many
laterite-endowed mineral districts (e.g., Greece,
Urals, and Australia) also occur at higher latitudes
and are generally classified as paleolaterites (Fre-
yssinet e al., 2003). The petrography, mineralogy,
and geochemistry of the most important Ni-lat-
erite deposits situated in the northern part of the
Caribbean plate (Cuba and Dominican Republic)
have been recently revised and updated (e.g., Vil-
lanova-de-Benavent et al., 2014; Proenza, 2015;
Aiglsperger et al., 2016; Domenech et al., 2017;

Roqué-Rosell ¢t al., 2017; Tauler et al., 2017). In
the southern margin, the most important deposits
are in Colombia (Cerro Matoso) and Venezuela
(Loma de Hierro; Figure 1).

Regarding the Venezuelan deposits, very few
studies have been published, apart from the work
of Soler et al. (2008). Recently, the technical shut-
down of the Loma de Niquel exploitation and
nickel production plant in Loma de Hierro (50
km SW 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 is to 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 description of the horizons, and the
general mechanism of formation and enrichment
in N1 is discussed taking into account the com-
position of the protolith and the role of climate,
topography, elevation, and time of exposition.

2. Geological setting

2.1. LOMA DE HIERRO Ni-LATERITE DEPOSIT

The Loma de Hierro unit, where the mining area
exists, 1 aligned W—E and is part of an elongated,
deformed belt in the southern Caribbean Plate
margin (Figure 1; Lewis e/ al. 2006). The south-
ern margin of the Caribbean Plate is represented
by the late Cretaceous Dutch and Venezuelan
Islands and the northern Cordilleras of Venezuela
(Giunta et al., 2002a). Like the northern margin,
the southern margin consists mainly of trans-
pressive or strike-slip shear zones, and includes
Jurassic to Cretaceous ophiolitic complexes
cropping out along suture zones, such as that of
Venezuela (Giunta et al., 2002b). This southern
margin is formed by a thrust belt with a set of late
Cretaceous south-vergent oceanic and continental
tectonic units that have been progressively affected
by brittle and ductile deformation related to W-E
strike-slip faults (e.g., La Victoria Fault, Figure 2;
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Simplified geological map of the study area showing the location of the Loma de Hierro laterite deposit. Simplified from
Hackley et al. (2006).

Giunta et al., 2002b). The Franja-Costera unit 2.2. THE LOMA DE HIERRO Ni-LATERITE DEPOSIT
(not shown in Figure 2), is an early Cretaceous

ophiolitic mélange that overthrusts southwards the The Ni-laterite deposit of Loma de Hierro is

northern border of Serrania de la Costa (Giunta e located 50 km SW of Caracas, in the northern-cen-

al.,2002a). The Serrania de la Costa comprises the tral part of the country, and extends roughly W—E

Paleozoic metamorphic association (orthogneisses in a series of hills in the mountain ranges of Ser-

and schists) of the Avila unit (Urbani, 2005) and rania del Interior. The area mined for nickel by the

the late Jurassic carbonate-terrigenous sequences state company Loma de Niquel C.A. has a length

of the Caracas unit (Figure 2). of about 15 km with WSW-ENE direction, and a

The Caucagua-El Tinaco unit, in the Serrania width from 1 to 7 km, between the states of Ara-
del Interior, overlies the Serrania de la Costa. It is gua (west) and Miranda (east). Its coordinates are

a pre-Mesozoic basement covered by Cretaceous 10°09-10°10'N and 67°08-67°06'W, and has an

volcanosediments, basalts, dolerites, and gabbros altitude of ~1300 m.a.s.L.

(Figure 2; Giunta e/ al., 2002a). The Loma de In 1941, laterite soils from Loma de Hierro
= Hierro unit appears to the south of the Cauca- were discovered as a potential source of nickel.
é gua-El Tinaco unit. It is an oceanic sequence of They were exploited until 1960, when the work
9 serpentinized mantle peridotites and Cretaceous was stopped as the hills were declared an area of
g metavolcanic sediments (Giunta et al., 2002a). special natural interest. After several studies on
E The Loma de Hierro unit i3 overthrusted by the the Ni-extraction economic interest and viability,
_'—f Villa del Cura unit, composed of early Cretaceous exploitation was resumed in 2001 by Anglo Amer-
§ wehrlite-clinopyroxenite cumulates and metamor- ican PLC. In 2015, the exploitation was assumed
E phosed serpentinized mantle peridotites, massive by the Venezuelan State, creating the company
T metabasalts and metavolcanic sediments (Giunta Loma de Niquel C.A., with an estimated reserve
s etal., 2002b). of 40 Mtons of nickel. In 2017, due to a technical
£
S
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GEOLOGICAL SETTING / MATERIALS
AND ANALYTICAL TECHNIQUES

Limonite

(a) Panoramic view of the laterite profile of Loma de Hierro, showing the location of the sampled area (b). (c) Detail of the
lowest part of the profile, showing the sampled saprolite horizon (d). (e, f, g) Detail of the serpentine-dominated saprolite 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

ferronickel 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 ticle size, dried, and homogenized. Major, minor

and trace element compositions were determined

A total of 33 samples were collected from an
exploitation front. The selected profile is ~25 m
thick and is characterized by three zones (from
bottom to top): the serpentinised peridotite pro-

at the Actlabs Laboratories (Ontario, Ganada) by
X-ray fluorescence (XRF) and inductively coupled
plasma mass spectrometry (ICP-MS; after acid
dissolution).
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Table 1. Concentrations of major and minor elements (in wt.%) as well as of trace elements (in ppm) in samples from the Loma de Hierro
laterite deposit.
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TECHNIQUES

| PR | A-01 Jl A04 ] A08 | A-13 | A-14 | B0t | B-03 |B-04-A] B-05 | B-07 | B-08 | B-10 || B-04-B | B-11 | B-12 |B-13/14]
| Depth(m) | 248 | 248 Jl 23.0] 178 | -142 ] 138 ] 133 ] 108 ] 98 | 88 ] 68 ] 56 ] 38 || 98 |
0.99 1.16 128 113 0.73 0.85 1.03 1.12 1.98 1.32 1.42 1.01 1.15 521 148 281 1091
0.85 0.69 0.59  0.65 0.53 0.87 0.75 0.48 0.27 0.42 0.4 0.41 0.11 0.12 0.01 0.0l <0.01
0.40 0.51 0.61 0.38 0.58 0.46 0.53 0.65 0.55 0.82 0.6 0.54 0.67 3.16 235 167 075
0.016 0.015 0.018 0.015 0016 0015 0016 0.023 0017 0019 0025 002  0.026 0.183  0.174 0.189  0.022
0.005 0.006 0.007  0.007 0.007 0.008 0.006 <0.005 0.01  0.008 0.008 <0.005 0.009 0.023  0.019 0013 0.015
8.59 9.96 1145 908 1026 863 925 1351 1274 992 1279 1341 1256 57.84  57.33 3584 5842
0.04 0.01 0.01  <0.01  0.01 0.01 0.03 0.01 0.01 0.01  <0.01 <0.01  0.01 <0.01  <0.01 <0.01 <0.01
43.17 34.96 31.03 3741 3803 41.73 3501 3241 31.17 31.77 2846 29.80 31.18 3.23 0.66  0.41 0.1
0.125 0.121 0.151 0.111 0.124 0.126 0.121  0.174 0.132 0.127 0.178 0.152  0.167 1409  1.071 0955 0.068
0.07 0.03 0.02  0.03 0.06 0.10 0.07 0.05 0.03 0.04 0.02 0.02 0.03 0.01 <0.01 <0.01 <0.01
! 1.72 2742 1223 1.092 0712 1464 1329 153 1203 1.900 1.627 2.108 1.776 0514 0216 0.131
<0.01 <0.01 0.01 <0.01 <001 <001 <001 001 <001 <001 001 0.01 0.01 0.01 0.01 0.0l  0.05
4321 4259 4298 4263 41.06 43.54 4295 4154 4083 4208 4291 4251 3926 16.84  10.06 15.08 15.49
0.02 0.01 0.02  0.02 0.01 0.01 0.02 0.01 0.03 0.01 0.02 0.02 0.02 0.03 0.05 0.4  0.08
/0 0.010  0.010  0.009 0.007 0.009 0.006 0.009 0012 0.009 0014 0012 0012 0.1 0.05  0.043 0.026 0.026
LOI 2.45 7.29 827 632 718 327 893 8.63 1054 10.73 992  9.65 1166 9.06 1166 16.65 13.47
9 11 13 8 9 10 9 13 13 13 17 13 14 68 67 40 43
| Be S| <1 <1 <1 <1 <1 <1 <1 2 <1 <1 <1 5 4 <1 <1 <1
36 48 52 31 35 40 35 56 54 59 63 59 59 266 240 142 128
[ 2850 3470 4170 2530 3850 3150 3400 4330 3550 5530 4180 3560 4510  >10000 >10000 >10000 5050
117 115 140 110 120 114 116 155 122 140 176 146 187 >1000  >1000 >1000 141
2540 10000 10000 8990 8160 5430 >10000 9350 >10000 9260 >10000 >10000 >10000 >10000 4360 2070 1040
Cu <10 <10 <10 <10 10 20 <10 <10 40 20 10 10 20 130 70 60 90
50 60 70 120 420 60 70 220 770 60 170 80 1560 480 210 120 100
1 1 1 <1 <1 <1 <1 1 2 2 2 1 2 5 7 15 4
0.9 1.2 1.4 1.0 1.0 0.9 1.0 1.1 1.4 1.5 1.6 1.5 1.5 2.4 2.6 2.5 2.7
<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
| Rb S <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
3 <2 <2 <2 2 <2 5 2 3 2 2 < 2 < <2 <2 <2
4 2 4 1 <1 1 3 1 5 1 1 <1 <1 <1 <1 73 14
<0.2 <0.2 <02 <02 <02 <02 <02 <02 0.6 <02 <02 <02 <0.2 <0.2 0.8 107 3.6
<2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
<0.5 <0.5 <05 <05 <05 <05 <05 <0.5 <05 <05 <05 <05 <0.5 <0.5 <05 <05 <05
BT ! <0.1 <0.1  <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01  <0.1
<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sb 0.4 <0.2 <02 <02 <02 <02 <02 <02 0.2 <0.2 0.3 <02 <02 0.4 1.0 0.4 1.8
0.1 1.5 2.1 1.0 0.4 0.4 0.8 0.4 0.4 0.8 1.7 1.3 0.2 0.2 <0.1 0.1 <0.1
| Ba | 8 14 6 9 4 10 7 12 11 15 16 10 93 15 10 2
0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.09 0.01 0.01 0.01 0.01 0.01 006 111 032
0.8 <0.5 0.5 0.8 <05 <05 <05 13.0 0.8 0.5 <05 <05 <0.5 <0.5 13 <05 22
BT <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 11
<0.05 <0.05 <005 <0.05 <005 <0.05 <0.05 <0.05 <0.05 <005 007 <005 <0.05 0.13 0.15  0.15 <0.05
T o <0.1 <0.1  <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01  <0.1
0.08 <0.05  <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 057 <005 <0.05 <0.05 <0.05 <0.05 045  6.69 2.8l
0.02 <0.01 <0.01 <0.01 <0.01 0.0l <0.01 0.01 0.08 0.03 0.06 <001 026 0.21 034 042 036
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The same samples were analyzed using X-Ray
powder diffraction (XRPD). Diffractograms
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 6/260 geome-
try of 240 mm of radius, nickel filtered Cu Kal
radiation (A = 1.5406 A), 45 kV and 40 mA. The
samples were scanned from 4 to 100 (20) with a
step size of 0.017° and measuring time 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 Diffraction Data (ICDD). Min-
eral semi-quantitative analyses were performed by
the full profile fitting method (Rietveld method)
using the TOPAS V4 software and the American
Mineralogist Crystal Structure Database.

Minerals and textures were examined on polished
thin sections under optical microscope (OM) with
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 GCi'T-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 calibration stan-
dards used were wollastonite (Si, Ca), corundum
(Al), orthoclase (K), hematite (Fe), periclase (Mg),
rhodonite (Mn), NiO (Ni), metallic Co (Co), rutile
(Ti), albite (Na), Cr,O, (Cr), V (V), and Sc (Sc).

wt.% ppm
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m 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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Structural formulae were calculated on the basis

of 1.5 oxygens (goethite), 4 oxygens (olivine,

magnetite, Cr-spinel), 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-II) and

garnierite were obtained taking into account all Fe
as I'e(II), based on XANLES data on Srp-I, Srp-11
and garnierites from the Dominican Republic
(Roqué-Rosell et al., 2017). In addition, the molar
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percentage of the talc-like phase (kerolite-pimelite)
in the garnierite mixture was calculated using the
equation proposed by Soler ez al. (2008).

4. Whole rock chemistry

The concentrations of major and minor elements
(in wt.%) in selected samples from Loma de Hierro
are given in Table 1. Figure 4 shows the general
trend observed across the Loma de Hierro profile
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m Content of (a) NiO (in wt.%), (b) Co,0, (in wt.%), (c) MnO (in wt.%), (d) ZREE (in ppm), and (e) Sc (in ppm) versus Fe,O, content
(in wt.%), and (f) Co,0, (in wt.%) versus MnO content (in wt.%) of the samples of the Loma de Hierro Ni-laterite deposit. Dashed lines and

shadowed area show the equal residual enrichment trend.
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concerning the distribution of the major elements
(S1, Mg, Fe, and Al), relevant minor elements (INi,
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 SiO, and MgO. The saprolite zone presents
a quite similar content of Si (~42 wt.% Si0O,), 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.% SiO,), and
extremely low Mg concentrations (<3 wt.% MgO),
clearly defining the Mg discontinuity (Figure 4). In
the limonite zone, Fe and Al are the main compo-
nents, with concentrations of 38-58 wt.% Fe,O,
and 5-28 wt.% AL O,.

N1 1s enriched in the saprolite zone (1.1-2.7
wt.% NiO) compared to the protolith (<0.7 wt.%
NiO; Figure 5a). In the limonite zone, Mn and Co
concentrations are close to one order of magni-
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¢c and 5f).

The total REE concentration in the protolith
samples and the lower part of the saprolite horizon
is low, below 6 ppm. However, it increases up to
81 ppm in the upper part of the saprolite mainly
due to the contribution 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 chondrite-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 ¢t al., 2016, Ulrich et al., 2019). REE
patterns from the limonite zone have a negative
continuous slope from La to Lu, with slightly pos-
itive Ce anomalies. Sc contents are clearly higher
in the limonite zone (Figure 5e), 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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m Chondrite normalized rare earth element (REE) patterns from Loma de Hierro Ni laterite deposit. Normalization values are

from Anders and Grevesse (1989).
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5. Mineralogy and textures

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

The protolith consists of a slightly serpentinized
harzburgite. According to XRPD, harzburgite is
made up by olivine (65—70 wt.%) and orthopyrox-
ene (10—-15 wt.%), with minor amounts of lizard-
ite, chrysotile, and kerolite (10-15 wt.%), chlorite
(1 wt.%) and amphibole (in one of the samples, 4
wt.%; Figure 7). The lowest part of the saprolite
zone (represented by samples A-01, A-04, A-08,
A-13, and B-03) is characterized by still having a
significant amount of olivine (1346 wt.%) and
orthopyroxene (up to 15 wt.%; Figure 7), but the
main component are phyllosilicate minerals (up
to 68% wt.%; Figure 7). Lizardite and chrysotile
contents range from 16 to 35 and 2 to 7 wt.%,
respectively while kerolite content in sample A-04
is close to 36 wt.% and above 19 wt.% in the other
samples. This zone is also characterized by the
presence of minor amounts of garnierites (Soler
et al., 2008), described as a group of Ni-enriched
secondary phyllosilicates (including serpentine,
the “talc-like” kerolite—pimelite series, sepiolite,

chlorite, and/or smectite) often occurring as fine
grained, poorly crystalline, intimate mixtures (e.g.,
Brindley, 1978). Towards the surface, the upper
saprolite, represented by samples B-04-A, B-05,
B-07, B-08, and B-10, is poorer in olivine (0-6
wt.%) and orthopyroxene (<15 wt.%), and richer
in lizardite (27-35 wt.%) than the lower saprolite
horizon (Figure 7). Kerolite and chrysotile contents
are around 37 and 7 wt.%, respectively. Up to 16
wt.% of chlorite is observed within the upper sap-
rolite horizon. Finally, the limonite zone, at the top
of the profile, is characterized by a sharp increase
in goethite (40-57 wt.%), hematite (9-16 wt.%),
and gibbsite (4-35 wt.%). Quartz content ranges
from 2 to 17 wt.% (Figure 7).

Concerning textures, under OM and SEM
olivine in protolith displays undulate extinction,
and orthopyroxene has kink bands, indicating
plastic deformation at high temperatures. In addi-
tion, orthopyroxene may contain clinopyroxene
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 pyroxene
grains, and in fractures crosscutting them and
defining some subgrains (Figures 8a and 8b).
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Semi-quantitative representation of X-Ray powder diffraction (XRPD) results (in wt.%), obtained with Rietveld method. Ol
(olivine); Opx (orthopyroxene); Amf (amphibole); Lz (lizardite); Ctl (chrysotile); Ker (kerolite); Chl (chlorite); Qz (quartz); Mag (magnetite);

Chr (Cr-spinel); Gth (goethite); Hem (hematite); Gbs (gibbsite).



http://dx.doi.org/10.18268/BSGM2020v72n3a050620

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

N

protolith

Plane polarized light (OM) and crossed polars (OMx) optical micrographs of (a-b) the protolith, (c-f) the saprolite horizon
and (g-h) the limonite horizon. (a-b) Transmitted light optical images of sample A-14, showing well defined grains of enstatite (En)
and fractured forsterite (Fo) crossed by primary serpentine (Srp-l). (c-d) Transmitted light optical images of sample A-1, showing the
formation of Srp-ll in fractures crossing protolith forming minerals. (e-f) Transmitted light optical images of sample 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.
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Loma de Hierro Ni-laterite deposit
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The lower saprolite has a higher degree of alter-
ation of olivine, with serpentine minerals in frac-
tures and subgrain rims, and pseudomorphically
replacing orthopyroxene grains (Figures 8c, 8d,
and 9c¢). However, olivine and orthopyroxene
contents are still significant; the original fabric is
mostly preserved and porosity has increased due
to the dissolution of olivine subgrains. Most of the
serpentine minerals observed in this horizon were
formed during the laterization process and called
Srp-1I to discern them from Srp-I, of oceanic ori-
gin. Garnierites appear as fracture fillings (Figure
9d).

By contrast, the upper part of the saprolite
is brown, clumpy, and significantly more altered
than the lower saprolite. Srp-II practically replaces
pseudomorphically all orthopyroxene and olivine
grains (Figures 8e and 8f), but the original texture
of the rock has collapsed and porosity is reduced.
Limonite-horizon samples are brown to reddish,
formed by disaggregated material (suggesting
possible removal or transport along a few meters),
and with a complete loss of the original texture
(Figures 8g, 8h and 9h). According to OM and
SEM observations, magnetite (Mag) and Cr-spi-
nel (Chr) are identified as accessory minerals in
the lower saprolite zone (Figure 9a and 9b) and
the upper saprolite zone (Figure 9e). In the latter,
Fe- and Mn-oxy-hydroxides and chlorite are also
observed (Figure 9f). In the limonite zone, relict
Cr-spinel partially altered to ferrian chromite,
magnetite partially altered to goethite or hematite,
quartz, altered phyllosilicates, Mn-oxy-hydroxides
(Figures 9g and 9h), and minor amounts of rutile
and ilmenite have also been observed.

6. Mineral chemistry of the Ni-bearing
phases

In Tables 2—4, representative EMPA analyses and
structural formulae of the main minerals occurring
in the studied profile are given. In the protolith,
olivine has a forsteritic composition with an aver-
age composition of Fo, (Table 2). It is the main

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

carrier of Ni, with 0.4 wt.% NiO (compare with
0.33 wt.% NiO of the whole rock, Table 1). Since
forsterite represents about 70 wt.% of the protolith
(see Figure 7), it can be concluded that around 90
wt.% of the bulk Niin the protolith is contained in
olivine. Orthopyroxene corresponds to an enstatite
with an average composition of En,, characterized
by a Mg# “[Mg#=Mg/(Mg+Fe)]” ranging from
0.91 t0 0.92. The AL O, content of enstatite ranges
from 0.44 to 3.03 wt.%, while that of CaO varies
from 0.20 to 3.38 wt.%. Cr and Ni contents are
below 0.9 wt.% Cr,O, and 0.2 wt.% NiO (Table
2). The content of Ni in Srp-I is not higher than
0.4 wt.% NiO (< 0.02 atoms per formula unit
[apfu] Ni), while Fe ranges from 2.85 to 5.42 wt.%
FeO (0.11-0.22 apfu Fe; Table 3, Figure 10). Its
average structural formula is (Mg, Fe  /Ni | Al )
Si, (O, (OH),). Cr-spinel is rich in Al (Cr# = 0.48
to 0.52;” Cr# = Cr/(Cr+Al” )); and Mg (Mg# =
0.48 t0 0.52), and T1i0, and NiO contents are 0.05
wt.% and 0.07 wt.% respectively, while MnO 1is
between 0.27 and 0.31 wt.% (Table 2). In magne-
tite N1O content is less than 0.08 wt.% (Table 2).

Srp-II contains 1.4-4.1 wt.% NiO (0.06-0.16
apfu Ni) and 3.0-6.2 wt.% Fe O, (0.11-0.23
apfu Fe), with an average structural formula of
<Mg2.'«1—2b‘e().lﬁNi[). 1 lAl(].(]8> Si?.()(io:')<OH>4' b‘igure 1 0
shows the relationship among the octahedral
elements in Srp-I and Srp-II of Loma de Hierro,
compared to compositions of Srp-I and II from the
literature (Golightly and Arancibia 1979; Tauler
et al., 2017; Villanova-de-Benavent et al., 2017).
There is a clear negative correlation between Mg
and Ni (Figure 10a), as well as between Fe and Mg
(Figure 10c), or Fe+Ni and Mg (Figure 10d), sug-
gesting that Ni and Fe exchanges with Mg in the
octahedral site of serpentine. Niand Fe correlation
indicates that Ni content in Srp-II increases more
rapidly than that of Fe. Those results agree with
other serpentine mineral compositions reported in
the literature.

Their structural formulae usually give a sig-
nificant deficiency in octahedral cations (Table
3), which has also been observed in Srp-II from
Indonesia (Golightly and Arancibia, 1979) and in
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mmckscattered electron microscope (SEM-EDS-BS) images of (a-b) the protolith, (c-f) the saprolite horizon and (g-h) the limonite
horizon. (a-b) SEM-EDS-BS images of sample A-14, showing grains of magnetite (Mag) and Cr-spinel (Chr). (c-d) SEM-EDS-BS images of
sample A-1, showing the formation of Srp-l1l and garnierites (Grn) in fractures crossing protolith forming minerals. (e-f) SEM-EDS-BS
images of sample 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 sample B-11.
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E % Table 2. Representative electron microprobe analyses (in wt.%) and structural formulae (in atoms per formula unit, apfu) of forsterite,

":E % enstatite, magnetite and Cr-spinel of Loma de Hierro samples.

Un

39 | |  Forsterite |  Emstaite | = Magnetite |  ChromiumSpinel |

xZ

§°<‘ 40.81  40.83  41.07 5653 5585 5495 5531 0.88 0.68 026 031 003 003 004 0.6

su 0.00 0.01 0.01 123 237 272 2.74 000 000 000 000 2524 2614 27.64 2637
0.01 0.00 0.03 0.04 0.00 0.00 0.02 0.00 0.01 0.03 000 001 002 001 0.03

Ca0 0.00 0.03 0.5 148 239 1.67 3.38 0.00 004 004 000 002 000 001 0.02

0.00 0.00 0.00 0.03 0.02 0.00 0.04 0.11 0.01 0.00  0.01 0.05 006 005 0.05
0.00 0.00 003 003 073 074 0.92 076 024 000 000 4158 3932 3828 38.86
50.12  50.77 5028 34.10 3353 3344 3229 0.28 056 022 034 1167 1138 1157 10.71
0.04 0.03 0.00 0.30 0.00 0.01 0.03 0.06 0.01 0.03 004 003 006 008 0.00
0.37 043 043 010 0.1 0.09 0.10 008 000 004 006 007 006 006 0.05
0.03 0.01 0.03 0.00 0.00 0.00 0.01 0.10 0.12 0.10  0.11 009 010 009 0.12
8.88 847 880 553 547 541 5.16 91.05 9144 8885 8933 19.09 2027 20.13 20.62
0.11 0.12 0.12 0.16 0.12 0.14 0.12 0.03 000 010 009 027 031 031 031
0.04 0.01 0.00 0.00 0.00 0.02 0.01 0.02 0.01 0.01 0.02 0.16 027 024 0.18
100.41  100.71 100.86 99.53  100.60 99.19  100.13 9335 93.12 89.68 9031 9830 98.01 9851 97.47

O (str.form) 4 4 4 6 6 6 6 4 4 4 4 4 4 4 4

0.994 0.990  0.995 1.962 1.925 1.917 1.919 0.033 0.026  0.011 0.012  0.001  0.001 0.001 0.005
0.000 0.000  0.000  0.051 0.096  0.112 0.112 0.000  0.000  0.000 0.000 0.929 0.965 1.008 0.979
0.000 0.000  0.001 0.002  0.000  0.000 0.001 0.000  0.001 0.001 0.000  0.000 0.001 0.000 0.001
0.000 0.001 0.001 0.055  0.088  0.062 0.126 0.000  0.002  0.002  0.000 0.001 0.000 0.000 0.001
0.000 0.000  0.000  0.001 0.001 0.000 0.001 0.003 0.000  0.000  0.000  0.001 0.001 0.001 0.001
0.000 0.000  0.001 0.001 0.020  0.020 0.025 0.023 0.007  0.000  0.000 1.027 0974 0.937 0.968
Mg 1.819 1.835 1.816 1.764 1.722 1.739 1.670 0.016  0.032 0.013 0.020 0.543 0.531 0.534 0.503
0.002 0.001 0.000  0.020  0.000  0.001 0.002 0.004  0.001 0.002  0.003  0.002 0.004 0.005 0.000

] |

=

lIIIIHI%IHIHHIHI

Ni 0.007 0.008  0.008 0.003  0.003  0.002 0.003 0.002  0.000  0.001 0.002  0.002 0.001 0.002 0.001

0 0.001 0.000  0.001 0.000  0.000  0.000 0.000 0.003 0.004  0.003  0.003  0.002 0.002 0.002 0.003

Fe 0.181 0.172  0.178  0.161 0.158  0.158 0.150 0.499 0531 0.521 0.543
Fe(ID) 0967 0975 0.988  0.986
Fe(III) 1.934 1.949 1.977 1.972

Mn 0.002 0.002  0.003  0.005 0.003 0.004 0.004 0.001 0.000  0.003  0.003  0.007 0.008 0.008 0.008

0.001 0.000  0.000  0.000 0.000  0.001 0.000 0.001 0.000  0.000  0.001 0.004 0.007 0.006 0.004
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the Falcondo mining district (Tauler ¢t al., 2017).
This deficiency is more important with higher Ni
and Fe contents.

Compositional analyses shown in Table 3
suggest that garnierites from Loma de Hierro are
mixtures between serpentine and a talc-like phase
(kerolite-pimelite), with a Ni content ranging from
19 to 22 wt.% NiO (1.24-1.53 Ni apfu, calculated
on the basis of 11 oxygens), and they are Fe and
Al poor (Al is below detection limit). As displayed
in Figure 11, these mixtures are kerolite-pimelite
dominated (talc percentage ranging from 71 to 75
wt.%). They have similar compositions to the com-
position of Loma de Hierro garnierite of Soler e
al. (2008; 63 wt.% talc), to those reported in the
Falcondo mining district, Dominican Republic
(Villanova-de-Benavent et al., 2014; Tauler et al.,
2017), and to those described by Wells ¢t al. (2009)
and Cathelineau ¢t al. (2016) in New Caledonia

(Figure 11). Furthermore, garnierites from Loma
de Hierro follow the same trend as those examined
in Villanova-de-Benavent ¢t al. (2016) by transmis-
sion electron microscopy, as they yield relatively
high Ni contents and have a high talc component.

In the limonite horizon, goethite exhibits
substitution of Fe by Al (up to 22 wt.% ALO,;
Figure 12a, Table 4) and Ni contents up to 2
wt.% NiO, although in most cases Ni contents
are negligible (Figure 12b). The average content
of NiO in goethite is close to 0.5 wt.%. Analyses
showing the highest Ni concentrations also show
the highest amounts of Co (up to 0.6 wt.% CoO)
and Mn (up to 5 wt.% MnQO), these three elements
being directly correlated (Figures 12c¢ and 12d).
The significant Mn content in the limonite hori-
zon (Figure 5¢) is explained by the abundance of
Mn-oxy-hydroxides occurring as black sheets and
plates. These oxy-hydroxides 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.% CoO,
with an average of 8 wt.%; and a Ni content from
8 to 20 wt.% NiO, with an average of 15 wt.%. In
Table 4, three selected Mn-oxy-hydroxide analyses
are given (for maximum values of MnO, 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)MnO,(OH),),

(Co,Ni),_ (MnO,), (OH), , ., . (H,0),
lithiophorite—asbolane intermediates, crypto-
melane  (KMn** Mn*,0 ), and pyrochroite
(Mn(OH),) (e.g., Roqué-Rosell et al., 2010). Accord-

asbolane

ing to their composition, Mn-oxy-hydroxides from
Loma de Hierro have been mostly identified as
although
some of them have a higher asholane component

lithiophorite-asbolane  intermediates
(Figure 13). These lithiophorite-asbolane interme-
diates, together with lithiophorite, have also been
identified in Moa Bay (Cuba), with values up to 22
wt.% Ni (Roqué-Rosell e al., 2010; Aiglsperger et
al., 2016), in New Caledonia with up to 15 wt.%
NiO (Dublet et al., 2017),in Loma Ortega (Domin-
ican Republic) with up to 23 wt.% NiO (Tauler et
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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MINERAL CHEMISTRY OF THE NI-

BEARING PHASES

MComparison between the major octahedral elements in Srp-1 and Srp-1l in the samples 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-1 and Srp-Il of Loma Ortega (Dominican Republic; Tauler
et al., 2017), Indonesia (New Caledonia; Golightly and Arancibia, 1979), and Yamanigiiey (Cuba; Villanova-de-Benavent et al., 2017).
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Zz
w O
E2
w =
53
g4
=0
g g Table 3. Representative electron microprobe analyses (in wt.%) and structural formulae (in atoms per formula unit, apfu) of Srp-I, Srp-
":E % Il and garnierites of Loma de Hierro samples. The molar percentage of talc-like phase (kerolite-pimelite) in the garnierite mixture is
’:I) o included (as calculated following the equation proposed by Soler et al., 2008).
C]
£z I T R
zZ< | AnalNo | o | 2 {3 4 1+ | 2 ] 3 | 4] s | 6 ] 7 [ 8 ] 1 ]2 ]| 3]
= 4253 4210 43.01 3927 4197 4225 4208 4054 4246 3930 4098 42.12 4441 4493 4657
0.02 0 0 0.02  0.01 0.01 0.01 0.05 0 0.04 0 0 0 0 0
043 047 030 167 049 059 054 1.03 1.01 0.90 1.74 1.39 0 0.01 0
0 0.02 0 0.78 0 0 0 0.57 0.56 0.47 1.11 0.87 0 0 0
0 0.01  0.02 0.2 0 0 0 0.02 0 0.02 0 0.04 0.2 0 0
) = = = 3.01 320 359 6.05 6.17 548 463 447 003 001 0.02
311 316 285 542 = = = = = = = = = = =
YT 005 006 001 003  0.04 0.01 0.02 0.03 0.05 0.07 0.04 0.05 0.12 0.1 0.1
BT /0.16 3923 4022 37.83 3549 3588 3851 28.68  30.67 2844 3085 3327 1406 1426 16.63
NiO 0.03 001 002 043 396 371 147  3.60 4.06 329 344 286 2121 2234 1871
0.01  0.01 0 0.01 0 0 0.01 0 0.01 0 0.01 0 0.02 0 0
0.12 009 006 0.03 0.1 0.05 0 0.24 0.26 0.22 0.15 0.07 009 014 0.12
BT o003 002 002 007 002 006 002  0.10 0.09 0.11 005 005 012 01 0.17
0.03 002 002 0.2 0 0 0.01 0.03 0.03 0.03  0.04 0 0.1 0.11 0.8
BETTE s6.52 8520 8653 8560 85.09 8576 8626 8094 8537 7837 83.04 8519 80.18 82.00 82.40

7 7 7 7 7 7 7 7 7 7 7 7 11 11 11
2004 2013 2020 1910 2034 2029 1993 2078 2068 2077 2.040 2035 3.838 3816 3.839
0.001 0 0 0.0l 0000 0.000 0.000 0.002 0 0.002 0 0 0 0 0
0.024 0.026 0.017 0.096 0.028 0033 0030 0.062 0058 0056 0.102 0.079 0 0.001
0 0.001 0  0.030 0 0 0 0.023  0.022 0020 0044 0.033 0 0 0
0 0.000 0.001 0.001 0 0 0 0.001 0 0.001 0 0.002  0.001  0.00 0.00
0.123  0.126 0.112 0221 5 5 = 5 = 5 = 5 5 5 =
0.110 0.116 0128 0233 0226 0218 0174 0.162 0.02 0.001 0.001
0.002  0.002 0.000 0.001 0.002 0000 0.001 0001 0002 0.003 0002 0002 0009 0.007 0.007
Mg 2821 2797 2816 2744 2563 2569 2719 2192 2226 2240 2289 2396 1811 1.805 2.044
0.001 0.000 0.001 0.017 0.154 0.143 0.056 0.148  0.159  0.140 0.138 0.111 1474 1526 1241
0.000 0.000 0  0.000 0 0.000 0 0.000 0 0.000 0 0.001 00 0
0.006 0.005 0.003 0.002 0.005 0.003 0000 0013 0014 0012 0.008 0.004 0008 0.013 0.011
0.003 0.002 0.002 0.007 0.002 0.006 0002 0010 0008 0.011 0.005 0.005 0.020 0.016 0.027
0.002  0.001 0.001 0.001 0 0 0.001  0.002  0.002 0002 0.003 0 0.011 0012 0.008
75.09 7176  75.26

they cannot be identified nor quantified by XRPD.
However, the amount of Mn-oxy-hydroxides in
limonite samples can be estimated to be around 3
wt.%, by assuming both the whole rock (in wt.%
MnO from XRF and ICP-MS analyses) and the
mineral MnO content (in wt.% MnO from EMPA
analyses).

Scandium has been detected in some analyses
of goethite, showing values up to 0.01 wt.% (100
ppm), although in most of them Sc was below
detection limit.

7. Discussion

Petrographic and mineralogical observations, as
well as whole rock chemical analyses, permitted us
to conclude that the protolith consists of mantle
harzburgite tectonites that have experienced a

plastic deformation at high temperatures. This
harzburgite has been only slightly primarily ser-
pentinized, so that in the saprolite horizon most
phyllosilicates are secondary in origin. The tran-
sition from hard rock to saprolite is gradual, with
joined blocks of harzburgite becoming sparser,
and rounded corestones being found within the
saprolite (i.e. sample A-14). Very often, these
blocks are coated by garnierite.

7.1. ELEMENTAL MOBILITY IN THE WEATHERING
PROFILE

In the protolith, the distribution of the relevant
major element oxides among the main minerals
indicate that Mg and Si are contained in forster-
ite, enstatite, and Srp-I; Fe is present in the above
phases plus magnetite and Cr-spinel; and Al,
very scarce (1 wt.% Al,O,), is contained in minor
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Dominican

Republic

Srp-I  Srp-1I

\ \ AY \

N
Mg + Fe Ni

MTernary plot showing the electron microprobe analyses (EMPA) of selected garnierites of the saprolite horizon (green dots;
modified from Villanova-de-Benavent et al., 2014; Sep = sepiolite, Fal = falcondoite, Ker = kerolite, Pim = pimelite, Lz = lizardite, Nép =
népouite). Srp-1 and Srp-lIl EMPA analyses have also been plotted for a sake of comparison. Si, Mg, Fe, and Ni are in atoms per formula
unit. The shadowed area represents the compositional field of garnierites from the Falcondo mining area (Dominican Republic) from
Tauler et al. (2017) and Villanova-de-Benavent et al. (2014) in blue and of garnierites from New Caledonia, from Cathelineau et al.
(2016) in gray. Orange dot is garnierite composition of Loma de Hierro reported in Soler et al. (2008). Gray squares are New Caledonia
garnierite compositions reported in Wells et al. (2009).

chlorite and Cr-spinel (both less than 1% modal).
The Fo/En molar ratio is about 3, indicating that
complete serpentinization 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 if silica were retained as an amor-
phoussilica gel. This is reflected by the increase of
the Si/Mg molar ratio, from 0.7 in the protolith to
0.95 at the top of the saprolite horizon, near the
Mg discontinuity.

Mg,SiO, + 4H* = SiO, + 2Mg** + 2H,0 =l

The preservation of rock structure in the saprolite
suggests a replacement of forsterite and enstatite
by serpentine (Srp-II) and/or kerolite. Assuming
total retention of silica and maximum conserva-
tion of mass in the minerals (which is not the case),
the net reactions from forsterite (dominant in the
protolith) can be written as

2Mg,SiO, + 2H+ + H,0 =
Mg,Si,0 (OH), + Mg?* r2

3/2Mg,SiO, + 5/25i0,(aq) + H,O =
Mg.Si, O (OH), r.3
The equivalent reactions from enstatite would be
given by

3MgSiO, + 2H,0 = Mg,Si,0,(OH), + SiO, r4

3MgSiO, + SiO,(aq) + H,O =
Mg,S1,0,(OH), .

The formation of serpentine (Srp-II) from forster-
ite and enstatite weathering according to r.2 and
r.4, and that of kerolite, more favorable under
higher Si/Mg aqueous concentration ratios (Gali
et al., 2012), (.3, r.5), may explain the formation
of the secondary phyllosilicate mixture identified
in the field.

DISCUSSION
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Table 4. Representative electron microprobe analyses (in wt.%) and structural formulae (in atoms per formula unit, apfu) of goethite and
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The newly formed Srp-II is quite different from
Srp-I. Srp-1, which is only observed in the proto-
lith, indicating that its composition is essentially
unstable in weathering conditions, is Al-poor, and
has half the Ie and more than one order of mag-
nitude less Ni compared to either the coexisting
forsterite or enstatite (Table 2). In the saprolite
horizon, Srp-1I is enriched in Fe by a factor of 1.5
(from 3 to 5 wt.% FeO) and in Ni by more than
two orders of magnitude (from 0.02 to 6 wt.%
NiO) compared to Srp-I. It has been shown (for
a review, see for instance Villanova-de-Benavent et
al., 2017) that this change in composition stabilizes
serpentine in the lateritic environment. In partic-
ular, Srp-II may be described as a three-compo-
nent solid solution of the end members lizardite,
Mg,5i,0,(OH),, népouite Ni,Si,0 (OH),, and
Fe(Il)-serpentine Fe,Si,0,(OH),, that lowers the
equilibrium constant for dissolution by 2 to 5 log

Z the asbolane-lithiophorite intermediate minerals of Loma de Hierro samples. The maximum content of Mn (Max(Mn)), of Ni (Max(Ni)) and
g of Co (Max(Co)) is included in the asbolane-lithiophorite intermediate minerals, as well as the average analyses of all samples.
2 [ | Goethite |  Asbolanelithiphorite intermediate |
S
o 0.56 092 081 0.53 0.53 0.30 0.19 0.09 0.24

2.55 590 566 2149  21.00 5.28 5.36 8.89 6.32

0.05 0 0.01 0 0 0.05 0.04 0.05 0.04

0 0.01 0.02 0.16 0.16 0.00 0.00 0.00 0.01

0.17 031 0.37 1.04 121 0.00 0.00 0.00 0.06

0.03  0.04 0 0 0.01 3.85 1.87 1.23 2.02

0 0.28 0.19 0.02 0.04 16.41 20.23 11.57 14.71

0.13 0.11 0.11 0.08 0.09 6.95 4.00 12.60 7.99

0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00

| MnO OO 0.10  0.02 0.01 0 40.73 40.73 39.14 37.31

B 000 0.05 0.05 0.01 0.01 0.00 0.02 0.00 0.00

0 0 0 0 0 0.00 0.00 0.00 0.00

85.58 8125 81.54 6677  65.65 6.40 7.62 0.00 4.90

89.08 88.97 88.77  90.11 88.70 79.97 80.06 73.57 73.61

]

15 15 1.5 15 1.5

0.008 0.013 0012  0.007 0.007

0.044  0.099 0.096  0.328 0.325

0.001 0 0.000 0 0

0 0.000  0.000  0.002 0.002

0.002  0.003 0.004  0.011 0.013

0.001  0.001 0 0 0.000

0 0.003  0.002  0.000  0.000

0.002  0.001  0.001  0.001 0.001

0.000  0.001  0.000  0.000 0

0.000  0.001  0.001  0.00  0.000

0 0 0 0 0

0941 0874 0.881  0.650  0.649

K units. The detailed mechanism of formation of
such a solid solution is controversial.

Fe released in the dissolution of olivine and
pyroxene precipitates as Fe(III)-oxy-hydroxides.
Magnetite is also frequently oxidized to goethite
afterwards (r.6).

Fe,0,+3/2H,0 + 1/40,=3FOOH 16

The transition to the limonite horizon is marked by
a clear Mg-discontinuity (Figure 4). This limonite
horizon concentrates the highly insoluble elements
Fe, Al, and Cr included in inherited minerals that
resisted weathering, such as magnetite and Cr-spi-
nel, or in newly formed phases such as goethite,
hematite, and gibbsite (Figure 4, Table 1).

SEM images show an astonishing variety of
microstructures and reactions in all these minerals,
which include several processes of cementation of
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quartz by oxy-hydroxides, alteration of Cr-spinel
(post-magmatic), 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 (Iig-
ures 8g and 8h). Mn is retained in black, poorly
crystalline nodules identified as minerals of the
lithiophorite—asbolane series and asbolane (Figure
9h).

The remarkable Al O, content in the limonite
horizon, which is related to the high amount

the hydrous Mg silicate-type deposits of Cerro
Matoso, Colombia (Gleeson et al., 2004) and Loma
Caribe and Loma Peguera, Dominican Republic
(Aiglsperger et al., 2016), and the oxide-type later-
ites of Nkamouna, Cameroon (Lambiv Dzemua
et al., 2013) and Moa Bay, Cuba (Aiglsperger et
al., 2016)]. In all cases, the protolith is not sub-
stantially rich in Al (<2 wt.% ALO,), but the Al
content increases upwards in the profile. In par-
ticular, Al,O, reaches 6-10 wt.% in the ferricrete
and 8-10 wt.% in the limonite of Cerro Matoso,

P4
o
n
n
=
O
2
(a]

32 wt.% in the ferricrete and 10-23 wt.% in the
limonite of Loma Caribe, 26 wt.% in the ferric-

of gibbsite detected by XRPD, has also been
observed in other Ni-laterites worldwide [(e.g.,
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rete and 4 wt.% in the limonite of Loma Peguera,
20-25 wt.% in the limonite and ferricrete breccia
of Nkamouna, and 15 wt.% in the duricrust and
8-10 wt.% of the limonite of Moa Bay. This is
correlated with important amounts of gibbsite
and kaolinite (e.g., up to 22 wt.% gibbsite in the
ferricrete and 7 wt.% kaolinite in “tachylite” of
Cerro Matoso). In Cerro Matoso, the protolith is a
lherzolite with harzburgite and dunite, containing
forsteritic olivine, orthopyroxene, and clinopyrox-
ene. In the Dominican laterites, the protolith is
mainly harzburgite and dunite, and in Moa Bay; it
is harzburgite. Hence, they may all contain signif-
icant amounts of Al-bearing pyroxene, explaining
the higher Al contents, which, together with Fe,
Ni, Co, and Mn, would ultimately concentrate in
the upper horizon.

The overall REE contents in the Ni-laterites
are very low when compared to conventional REE
ore deposits (e.g., 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 1 to 3 ppm in the saprolite, and

Al 4

Lithiophorite
(New Caledonian laterites

e
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"Lithiophorite-asbolane intermbdiates"
(Moa Bay laterites)
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are higher in the limonite (15 to 68 ppm) (Aigl-
sperger et al., 2016). In Loma Caribe (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 limonite
horizons are 0.2, 0.5 to 6, and 122 to 171 ppm
> REE, respectively (Aiglsperger et al., 2016). In all
cases, REFE contents in saprolite and limonite 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 limonite horizon
(e.g., Aiglsperger et al., 2016; Putzolu et al., 2019).
Aiglsperger et al. (2016) and Putzolu et al. (2019)

A \ \ N\ A\ \ A} A\ N N

A TI-WER Ternary diagrams showing the compositions of Mn-oxy-hydroxides analyzed with electron microprobe analyses (EMPA). (a)
Mn-Al-Co. (b) Al-Co-Ni. Modified from Roqué-Rosell et al., 2010.
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observed a positive correlation between REE and
MnO or Fe,O, content in the limonite horizon. In
Loma de Hierro, despite the highest REE concen-
tration in the saprolite horizon, this correlation is
also observed (Figures 5S¢ and 5d) suggesting that
REE can accumulate in Fe/Mn-bearing oxy-hy-
droxides. These oxides have been identified, and
despite being in low amount, the preferential Fe/
Mn-oxy-hydroxides scavenging of LREE instead
of HREE (due to the highest stability of HREE-hu-
mic acids aqueous complexes) may explain the
negative continuous slope for LREE observed
in Iigure 6 (Sanematsu and Watanabe, 2016).
Moreover, in this limonite horizon, there is a slight
positive Ce anomaly, which indicates the oxidation
of Ce(IlI) to Ce(IV) and probably precipitation of
Ce(IV) solid phases under the oxidizing conditions
prevailing in this horizon (e.g., Aigslperger et 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 horizons of the deposit (Mongelli et
al., 2014). The REE accumulation at the top of a
developed saprolite horizon with significant nega-
tive Cee anomalies below a thin REE-leached zone
with positive Ce anomalies, as observed in Loma
de Hierro, is similar to the ion-adsorption-type
REE deposits of China described 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 therein, REE fractionation
due to sorption is negligible at the ionic strength of
soil water, and this would explain the planar slope
observed in Figure 6. However, more information
1s needed to locate the mineralogy of REE, and to
constrain the weathering conditions that occurred
in the Venezuelan laterites. In addition, more data
on worldwide distribution of REE in oxide, clay,
and hydrous Mg silicate-type Ni-laterites, together
with a detailed mineralogical characterization, is
paramount.

Co contents are linked to Mn contents (Figure
12d) as in other laterite deposits (Llorca and Mon-

choux, 1991; Roqué-Rosell ¢t al., 2010; Lambiv
Dzemua et al., 2013; Aiglsperger et al., 2016; Put-
zolu et al., 2019). However, while in Moa Bay and
Falcondo the Mn—Co 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 limonite horizon. According to
Putzolu et al. (2019), precipitation of Mn-oxy-hy-
droxides 1is controlled by the variation of Eh and
pH in the profile. Accumulation of Mn-oxy-hy-
droxides in the transition between saprolite and
limonite horizons has been frequently described
(Brand et al. 1998). Dublet ¢t al. (2017) suggested
that weathering of the protolith promotes the oxi-
dation of Mn(II) to Mn (III) and finally to Mn(IV),
which precipitates forming Mn-oxy-hydroxides
rather than being incorporated into goethite. This
precipitation seems to be favored by a high humid-
ity and an alkaline pH, conditions that are likely to
be found at some depth from the surface, close to
the Mg discontinuity.

Sc contents in the limonite horizon of Loma
de Hierro (40—70 ppm) are not as high as values
reported by Aiglsperger et al. (2016) in Moa Bay
(Cuba) and Falcondo (Dominican Republic) lat-
erites (70-80 ppm and higher) or by Teitler et al.
(2019) in New Caledonia (40—100 ppm). However,
they are similar to those measured in laterites
from New Caledonia (up to 70 ppm; Audet (2008)
in Aiglsperger et al., 2016), Oman (35-85 ppm;
Al-Khirbash, 2016), and Australia (13—80 ppm;
Putzolu et al., 2019). In the Australian laterites,
however, higher Sc concentrations were measured
in the saprolite horizon, contrary to that observed
in this study and in the other cited references.

Sc 1s considered to be initially present in
pyroxene in the peridotite (Aiglsperger et al.,
2016; Teitler et al., 2019), substituting for ferrous
iron and later concentrating in Fe(Ill)-bearing
minerals during laterization. This association
with Fe(Ill) has also been observed in a lateritic
deposit in eastern Australia (Chassé et al., 2017)
and in a bauxite deposit in Greece (Vind et al.,
2018). Sc may substitute for Fe(III) in the goethite
structure (Levard et al., 2018; Ulrich et al. 2019)
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or be sorbed onto Fe-oxides minerals (Chassé et
al., 2017), but after recrystallization of goethite to
hematite, Sc concentrates downwards leading to
turther Sc enrichment (Teitler ¢t al., 2019). Putzolu
et al. (2019) suggested that Sc may also substitute
for Fe(Ill) in Fe(Ill)-bearing layered silicates (e.g.,
montmorillonite or chlorite), although more stud-
ies must be done to clarify this point. In this study,
only a few EMPA measurements have shown Sc
in goethite. Considering its low concentration and
the complexity of Fe-oxyhydroxide texture and
crystallinity, more efforts should be focused (e.g.,
dedicated LA-ICP-MS analyses) on the mineral-
ogy of Sc, and to better determine Sc contents
in given minerals in order to improve the Sc
extraction methods.

7.2. MINERALOGY OF Ni

In the harzburgitic protolith, Ni is mainly found in
forsterite with values lower than 0.41 wt.% NiO;
also Ni content in enstatite is below 0.21 wt.%
NiO, while Srp-I is very poor in Ni (<0.04 wt.%

a) AF-S-M plot

Al O, + Fe; 0, ;
— 100 = Brazil
Greece
TEd Colombia
180 O Cameroon
O Cuba

-+ 70
-+ 60)

=
= 50
=)

Sio, MgO

@® Dominican Republic
O Loma de Hierro-Venezuela (this study)

NiO). As seen in Figure 4, the most Ni-enriched
horizon in Loma de Hierro is the saprolite hori-
zon. This horizon is rich in Srp-II, with NiO con-
tents close to 6 wt.%. Moreover, kerolite—pimelite
dominated garnierites are also present, with Ni
contents as high as 22 wt.% NiO. Goethite, the
main constituent of the limonite horizon, is poorer
in Ni, showing a mean NiO content of 0.5 wt.%,
although in some cases it can reach values of 2
wt.%. Meanwhile, Mn-oxy-hydroxides have, in
general, higher Ni contents (~15 wt.% NiO).
Assuming this average NiO content and that the
estimated amount of these Mn-oxy-hydroxides in
the samples 1s 3 wt.%, Mn-oxy-hydroxides would
account for approximately 80% of the NiO con-
tained in the limonite horizon.

According to the classification of Ni-laterites
by Brand et al. (1998) and Butt and Cluzel (2013),
which is based on the principal Ni-bearing miner-
als, the Loma de Hierro deposit can be classified
as a hydrous Mg silicate-type, which is consistent
with the thickness of the saprolite horizon com-
pared to that of the limonitic horizon (Figure

b) A-SM-F plot ALO,

1P
Si0,+MgO

A N A\ \

m Molar ternary plots in the Al-Fe-Mg-Si space showing the weathering trends of ultramafic rocks and the ultramafic index
of alteration (UMIA), with data from this study and from Brazil (Colin et al., 1990), Greece (Eliopoulos and Economous-Eliopoulos,
2000), Colombia (Gleeson et al., 2004), Cameroon (Ndjigui et al., 2008; Ndjigui and Bilong, 2010), and Cuba and Dominican Republic
(Aiglsperger et al, 2016). (a) AF-S-M ternary plot illustrating the general weathering trend of peridotites with initial loss of MgO
followed by loss of SiO,, and concomitant enrichment of Al,O, and Fe,O,. (b) A-SM-F ternary plot illustrating the weathering trend with

respect to Al,O, enrichment (bauxitization) or Fe,0, enrichment.
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4). Fe and Ni contents in Srp-II are comparable
with those of other Caribbean hydrous Mg sili-
cate deposits. In the Yamanigtiey deposit (Cuba),
developed on serpentinized harzburgite and dun-
ite, Ni and I'e contents in Srp-II are in the ranges
1.99-4.72 wt.% NiO and 2.2-15.6 wt.% Fe,O,;
while in Loma Caribe, from the Falcondo mining
arca (Dominican Republic) and developed on a
serpentinized harzburgite, Ni and Fe contents in
Srp-II range from 1.8 to 7 wt.% NiO and from
3.8 to 13.5 wt.% Fe,O, (Villanova-de-Benavent
et al., 2017). The contents of NiO in Srp-II and
kerolite-pimelite dominated garnierites in Loma
de Hierro are also similar to those measured in the
Loma Ortega deposit, also from the Falcondo area
and classified as a hybrid—hydrous Mg silicate-clay
deposit (<2.5 wt.% NiO in Srp-II and 23-36 wt.%
NiO; Tauler et al. 2017).

7.3. CONTROLS ON THE FORMATION OF THE
WEATHERING PROFILE

As stated by many authors (Golightly, 1981, 2010;
Freyssinet et al., 2005; Butt and Cluzel, 2013), the
main factors governing the formation and evolu-
tion of Ni-laterites are the parent rock (mineral
composition, degree of initial serpentinization),
climate (temperature, rainfall), water table, topog-
raphy (hills, slopes, plateau), tectonics (uplift,
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. Tectonic uplift has been
important, probably early after the emplacement
of the ophiolitic unit, which represents an exposure
period lasting for several My. Its altitude (~1300
m.a.s.l.) combined with rather high erosion rates
has resulted in a mountainous relief, with slopes
up to 25° (46%).

In the studied profile, the Mg discontinuity is
also a marked physical discontinuity as there is
an irregular, sharp surface (Figure 3a) between
the saprolite and limonite horizons, easily seen
by the contrasting color and the change in the

mechanical consistency, texture and mineralog-
ical composition of the materials. This irregular
surface suggests that erosion left the terrane
exposed and the residual inconsistent limonite
material was locally removed and redeposited,
replenishing the depressed areas of the eroded
surface, where fragments of duricrust (ferricrete)
can be found. As seen in Figure 7, the amount of
Mg-bearing secondary minerals (e.g. kerolite) is
still high at the upper saprolite, consistent with a
significant mechanical erosion. After uplift reju-
venated the relief during important elapsed time
periods, erosion transported weathered material
downwards, being erosion the dominant process.
However, when uplift ceased, weathering became
the dominant process and the eroded surface was
covered again by limonite material. The blocks of
fractured harzburgite, separated by several cen-
timeters, are often coated by garnierite that may
have precipitated due to oversaturation of the
percolating solutions, perhaps more accentuated
during the dry periods.

The ultramafic index of alteration (UMIA),
defined by equation 1 (Aiglsperger et al., 2016;
inspired by the mafic index of alteration (MIA)
by Babechuk et al., 2014), has been calculated
for each sample and is shown in Table 1. UMIA
for the protolith in Loma de Hierro has a value
of 3 while that of saprolite samples is around 6,
consistent with values for unweathered peridotites
and saprolites shown by Aiglsperger e/ al. (2016)
in laterites of Moa Bay (Cuba) and Falcondo
(Dominican Republic) (Figure 14a). Limonite
samples of Loma de Hierro, however, show values
from 53 to 73, slightly lower than those calculated
by Aiglsperger et al. (2016) in the Caribbean area
(Figures 14a and 14b).

UMIA = 100 X [(ALO, + Fe,O,)/(ALO, + Fe,O,
+Si0, + MgO)] eq.1

Although there is a clear loss of Mg and Si in the
upper parts of the profile, the enrichment in Fe in
Loma de Hierro laterite is not as high as in other
laterites.
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The Loma de Hierro Ni-laterite deposit has been
classified as a hydrous-Mg-silicate-type deposit,
developed from a partially serpentinized harzbur-
gitic peridotite (<0.7 wt.% NiO). The saprolite
horizon 1is relatively thick (~17 m) compared to
the poorly developed limonite horizon (>3 m) and
contains the main Ni-bearing minerals, Srp-II
(1.4-4.1 wt.% NiO) and kerolite—pimelite domi-
nated Ni-rich garnierite mixtures (~22 wt.% NiO).
The limonite horizon is rich in goethite (~0.5 wt.%
NiO) and Mn-oxy-hydroxides (~15 wt.% NiO)
which have been classified as lithiophorite-asbo-
lane intermediates and asbolanes.

The highest contents of Co (0.19 wt.% Co,O,)
and Sc (40-70 ppm) are found in the limonite
horizon, but while Co is clearly associated with the
Mn-oxy-hydroxides in this horizon, Sc secems to be
associated with Fe-oxy-hydroxides. Differing from
other Caribbean laterite deposits, the highest REE
contents are found in the upper saprolite horizon
(81 ppm), below the Mg discontinuity, instead of
being in the limonite horizon (40 ppm). REE data
from the limonite horizon suggest that they are
sorbed or coprecipitated within Fe-oxy-hydroxides.
In the saprolite this link is not observed. A Ce
negative anomaly in the saprolite horizon suggests
the scavenging of Ce in the limonite horizon 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 Sc in the limonite horizon
and of REE in the saprolite of Loma de Hierro.

The combination of high erosion rates with
sequential uplifts periods could have facilitated the
removal and transport of the already formed limo-
nite material, exposing again the saprolite to weath-
ering and resulting in a poorly developed limonite
horizon and a well-defined Mg discontinuity.
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