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Abstract

Ni laterites are considered worthy targets for critical metals (CM) exploration as rare earth
elements (REE), Sc and platinum group elements (PGE) can be concentrated during
weathering as a result of residual and secondary enrichment. In this investigation
geochemical and mineralogical data of CM from two different nickel laterite types (i) from
the Moa Bay mining area in Cuba (oxide type) and (ii) from the Falcondo mining area in the
Dominican Republic (hydrous Mg silicate type) are presented. Emphasis is given on
examining their potential to accumulate CM and on processes involved. Results show that
CM are concentrated towards the surface in specific zones: (i) REE in clay minerals rich
horizons and within zones composed of secondary Mn oxide(s) (ii) Sc within zones rich in
secondary Fe and Mn bearing oxide(s) and (iii) PGE in zones with high concentrations of
residual chromian spinel and secondary Fe and Mn bearing oxide(s) at upper levels of the Ni
laterite profiles. Concentration factors involve (i) residual enrichment by intense weathering
(i) mobilization of CM during changing Eh and pH conditions with subsequent
reprecipitation at favourable geochemical barriers (iii) interactions between biosphere and
limonitic soils at highest levels of the profile (critical zone) with involved neoformation
processes. Total contents of CM in both Ni laterite types are low when compared with
conventional CM ore deposits but are of economic significance as CM have to be seen as cost
inexpensive by-products during the Ni (+Co) production. Innovative extraction methods
currently under development are believed to boost the significance of Ni laterites as future
unconventional CM ore deposits.

Two Ni laterite profiles from the Falcondo mining area have been compared for their
platinum group element (PGE) geochemistry and mineralogy. One profile (Loma Peguera) is
characterized by PGE-enriched (up to 3.5 ppm total PGE) chromitite bodies incorporated
within the saprolite, whereas the second profile is chromitite-free (Loma Caribe). Total PGE
contents of both profiles slightly increase from parent rocks (36 and 30 ppb, respectively) to
saprolite (~50 ppb) and reach highest levels within the limonite zone (640 and 264 ppb,
respectively). Chondrite-normalized PGE patterns of saprolite and limonite reveal rather flat
shapes with positive peaks of Ru and Pd. Three types of platinum group minerals (PGM)
were found by using an innovative hydroseparation technique: (i) primary PGM inclusions in
fresh Cr-spinel (laurite and bowieite), (ii) secondary PGM (e.g., Ru-Fe-Os-Ir compounds)
from weathering of preexisting PGM (e.g., serpentinization and/or laterization), and (ii1)
PGM precipitated after PGE mobilization within the laterite (neoformation). Results provide
evidence that (1) PGM occurrence and PGE enrichment in the laterite profiles is independent
of chromitite incorporation; (ii) PGE enrichment is residual on the profile scale; and (iii) PGE
are mobile on a local scale leading to in situ growth of PGM within limonite, probably by
bioreduction and/or electrochemical metal accretion.



Free grains of PGM with delicate morphologies were discovered in limonite hosted
chromitite samples (“floating chromitites”) from highest levels in the Falcondo Ni laterite
deposit (Dominican Republic). Textural and chemical evidence obtained via SEM and EMP
analysis points to a multistage formation: (i) primary PGM formation at magmatic stage; (ii)
transformation to highly porous secondary Os-Ru PGM during serpentinization; (iii)
neoformation of Ir-Fe-Ni-(Pt) mineral phases during early stages of lateritization; (iv)
neoformation of Pt-(Ir) mineral phases within the critical zone of the profile resulting in
nugget shaped accumulation of rounded particulates during late stages of lateritization. The
observation of accumulations of most likely biogenic mediated in situ growth of Pt rich
nanoparticles in supergene environments could help to explain (i) why Pt bearing nuggets are
the most abundant PGM found in surface environments, (ii) why Pt nuggets from placer
deposits generally surpass the grain sizes of Pt grains found in parent rocks by several orders
of magnitude (few micrometers vs. several millimeters) and (iii) how anthropogenic PGE
contamination may affect our biosphere.

Osmium isotope characteristics from primary and secondary PGM, separated from
chromitite, saprolite and limonite (Falcondo mining area), suggest that serpentinization of the
Loma Caribe peridotite has not significantly affected the Re-Os system in Os-rich PGM. This
is noted by the fact, that primary PGM formed at magmatic stage and secondary Ru-Os-Mg-
Si PGM formed due desulphurization of primary PGM with significant incorporation of Mg
silicates, have almost identical Os isotope characteristics, typical of the mantle. However, the
Re-Os system can be significantly disturbed during stages of lateritization when porous
secondary PGM react with Fe-rich fluids, thus forming hexaferrum and magnetite in the
interstices of secondary PGM. Here presented data indicate that more radiogenic '*’Os/'**Os
ratios in higher levels of the weathering profile are linked to steady mobilization of PGE
within secondary PGM resulting in subsequent loss of Os counterbalanced by the
incorporation of Fe.

In this investigation presented data clearly states that PGE are neither noble nor inert in
surface environments, at least in those related to tropical Ni laterites from the Northern
Caribbean.
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Introduction _

Chapter 1

Introduction

1.1. Overview of Ni+Co laterite deposits

Ni+Co laterite deposits can be defined as
regolith derived from ultramafic rocks
containing  economically  exploitable
concentrations of Ni+Co (e.g. Norton,
1973; Golightly, 1981, 2010; Gleeson et
al., 2003; Freyssinet et al., 2005; Kalatha
and Economou-Eliopoulos, 2015). These
authors recognized that close interactions
between the composition of the protolith,

tectonic  setting, geomorphology and
topography, drainage, chemistry of ground
water and organic matter, climate and
weathering  rates mainly  control
enrichment processes within lateritic
weathering profiles. Excluding a few
exceptions, most of Ni+Co laterite deposits
are observed within 26 degrees of the
equator, thus indicating a close
relationship to tropical climate conditions
(Fig. 1.1).

e Oxide
e Hydrous Mg silicate
A Clay

[ Rainforest

[:] Savanna

D Warm arid zone

D Warm semi-arid-
Mediterranean

__|Temperate

D Winter cold arid
zone

Fig. 1.1. Distribution of different Ni laterite subtypes around the world. Modified after Butt and Cluzel (2013).

It is widely accepted, that extreme
weathering conditions lead to a general
break down of primary minerals in Ni
enriched parent rocks (e.g. ophiolite,
komatiite, layered intrusions; all =+

serpentinized) and  that  chemical

components such as Ni and Co are
released to the groundwater where they
can (i) reprecipitate as or (ii) incorporate in
new, stable minerals. This redistribution
(gain and loss) of main element
components (i.e. Si, Mg, Al and Fe) during

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium

in nickel laterites
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stages of weathering explains the often
observed, typical large scale structure of
Ni+Co laterites from bottom to top: (i)
parent rock (protolith), characterized by
unweathered minerals (ii)  saprolite,
dominated by secondary Si and Mg
bearing minerals and (iii) limonite,
dominated by residual, Fe and Al bearing
mineral phases (Fig. 1.2). As a
consequence, saprolitic horizons can
generally  be  discriminated  from
subsequent limonite by the so called “Mg-
discontinuity” (decrease in MgO content

oxide type

limonite
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hydrous Mg silicate type
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from more than ~20% to less than ~2%)
(Butt and Cluzel, 2013) (Fig. 1.2).

However, three subtypes of Ni+Co
laterites can be distinguished according to
their main laterite architecture as well as
by their dominant Ni-bearing mineralogy:
(1) oxide, (i1) hydrous Mg silicate and (iii)
clay subtype (Samama, 1986; Brand et al.,
1998; Gleeson et al., 2003; Freyssinet et
al., 2005; Golightly, 2010; Butt and
Cluzel, 2013; Proenza et al., 2015 and
references therein) (Fig. 1.2).

clay type

£
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protolith

Fig. 1.2. Subtypes of Ni laterites developed on serpentinized ultramafic protolith with indicated main Ni ore

zones and grades.

1.1.1. Oxide type

Ni laterites of the oxide type (also known
as limonite deposits), are characterized by
a dominate limonite horizon. Important
saprolitic horizons are generally absent.
Main mineral assemblages are Fe oxide(s)
with goethite as the economically most
important N1 ore mineral. Mean grades of

such ore deposits range from 1.0 to 1.6
wt% Ni and they represent about 60% of
the current total Ni laterite resources (Butt
and Cluzel, 2013).
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1.1.2. Hydrous Mg silicate type

Hydrous Mg silicate Ni laterites are
dominated by the saprolite horizon
overlying the ultramafic protolith and
reveal only a minor contribution of
limonite. Ore minerals are hosted within
the saprolite and mainly consist of Ni
bearing serpentine, talc, sepiolite and
chlorite, a group of hydrous Mg-Ni
phyllosilicates  informally known as
“garnierites” (Butt and Cluzel, 2013;
Villanova de Benavent et al., 2014). Due
to the strong ability of these minerals to
store Ni (up to 33% Ni), Ni laterites of this
subtype are of the highest grades (up to 4%
Ni), however average grade is 1.44 wt%.
Today, about 32% of total Ni laterite
resources are found within Ni laterites of
the hydrous Mg silicate subtype (Butt and
Cluzel, 2013).

1.1.3. Clay silicate type

Ni laterites of the clay silicate type, which
has been recognized and exploited as an
ore type only recently (Butt and Cluzel,
2013), are characterized by a Ni rich
horizon of Ni-rich saponite and smectite
located in the mid to upper saprolite and
subsequent ferruginous zone (Butt and
Cluzel, 2013; Gleeson et al., 2003).
Highest concentrations between 1.0 and
1.5 wt% Ni are generally found right
beneath the Mg-discontinuity. About 8%
of the total Ni laterite resources are bound
to this subtype (Butt and Cluzel, 2013).

1.2. Lateritization processes: platinum
group element (PGE) enrichment and the
enigma of supergene formation of
platinum group minerals (PGM)

Hypotheses about lateritic weathering
processes favouring chemical mobilization
of PGE were first raised by Wagner
(1929). However, almost a half century
later E. F. Stumpfl and M. Tarkian (1976)
stated in their survey of platinum genesis
that “Regarding future developments, it is
hoped that the findings reported and the
concepts discussed may generate interest
in a field which, although of paramount
importance for the understanding of
platinum  deposits, has been sadly
neglected so far, i.e., the experimental
geochemistry of platinum metals”. Today,
another 40 years later, we can look back
on an impressive number of laboratory
studies dealing with the behaviour of PGE
in a great variety of environments (e.g.
Wood, 1996; Fleet et al., 1999; Ballhaus et
al., 2006; Foustoukos et al., 2015; and
reference therein). Although some of these
studies have changed our view on formerly
considered “nobel and inert” PGE, results
obtained by experiments have also caused
controversy as observations gained on
laboratory scale could not be proofed in
field or vice versa. Thus, the influence of
lateritization processes on PGE enrichment
and PGM appearance is still matter of
debate (e.g. Augé et al., 1995; Traoré et
al., 2008 a,b) and enigmatic PGE nugget
occurrence in surface environments (e.g.
placer deposits, soils, laterites) have
attracted highest attention since decades.
Hypogene vs. supergene formation models
have been debated in detail: one group
believes that weathering of PGM bearing
rocks is the sole factor for PGM
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accumulation in surface environments (e.g.
Koen, 1964; Cabri and Harris, 1975;
Hattori and Cabri, 1992; Hattori et al.,
2004), whereas others propose in-situ
neoformation of PGM by secondary
processes such as PGE remobilization and
continual accretion in addition (e.g.
Augusthitis, 1965; Ottemann and
Augustithis, 1967; Stumpfl, 1974; Bowles,
1986; Oberthuer et al., 2014; Campbell et
al., 2015).

Recently, new approaches such as the
investigation of possible bioavailability of
Pt and other PGE for microorganism with
subsequent reprecipitation in surface
environments, have opened an entire new
chapter in this ongoing discussion (Reith
et al., 2014).

1.3. Lateritization processes: rare earth
elements (REE) and scandium enrichment

In 2010 western governments realised the
need to find alternatives for the supply of
REE when China, being currently the
almost unique supplier of these strategic
elements, shocked western high tech
industries with export quota. However, in
contrast to  well-studied weathering
profiles developed on REE enriched
carbonatites, relatively little is known
about the potential of REE and Sc
enrichment in lateritic profiles developed
on ultramafic rocks. Weathering products
are generally considered worthy targets for
REE and Sc exploration as these elements
can be concentrated during weathering as a
result of their limited mobility in surface
waters. Eliopoulos et al. (2014) reported
high values of up to 6440 ppm REE from
Greek Ni and bauxitic laterites. Within the
last few years exploration activities for Sc

in laterites developed upon Alaskan-type
ultramafic complexes in Australia, have
revealed their high potential to accumulate
Sc (e.g. the Nyngan project) (Scandium
International Mining Corp., 2015). On the
contrary, the potential for Sc concentration
in Ni laterites derived from ophiolitic
peridotites has been assessed only in a few
cases: Ahmad and Morris (1978) reported
elevated Sc values within nickel laterite
ores from Guatemala, New Caledonia and
Indonesia. More recently, Audet (2009)
investigated the Ni laterites overlying the
Koniambo ultramafic massif in New
Caledonia and discovered significant Sc
contents up to 70 ppm within the limonite.
However, these discoveries are of
economic interest as Sc and REE, could be
readily produced as a by-product during Ni
(+Co) production. A recently published
review on metallurgical processes for Sc
recovery proposes nickel laterite ores as
“the most promising scandium resources
for its production” (Wang et al., 2011).

1.4. Goals of this study

This investigation aims to assess the
potential of Ni laterites to accumulate
PGE, REE and Sc. Special emphasis is
given (i) to examine and compare element
contents in different Ni laterite subtypes
(i.e. oxide type and hydrous Mg silicate
type), (i1) to understand where in the
weathering profile these elements get
enriched, (iii) to figure out which
processes are involved and (iv) to define in
which mineral phases PGE, REE and Sc
get concentrated.

With respect to PGE it is hoped, that this
investigation can contribute to ongoing
scientific debates dealing with the nature
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of these elements in surface environments
and, in the best case, provide answers to
the following, fundamental questions: (i) is
primary PGE enrichment in bedrock
responsible for their (residual) supergene
enrichment; (ii) is PGE enrichment
intrinsically related to laterititzation
processes; (iii) how do PGE and PGM
behave within the laterite profile and what
are criteria for PGE mobilization; (iv) is
there unequivocal mineralogical evidence
for in-situ neoformation of PGM within
laterites?

1.5. Outline of this thesis

To achieve the goals of this investigation
representative samples from Ni laterites
were collected and studied in detail via
multidisciplinary techniques. In chapter 2
the geological setting of the study area is
explained (i.e. Moa Bay in Cuba and
Falcondo in the Dominican Republic).
Chapter 3 aims to give an overview of the
provenance of studied samples and to
provide a comprehensive description of
applied analytical techniques. In chapter 4

geochemical and mineralogical features of
Ni laterites from the oxide type and the
hydrous Mg silicate type are discussed
with special emphasis regarding critical
metals (CM; i.e. REE, Sc and PGE).
Geochemical characteristics of PGE
enriched chromitites found within Ni
laterites from the Dominican Republic are
described in chapter 5. Chapter 6 contains
a detailed description of the geochemistry
and mineralogy of PGE within two
different Ni laterites from Falcondo,
including data obtained via scanning
electron microscopy (SEM), electron
microprobe (EMP),
spectroscopy and synchrotron through the
substrate X-ray microdiffraction  (tts-
pXRD). In chapter 7 the observation of
complex PGM with delicate morphologies,
including textural evidence for in-situ
neoformation, is discussed and a model
explaining multistage nugget formation
from hypogene to supergene is presented.
Chapter 8 provides and discusses first data

micro-raman

of the Re-Os isotopic system of Os rich
PGM from Ni Finally,
conclusions of this investigation are
summarized in chapter 9.

laterites.
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Chapter 2

Geological setting

The studied Ni laterites (i.e. Moa Bay and
Falcondo mining areas) are located in the
northern Caribbean (Fig. 2.1). They are
developed on ophiolite complexes with
serpentinized peridotite that crop out as

tectonic belts along the margins of the
Caribbean plate (Lewis et al., 2006a).
Eastern Cuba and the central Dominican
Republic contain the largest Ni ore
deposits of the Greater Antilles.
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Fig. 2.1. Distribution of ophiolitic peridotites containing Ni laterite deposits around the margins of the
Caribbean Plate; Ni laterite deposits from Moa-Baracoa (Cuba) and from the Loma Caribe peridotite
(Dominican Republic) are highlighted. Modified from Lewis et al. (2006a).

2.1. The Moa Bay mining area

Ni laterites of the Moa Bay mining area
form part of a ~100 km?* large Ni laterite
province in the northeast of Cuba (Pinares
de Mayari, Nicaro and Moa Bay mining
areas), making it one of the largest
reserves of nickel and cobalt in the world
(Linchenat and Shirokova, 1964; Lavaut,

1998; Lewis et al., 2006a; Fig. 2.2a, b).
The Moa Bay Ni laterites have developed
from weathering of hydrated ultramafic
rocks of the Moa-Baracoa ophiolitic
massif. This massif form the eastern part
of the Mayari-Baracoa ophiolitic belt in
northeastern Cuba (Proenza et al., 1999a,
b; Marchesi et al., 2006) and consists of
mantle tectonites (>2.2 km) followed by a
thin (~300 m) crustal section of lower
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gabbros and discordant basaltic rocks with
back arc basin affinity (Iturralde-Vinent et
al., 2006; Marchesi et al., 2006; Proenza et
al., 2006). The ultramafic rocks are mainly
harzburgites (more than 70%) and lesser
amounts of dunites. Concordant and sub-
concordant bodies of dunite, sills of
gabbro and chromitite bodies within a
dunite envelope are also present. The
degree of serpentinization is most in shear
or fracture zones, where it reaches a
maximum value of 95% relative to the
whole rock (typical serpentinite). The
peridotites are cut by dikes of gabbro,
pegmatite gabbro, olivine norite and minor
pyroxenite (Proenza et al., 1999a, b;
Marchesi et al., 2006). The emplacement
of the ophiolite took place in the
Maastrichtian to early Danian with
weathering, lateritization and subsequent
ore deposit formation commencing during
the Miocene (Iturralde-Vinent et al., 2006;
Lewis et al., 2006a).

The Moa Bay Ni laterite mining area is
classified as oxide type (Brand et al., 1998;
Gleeson et al., 2003) and is divided into 9
ore deposits: Moa Occidental, Moa
Oriental, Punta Gorda, Yagrumaje,
Camarioca Norte, Camarioca Sur, La
Delta, Cantarrana, and Santa Teresita (e.g.
Lavaut, 1998) producing at least 34.263 t
of Ni and 3.792 t of Co in 2012 (Sherritt,
2012).

2.1.1. The Ni laterite profile at Moa Bay

The laterite profile at Moa Bay has been
divided into various zones and subzones
by mine workers and Cuban geologists but
the nomenclature of these zones does not
follow the recommended classification for
Ni laterite deposits (e.g. Lavaut, 1998;
Proenza et al., 2007a; Golightly, 2010). In
general five horizons can be recognized

from bottom to top that have been
described in other Ni laterite deposits of
the world: (i) parent rock peridotite, (ii)
saprolite, (iii) lower limonite, (iv) upper
limonite, (v) duricrust (Fig. 2.2c). Within
the profile pale bauxitic zones of
weathered gabbro (up to 5 m thick) are
abundant. As typical in oxide type Ni
laterite deposits the limonite horizons
above the magnesium discontinuity (Butt
and Cluzel, 2013) are dominant and can
reach a total thickness of more than 50 m
in the laterite profile. Moa Bay deposits
usually lack hydrous Mg silicate rich
saprolite horizons beneath the magnesium
discontinuity, however, the thicker profiles
have saprolite roots (Golightly et al.,
2008).

The ore minerals are mainly goethite (~1.4
wt% Ni), minor maghemite (up to ~8 wt%
Ni), lithiophorite (~8.1 wt% Ni, ~ 4.5 wt%
Co) and “lithiophorite—asbolane
intermediate” (up to 22 wt% Ni), which all
occur in the limonite horizon of the profile
(Proenza et al., 2007a; Roque-Rosell et al.,
2010).

2.2. The Falcondo mining area

Located in the central part of the
Dominican Republic the Falcondo mining
area contains the largest hydrous Mg
silicate type Ni laterite deposits of the
Caribbean with measured and indicated Ni
resources of 67.8 Mt at a grade of 1.5% Ni
plus 4.9 Mt at 1.4% Ni inferred (Redwood,
2014). The Falcondo mining area is
divided into 7 ore deposits: Loma Peguera,
Loma Larga, Loma Cumpié, Loma
Guardarraya, Loma Caribe, Loma Ortega
and Loma Miranda (Haldemann et al.,
1979; Lithgow, 1993; Lewis et al., 2006a).

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium

in nickel laterites



Geological setting _

2.2.1. The Ni laterite profile at Falcondo

The Ni laterite at Falcondo developed over
the so called Loma Caribe peridotite which
occurs as a serpentinized belt of ultramafic
rocks approximately 4-5 km wide and 95
km long in the NW of Santo Domingo
(Fig. 2.3a, b). The Loma Caribe peridotite
is  accompanied by two  major
metavolcanic units: 1) the Maimoén
Formation in the NE representing a
primitive island arc tholeiitic unit of Lower
Cretaceous age, and 2) the Duarte
Complex in the SW representing mantle
plume-related oceanic plateau basalts of
Late Jurassic or at least Early Cretaceous
age (Lewis et al, 2002; Lewis et al.,
2006b; Escuder Viruete et al., 2007). Both
units are unconformably overlain: the
Maimé6n Formation by the Peralvillo
Formation (volcanic arc andesites, diorites,
basalts, tuffs, breccias and conglomerates
of Late Cretaceous age) and the Duarte
Complex by the Siete Cabezas Formation
(volcanic arc basalts with minor tuffs and
wackes of Cenomanian age) (Haldemann
et al., 1979; Lewis et al., 2002; Proenza et
al., 2007b). Dolerite and micro gabbro
dikes occur within the peridotite belt and
diorite bodies outcrop along its faulted
margins (Lithgow, 1993; Escuder-Viruete
et al., 2006).

According to Lewis and Jiménez (1991)
the mineralogy and textural features of the
ultramafic rocks indicate that the Loma

Caribe peridotite represents (serpentinized)
harzburgitic oceanic mantle as part of a
dismembered ophiolite complex. Recent
geochemical studies reveal that the
ultramafic rocks were formed as an
evolving suprasubduction oceanic
lithosphere (Lewis et al., 2006a; Marchesi
et al., 2012) and have been partially
serpentinized by hydrothermal reaction
with sea water and by hydrothermal
reactions during emplacement. The
emplacement of the peridotites is believed
to have been due to the collision of an
oceanic plateau (Duarte terrane) with the
primitive Caribbean island arc (Maimon-
Amina-Los Ranchos terrane) resulting in
thrusting of the peridotites in a northerly
direction as early as late Albian (Draper et
al., 1996; Lewis et al., 2002, 2006a).

Starting from early Miocene weathering
has formed well-developed Ni laterites in
the Dominican Republic showing similar
features as other ophiolite-related hydrous
Mg silicate Ni deposits found and
exploited in the arcs of the West Pacific
(Golightly, 2010; Butt and Cluzel, 2013;
Villanova de Benavent et al., 2014). Mine
geologists of Falcondo have subdivided
and named the weathering profile into
several zones (A-F) on the basis of Ni, Mg
and Fe contents, textures and mineralogy
(Fig. 2.4) (Haldemann et al., 1979;
Lithgow, 1993; Lewis et al.,, 2006a;
Villanova de Benavent et al., 2014;
Aiglsperger et al., 2015).
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A: Limonite (upper limonite with hematitic cap)
B: Limonite (lower limonite)

C: Saprolite (soft serpentinite)

D: Saprolite (hard serpentinite)

E: Serpentinized peridotite

F: Unweathered peridotite

Fig. 2.4. Above: Ni laterite profile from Loma Caribe showing ore zones (A-F) defined by Falcondo mine
workers with typical lateral and vertical variation (left) and idealized (right) (modified from Lewis et al., 2006a).
Beneath: characteristic field observations of different ore zones (A: upper limonite with hematitic cap; B: lower
limonite; C: soft serpentinite; D: hard serpentinite; E: serpentinized peridotite; F: unweathered peridotite).

Field observations and analytical studies
realized during this work are in good
agreement with the following description
according to Haldermann (1979) and
Lithgow (1993).

Zone A reaches depths of over 20 m on
flat areas protected from erosion, but is
extremely thin or absent on hill tops and
steep slopes. Its typical chocolate brown
colour and earthy texture is due to
unconsolidated goethite as the main
mineralogical component, whereas
irregular pockets of gibbsite, scattered

boulders of serpentinized peridotite, traces
of concretionary or vein silica and traces
of relict chromian spinel, magnetite and
Mn-Co-Ni oxyhydroxide (asbolane) are
also present. Pisolites of hematite, up to 1
cm in diameter, occasionally
occur. Contacts with the underlying zone

B are usually sharp.

The volume of zone B is approximately
twice that of zone A, and shows its
greatest development on flat or gently
dipping slopes. It is very compact and
exhibits a clay-type texture (but without
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clay component) with some plasticity,
exhibiting reddish to yellowish brown
colour. It mainly consists of goethite, with
minor amounts of serpentine minerals near
the contacts with the underlying zones of
the laterite profile.

Zone C is soft displaying some plasticity
when fresh and exhibits a large colour
range from green to yellow to brown and
red. The contact with limonite is usually
abrupt, but can be transitional. It
commonly shows relict original structures
and may contain boulders of hard
serpentine.  In  contrast to  the
macroscopically  structureless limonite
zone which has been affected locally by
slumping and soil creep, this material is
usually formed in place. It contains up to
20% by volume of boulders of hard
serpentine, and these increase in
proportion through mostly transitional
contacts into zones D or E. The
mineralogy of soft serpentine is
transitional between that of the iron-rich
layers of the limonite zones and the
underlying Mg-rich zone. Lizardite is the
dominant mineral phase, with goethite
becoming more abundant at transitional
contacts with zone B. Quartz may be
abundant locally in the form of silica
boxwork, up to 40% of the zone with
attendant dilution in nickel grades ranging
from 1.5-1.8 % Ni (Lewis et al., 2006a).
Other veins of siliceous material consist of
nickeliferous  cryptocrystalline  quartz,
often accompanied by bright green
garnierite minerals.

Hard serpentine (zone D) consists of 20-50
% angular boulder fragments, from 5-25
cm in diameter, set in a matrix of soft
serpentine. The rocky fragments are
usually of pale yellow ochre or a dark grey
colour and often show concentric

alteration zones up to 5 cm in thickness.
Most outer skins are enriched in nickel (up
to 3% Ni) and there is a gradual inward
decrease to a core which assays from 0.3
to 0.6 % Ni. Many of the boulders are
transected by serpentine veinlets which are
also enriched in nickel. Serpentine mineral
content and nickel enrichment in the
laterite profile reach their peak in this
zone.

Zone E, serpentinized peridotite, is
normally found at the bottom of the ore
sequence. It is composed of 50-70 % by
volume of wusually >25 cm diameter
massive angular joint fragments with
smaller amounts of soft serpentine matrix.
Fracture fillings and coatings of garnierite,
up to 5 mm wide, enrich the zone to ore
grade. Narrow silica boxwork veins also
follow along joint planes, often with in-
fillings of serpentine, garnierite and
yellowish limonite. Along fault zones,
quartz veins or breccia fragments of zone
D cemented by quartz may occur up to
one-half meter wide. Except for its
generally lower nickel content, its major
element composition is  essentially
identical to that of zone D. It has the
highest content of primary ferromagnesian
minerals (olivine and enstatite) of the ore
zones.

Zone F 1s unweathered peridotite
consisting mostly of coarse-grained
harzburgite, clinopyroxen-rich harzburgite,
lherzolite, fine grained black dunite and
sheared greenish black serpentinite. This
zone is rarely of ore grade, but can be if
sufficiently fractured and penetrated by
fracture fillings of garnierite (Tauler et al.,
2009; Villanova-de-Benavent et al., 2014).
It normally constitutes the barren bedrock
below the highly irregular bottom of the
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orebody, although some inclusions within
zone E may occasionally attain ore grade
values. Chemically, it is characterized by
very low nickel and iron values (~0.25 %
and <14 wt%, respectively) and
moderately high magnesium (>30 wt%).

However, to simplify comparison with the
investigated Ni laterite profile of Moa Bay
the laterite profile of Falcondo was termed
for this study from bottom to top: (i)
parent rock peridotite, (ii) hard saprolite,
(ii1) soft saprolite, (iv) lower limonite, (v)
upper limonite and duricrust (Fig. 2.3c).

Ore minerals are mainly Ni-lizardite and
poorly defined varieties of Ni containing

serpentine, talc, chlorite and sepiolite,
commonly termed as ‘“garnierites” (up to
49 wt% NiO). These are found mainly
within the lower part of the saprolite
horizon (Villanova de Benavent et al.,
2014).

As pointed out earlier, weathering horizons
of both Ni laterite mining areas (i.e. Moa
Bay and Falcondo) are erratically
developed and complete profiles as shown
in Fig. 2.2c and Fig. 2.3c are extremely
rare. Figure 2.5 shows some additional
field impressions.

.
v

mgle dump
.\\n"?AF“{V

Fig. 2.5. Characteristic field observations of A) limonite horizon dominated ore deposits from the Moa Bay
mining area and B) saprolite horizon dominated ore deposits from the Falcondo mining area.
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Chapter 3

Materials and Methods

3.1. Sample selection

3.1.1. Moa Bay mining area (Cuba)

Nine samples were selected out of a
collection of 21 samples (~1 kg each),
representing characteristic levels of one Ni
laterite profile approximately 3 km to the
south of Punta Gorda (see chapter 2 Fig.
2.2a, b and chapter 4 Fig. 4.2). The profile
is ~40 m thick and consists of a 2 m thick
layer of duricrust and upper limonite, a 33
m thick package of lower limonite
including zones rich in Mn oxide(s) and a
5 m thick zone of soft and hard saprolite
overlying serpentinized peridotite (see
chapter 4 Fig. 4.2). Parent rocks of Ni
laterites from Moa Bay are mainly
unweathered harzburgite which have been
analysed previously by Marchesi et al.
(2006). Average values of unweathered
harzburgite from this publication were
taken for this investigation.

3.1.2. Falcondo mining area (Dominican
Republic)

Two Ni laterite profiles, approximately 13
km apart, were studied, i.e. Loma Caribe
and Loma Peguera (see chapter 2 Fig. 2.3a,
b).

At Loma Caribe a total of 18 samples (~3
kg each) were collected from different
levels of a 16 m thick weathering profile
consisting of 2 m upper limonite including
an about 10 cm thick layer of clay
minerals, 5 m lower limonite, 8 m soft and

hard saprolite, 1 m serpentinized peridotite
and underlying unweathered dunite (see
chapter 4 Fig. 4.5). A selection of 9
samples from different horizons was
chosen for a detailed characterisation of
the profile.

At Loma Peguera the 16 m thick
weathering profile is characterized by a 2
m thin cover of upper limonite underlain
by 13 m of saprolite including rare
chromitite bodies a few metres thick,
overlying dunites (see chapter 4 Fig. 4.6).
In total 19 samples were collected.
However, eight characteristic samples (~3
kg each) were chosen from indicated
subsequent  detailed
investigation (see chapter 4 Fig. 4.6).

horizons for

3.2. Whole rock geochemical analyses

3.2.1. Major, minor and lithophile trace
elements

Major, minor and lithophile trace elements
of weathering samples from Moa Bay were
determined at the Actlabs Laboratories
(Ontario, Canada) by X-ray fluorescence
(XRF) and ICP mass spectrometry (ICP-
MS), respectively. Weathering samples
from Falcondo were analysed by the same
methods at the University of Granada (see
Lazaro et al.,, 2013 for details on the
applied analytical techniques). Hard rock
samples of unweathered peridotite were
analysed for major, minor and trace
elements at the ISTEEM (Universite’
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Montpellier II, Montpellier, France; see
Marchesi et al., 2006 for details on the
applied analytical techniques).

3.2.2. PGE

All selected samples were analysed at
Genalysis Ltd. (Maddington, Western
Australia) by ICP-MS after nickel sulfide
fire assay collection following the method
described by Chan and Finch (2001). In
this method, 25 g of homogenised sample
is fused with a flux containing borax, soda
ash, silica, nickel oxide, and sulphur.
Fusion was performed at 1200°C to ensure
all chromite grains are completely fused
and all PGE are collected by the nickel
sulphide. In continuation the nickel
sulphide button 1is dissolved with
hydrochloric acid at about 100°C. The
undissolved PGE and gold sulphides are
then collected on a cellulose nitrate
membrane filter and later digested with
aqua regia in sealed borosilicate test tubes.
The resultant solution is diluted with 10%
v/v nitric acid and thoroughly mixed. The
final solution is analysed by a Perkin
Elmer/Sciex Elan 6000 ICP-MS. Six
calibrating standard solutions are used and
all standards and samples are spiked with
two internal standards for drift monitoring.
Internationally certified reference material
(South African Reference Material SARM-
7) and in-house standards are used in any
analysis batch. The PGE isotopes
measured are 99Ru, 101Ru, 102Ru, 1O3Rh,
105pg 106pg 108pg 1890g 193 195pr ang
°pt. The results are corrected for
interferences produced by Ni and Cu
argides. Detection limits are 1 ppb for Rh,
and 2 ppb for Os, Ir, Ru, Pt, and Pd.

3.3. Mass balance calculations

Mass balance calculations were achieved
by using the open source software GCDKkit
3.00 (www.gcdkit.org) and its
implementation for ISOCON mass balance
calculations after Grant (1986, 2005). This
method is a graphical approach to the mass
transfer equation used by Gresens (1967)
which can determine element mobility in a
great variety of differnt rocks. According
to this technique, when the compositions
of unaltered and altered rocks are plotted
as variables, the immobile elements must
lie on a straight line (isocon) which passes

through the origin. The reciprocal slope
gives the total mass change during the
alteration process while the deviation of
points for mobile elements above and
below the isocon gives the gain or loss,
respectively, of each component in the
altered rock with respect to the original.

3.4. X-ray diffraction analyses

X-ray powder diffraction measurements
were performed on homogenised sample
aliquots in a Bragg-Brentano 6/20 Siemens
D-500 diffractometer (radius = 215.5 mm)
with Cu Ko radiation, selected by means
of a secondary graphite monochromator.
The divergence and receiving slits were of
1° and 0.15° respectively. The starting and
the final 20 angles were 4° and 80°
respectively. The step size was 0.03° 20
and the measuring time of 18 seconds per
step. The software X Pert Highscore® was
used to subtract the background of the
patterns, to detect the peaks and to assign
mineral phases and their corresponding dpy
to each peak.
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3.5. Mineralogical
challenge and uncertainty

methodology:

The traditional in situ technique is the
most used to investigate minute amounts
of accessory mineral phases such as PGM.
It consists of the study of polished sections
by reflected light optical microscopy
(OM), scanning electron microscopy
(SEM) and by electron microprobe
analysis (EMPA) (see beneath). In many
studies this technique proved to be an
efficient tool to investigate consolidated
rocks relatively enriched in PGE, such as
chromitite (Garuti et al., 2007, 2012; and
references  therein). = However, the
investigation of saprolite and limonite
samples requires careful heavy mineral
concentration techniques such as in this
study applied innovative hydroseparation
(HS) techniques (Rudashevsky et al.,
1995, 2002; Cabri et al., 2006).

< B

Barcelona

3.5.1. The HS laboratory Barcelona

The HS  laboratory  (www.hslab-
barcelona.com), installed at the University
of Barcelona in 2011 (Fig. 3.1), aims to
simulate natural beach placer deposits by a
combination of laminar water flow at

constant pressure with diverse wave
impulses. Dense mineral phases (e.g. gold,
PGM, zircon) are collected at the bottom
of a so called Glass Separation Tube
(GST), whereas light particles (e.g. quartz,
feldspar, etc.) rise to the top of the GST
and leave the system. Using different
GSTs, flow rates and impulse regimes the
total amount of final heavy mineral
concentrates for each size fraction is
reduced to about 10 mg. This method has
been successfully applied to rock samples
previously (e.g. Cabri et al., 2008).
However, for this study the method has
been adapted for limonite samples and
follows Aiglsperger et al. (2011).

Fig. 3.1. Hydroseparation laboratory Barcelona (www.hslab-barcelona.com); 1 water tank; 2 flowmeters; 3
software controlled HS-11 device; 4 Glass Separation Tubes (GST).
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3.5.1.1. Sample preparation

Two saprolite samples (LP 4 and LC §; 3
kg each) and three samples from the
exposed limonite horizon (LP-11-007: 2
kg; LP 1: 3.5 kg and LC 2: 0.5 kg) as well
as chromitite samples from Loma Peguera
1 (LP6; 0.5 kg) and from Loma Larga (LL,
100 g) were processed.

The chromitite samples were crushed by a
jaw crusher and sieved through a 125 pm
testing sieve. Subsequently the coarse size
fraction was grinded via an agate mill and
wet sieved by hand through standard
screen series resulting in a size fraction
distribution between +125 um and -53
pum. Soft rock samples were dispersed in
water and roughly homogenized by taking
out (hand sorting) gravel-sized fragments.
For pre-concentration the sample slurries
were successively filled into a 250 ml
bowl and processed for approximately 10

sorting

sonic

wet
sieving

tailing

size fractions
ready for HS 11

seconds in a round ultrasonic bath,
whereas small, less dense minerals were
decanted as tailing. Depending on the
initial composition of the slurry this
procedure had to be repeated up to five
times, with water added after each
decantation until the remaining slurry was
mainly composed of typically dark
coloured, heavy mineral phases. The
ultrasonic concentration products were
carefully wet sieved by hand through
standard screen series resulting in a size
fraction distribution between +125 um and
—53 um. A flow sheet of all necessary
steps previous to hydroseparation for
limonite samples is given in Fig. 3.2. A
CNT Spark-2
Disaggregation device (CNT Laboratory,
St. Petersburg, Russia) was used to crush
one hard saprolite sample from zone D
(LP-4) and to liberate accessory minerals.

Electric Pulse

> PGE-bearing laterite sample

hand —————— sample homogenization

utra | ___  pre-concentration

Fig. 3.2 Flowsheet
explaining sample pre-
paration of soft rocks
before hydroseparation
(Aiglsperger et al., 2015).
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3.5.1.2. Hydroseparation

Each size fraction was processed by means
of the above hydroseparation technique in
laboratories in St. Petersburg (saprolite
sample) and Barcelona (limonite samples).
Heavy mineral concentrates were obtained
by using the computer-controlled device
CNT HS 11 (Rudashevsky et al., 2001;
Rudashevsky and Rudashevsky 2006,
2007; and see <http://www.cnt-mc.ru/>).
The separation process was accomplished
in two steps: (1) preparation of a pre-
concentrate by using a 30 cm long glass
separation tube (GST) (inner @ 8 mm); (2)
preparation of the final concentrate by
using a short (10 cm long) GST (inner @ 5
mm).

3.6. Scanning Electron Microscopy (SEM
and FE-SEM)

Thin sections, in situ polished sections and
heavy mineral monolayers were studied
with a scanning electron microscope
Quanta 200 FEI XTE 325/D8395 and with
a field emission scanning electron
microscope Jeol JSM-7100 at the Serveis
Cientifics 1 Tecnologics, University of
Barcelona, Spain.

3.7. Electron Microprobe analyses
(EMPA)

Quantitative electron-microprobe analyses
were obtained in WDS mode, operating
with an accelerating voltage of 20 kV, a
beam current of 10 nA and a beam
diameter of 1 um with a CAMECA SX50
at the Serveis Cientifics 1 Tecnologics,
University of Barcelona. Analytical

conditions are summarized in McDonald et
al. (2010) and were used for the
investigation of PGM found in saprolite.
At the same institution PGE grains with
complex textures were investigated by
element-distribution maps using a JEOL
JXA-8230 electron microprobe with an
accelerating voltage of 20 kV and a beam
current of 128.8 nA. Maps were collected
by beam scanning with dwell times of 60
ms/pixel. For each element, the
background map was subtracted from the
corresponding peak map.

Quantitative electron microprobe analyses
of chromian spinels and PGM from the
limonite and chromitites were obtained
with the same instrument in wavelength-
dispersive spectroscopy (WDS) mode,
operating with an accelerating voltage of
20 kV, a beam current of 20 nA, and a
beam diameter of 1 pm. Pure metals were
used as standards for Os, Ir, Ru, Rh, Pt,
Pd, Co, Sb and V as well as chromite (Cr,
Al, Fe), periclase (Mg), rhodonite (Mn),
rutile (Ti), NiO (Ni) and S (S), CuFeS,
(Cu), GaAs (As) and wollastonite (Si). The
proportion of Fe’* in chromian spinel was
calculated assuming stoichiometry.

The following interferences RulLf —
RhLa, IrLa — CuKa, RhLB — PdLa,
RuLp — PdLa, CuKp — OsLa, and RhLa
— PtLa were online corrected.

3.8. Micro-raman spectroscopy

Micro raman maps were achieved by using
a Thermo Scientific™ DXR™xi Raman
imaging microscope. The studied area (35
pum x 17 um) was mapped at a laser power
of 2 mW, the exposure time was 1 sec with
5 scans and the pixel size was 1 um, thus
resulting in 595 spectra collected within 67
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min. Obtained raw data were treated with
Thermo Scientific OMNIC™xi Raman
imaging software.

3.9. Laser ablation-inductively coupled
plasma-mass spectrometry (LA ICP-MS)

An FElement 2 high resolution mass
spectrometer coupled with a 213-nm
NdYAG UP-213 laser ablation system
placed at the Institute of Geology, Prague
(The Czech Academy of Science) was
used to acquire the trace element data. The
following isotopes were measured at the
low mass resolution mode (m/Am = 300):
53¢, TFe, Y, ©7r. “Ru, '"'Ru, '®Rh,
104pg 108pg 110pg  1Hlog 139 4 40ce,
Mipy 1oNg gy 1SRy, 159Th, 199G,
161y, 165H,, 166R; 19T, 1Typ, Ly,
155Re. 1905, It and Pt

Trace elements, REE and PGE were
calibrated against the synthetic silicate
standard glass NIST SRM 610 (Jochum et
al., 2011). The isotope STFe was used as
the internal standard. All standards were
run before and after each set of 10
unknowns.

Polished resin blocks were used for in situ
laser ablation analyses. Both external
standards and measured samples were
analysed at identical conditions: laser
ablation repetition rate of 10 Hz, the laser
fluence of 5-7 J/cm® and 55 pm beam
spot. Data for the gas blank were acquired
for 35 s followed by 35 s of laser ablation
signal. The washout time was 120 s
between measuring of individual laser
spots. Samples were ablated in an in-house
small volume ablation cell, a construction
which was inspired by conception of
Kooijman et al. (2012). The ablated

material was transported by a high purity
He gas from the laser ablation cell at a
flow rate of 0.4—0.6 1/min.

The time-resolved signal data of spot
analyses were processed using the Glitter
software (van Achterbergh et al., 2001).
The precision of the laser ablation analyses
(as relative 1 sigma error — RSD) ranges
between 5 and 15 % for most of the
detected elements.

3.10. Synchrotron through-the-substrate
X-ray microdiffraction (tts-uXRD)

The synchrotron through-the-substrate X-
ray microdiffraction (tts- pXRD) is an
innovative, new technique which allows
the structural characterisation of crystalline
mineral phases in situ within standard
polished sections (Rius et al., 2011; Rius et
al., 2015). These authors confirmed that by
using synchrotron radiation microvolumes
down to 15x15 umz can be analysed. Basic
steps of the procedure are summarized in
Rius et al. (2015). Regarding the in this
work studied Ru-Os-Fe grain, the grain
bearing monolayer polished section was
first transformed to a thin section (30 um
thick) attached to an approximately <1 mm
thick glass substrate. Subsequently, the X-
ray diffraction information was obtained
by rotating the thin section with the
selected microvolume at the origin (Arndt
& Wonacott,1977) and processed with
Bruker software (TOPAS).

The  diffraction  experiments  were
performed on the MSPD beamline at the
ALBA  Synchrotron  Facility-CELLS,
Cerdanyola del Valle's, Barcelona, 08920,
Spain.
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3.11. Osmium isotopes

In situ Re-Os isotope analyses on PGM
were carried out at GEMOC (Australia)
using a LA-MC-ICPMS following the
analytical routine described by Gonzalez-
Jiménez et al. (2012):

A New Wave/Merchantek UP 213 laser
microprobe with a modified ablation cell
was coupled with a Nu Plasma
Multicollector ICP-MS. During the
analysis of PGM all ion beams were
collected in Faraday cups. The laser was
fired at a frequency of 4 Hz, with energies
of 1-2 mJ/pulse and a spot size of 15 um.
The analyses of BMM used a combination
of Faraday cups and ion counters. The
laser was fired at a frequency of 5 Hz, with
energies of 1-2 mJ/pulse and spot size of
80 wm. During ablation runs, a standard
NiS bead (PGE-A) with 199 ppm Os
(Lorand and Alard, 2001) and '*"0s/"**Os
= 0.1064 (Pearson et al.,, 2002) was
analysed between samples to monitor and
correct any drift in the Faraday cups and
ion counters. These variations were much
less than 0.1% over a day's analytical
session. During both types of analysis, a
dry aerosol of Ir was bled into the gas line
between the ablation cell and the ICP-MS
to provide a mass-bias correction with a
precision independent of the abundance of
Os in the unknown. The overlap of %7Re
on '"¥’0Os was corrected by measuring the
% Re peak and using '%'Re/'®Re=1.6742.
All the analysed grains have %TRe/'™ Os <
0.5, thus ensuring that the isobaric
interference of '®'Re on '"Os could be
precisely corrected (c.f. Nowell et al.,
2008). The data were collected using the
Nu Plasma time-resolved software, which
allows the selection of the most stable

intervals of the signal for integration. The
selected interval was divided into 40
replicates to provide a measure of the
standard error. An internal precision for
8705/'%0s typically of 3E-4 (2 SE) was
obtained for PGM. yOs and model ages
have been calculated relative to the Os-
isotope evolution of the Enstatite
Chondrite Reservoir (ECR, present-day
¥0s/'%0s=0.1281,  """Re/"**0s=0.421,
Walker et al., 2002). The ECR has been
shown to reproduce the Os isotopic
evolution of the convecting mantle and has
been used previously as a reference for the
Os isotopic composition of PGM in
podiform-likechromitites (Marchesi et al.,
2011; Shi et al.,, 2007). The quoted
uncertainties on TMA and TRD model
ages include the uncertainties in the
measured '¥’0s/'*%0s  and 187Re/lggOs,
calculated using the equation of Sambridge
and Lambert (1997).
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Chapter 4

Abundance and distribution of critical metals (REE, Sc¢, PGE) in Ni
laterites from Cuba and the Dominican Republic

4.1. Introduction

The Rare Earth Elements (REE), Platinum
Group Elements (PGE) and scandium (the
so-called “High Tech metals”) are
elements with special chemical and
physical properties needed for
sophisticated ~ technical  applications
associated  with  renewable  energy,
reduction of greenhouse gases and energy
efficiency (green technologies). The
rapidly growing market in this sector (e.g.
production of permanent magnets, cell
phones, electric cars, wind turbines) led to
an increasing demand of these metals over
the last few years (e.g. Chakhmouradian
and Wall, 2012; Hein et al., 2013). In
2014, the EU Commission assessed 54
materials (metallic ore, biotic material and
industrial minerals) on their criticality for
Europe’s industry on the basis of their high
economic importance and their high
relative supply risk (EC, 2014). 20 raw
materials were identified as critical
including REE and PGE (Fig. 4.1).

In 2010, the unexpected drastic reduction
of export quotas for REE by the Chinese
government revealed the vulnerability of
western high tech industries. As a
consequence, new exploration projects
have been initiated worldwide. However,
to be competitive these deposits must be
large in scale, easily accessible (open pit
mining) with favourable ore mineralogy

from a metallurgical point of view and
tolerable environmental impact.

With respect to PGE, being essential for
gasoline-engine catalytic converters in the
car industry and in other high tech
applications, an estimated 82% of the
currently mined PGE come from only two
major ore deposits in South Africa
(Bushveld complex) and Russia (Norilsk)
(USGS, 2013). Supply risks and price
instabilities can occur when producers
suffer full-scale mine shutdowns as seen
during several strikes held by mining
workers in South Africa 2013 (USGS,
2013), or when political environments
change in times of crisis (e.g. 2015 EU —
Russia sanctions during Ukraine crisis).

Ore deposits associated with near-surface
modification of ultramafic rocks could
help to minimize supply risks of these
critical metals (CM) (e.g. Wilde et al.,
2003). Ni laterites are considered worthy
targets for CM exploration as REE, Sc and
PGE can be concentrated during
weathering as a result of residual and
secondary enrichment (e.g. Maksimovic”
and Pantd, 1996; Economou-Eliopoulos et
al., 1997; Eliopoulos and Economou-
Eliopoulos, 2000; Audet, 2009; Ndjigui
and Bilong, 2010; Wang et al., 2011;
Eliopoulos et al., 2014). In addition,
changing Eh-pH conditions at higher
levels of the laterite profile and subsequent
interactions within the biosphere can
favour mobility, reprecipitation and
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concentration of these elements

(Aiglsperger et al., 2015).

Ni (£Co) laterite deposits account for
about 60% of the current world's annual Ni
production and host 60 to 70% of the
world land-based Ni resources (Butt and
Cluzel, 2013). In this context Cuba and the
Dominican Republic host some of the
world’s most important Ni laterite
deposits. They formed by weathering of
ophiolitic serpentinized peridotites in the
Tertiary as a result of tropical climate
conditions (e.g. Linchenat and Shirokova,
1964; Haldemann et al., 1979; Lithgow,
1993; Lavaut, 1998; Lewis et al., 2006a).
They have been mined since 1943 when
the Nicaro processing plant (eastern Cuba)
went into production (Nelson et al., 2011).
The Ni laterite deposits currently being
mined are located in eastern Cuba (Moa

Bay mining area) and the central
Dominican Republic (Falcondo mining
area). According to the mineralogy of
principal ore-bearing phases, the Moa Bay
ore deposits are classified as oxide type,
and Falcondo ore deposits as hydrous Mg
silicate type (Brand et al., 1998; Lewis et
al., 2006a).In this study, geochemical and
mineralogical data from two different
nickel laterite types (i) from the Moa Bay
mining area (eastern Cuba) and (ii) from
the Falcondo mining area (Dominican
Republic) is presented, with emphasis on
their potential to accumulate CM and on
processes involved. The underlying idea of
this investigation is that these elements
could be produced as by-products
additionally to approximately 130 000 tons
of Ni annually produced in active plants in
the Caribbean (Nelson et al., 2011).
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4.2. Geochemistry Ni shows significant enrichment (2.3 wt%)
at the transition zone between saprolite
(~0.5 wt%) and lower limonite (~1 wt%)

4.2.1. Moa Bay (Fig. 4.2). Co enrichment up to 0.65 wt%
Figure 4.2 shows the general geochemical is observed within zones of signiﬁcant Mn
trend within the oxide type laterite from oxide(s) accumulation (up to 4.2 wt%
Moa Bay with respect to the distribution of MnO) (Fig. 4.2).
major elements (Fe, Al, Si and Mg), Critical elements are enriched in the
relevant minor elements (Ni, Co and Mn) limonite, especially within zones with
and CM (REE =La + Ce + Nd + Sm + Eu elevated concentrations of Mn oxide(s) as
+Tb + Yb + Lu, Sc and PGE = Os, Ir, Ru, well as towards the surface (Fig. 4.2).
Rh, Pt, Pd). Mg and Si are main Total REE concentrations are low in the
components in the saprolite (~40 wt%) but unweathered harzburgite (~0.1 ppm) and
extremely depleted in the limonite where vary from 1 to 3 ppm in the saprolite and
Fe and Al prevail (~65 wt% and ~10 wt% from 15 to 68 ppm in the limonite (Table
respectively) (Fig. 4.2). 4.1).
Punta Gorda ore deposit (oxide type) P L
Sc (ppm)
(Moa ) Bay) wit% wit% PGE (ppb)
Om <« 92401 Om
< Mn 17
<+ 92402
<« 92405 . . .
. « o407 £ E 2
= = - B
= <« Mn3 3
=
= 15m 15m
] « Mns R ° 8 —=se
< 92424 § § —— PGE
<« Mn20 5 g
<+

av. Hzb.  45m

Fig. 4.2. Ni laterite profile from the Punta Gorda ore deposit (Moa Bay) showing location of samples with
major, relevant minor and CM contents. Values for the parent rock (harzburgite) av. Hzb. are taken from
Marchesi et al. (2006).
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92401 Mn 17 92402 92405 92407 Mn3 Mn5 92424 Mn20  av.Hzb.  LC-11-001 LC-1 LC-2 LC-5 LC-6 LC7 LC-8 LC-9 C-629 LP-11-007 A LP-11-008 B LP-3 LP-2 LP-5 LP-4 LP-7  LP-101
DC+UL _ DC+UL LL LL LL LL SP sP sp UP DC + UL UL UL UL LL LL-SS HS HS upP DC + UL uL HS HS HS HS HS uP

wi%
si0, 272 2.69 435 3.18 392 3.58 3517 4136 3943 38.59 646 14.60 6.64 9.79 382 216 4127 45.67 43.03 1721 115 4437 40.07 41.19 44.04 39.98 39.84
ALO, 14.52 15.00 959 9.16 8.26 7.98 1.84 104 094 0.64 3182 14.16 9.72 2337 939 17.67 1.19 L15 176 2627 3.50 1.86 0.07 058 026 5.67 0.84
Fe,0; 68.03 65.81 66.75 71.83 69.13 68.66 16.17 9.22 9.28 7.81 40.10 55.97 65.55 4259 67.31 50.60 1324 12.14 8.59 35.71 72.24 16.86 9.41 14.10 14.59 7.80 8.44
MnO 1.07 038 083 102 1.60 424 0.18 0.12 0.12 011 026 038 224 0.67 136 842 026 025 0.14 073 128 0.19 0.17 023 026 011 0.13
MgO 056 072 173 028 119 049 3081 39.16 35.60 3827 011 1.05 057 0.08 0.56 0.01 28.80 28.65 41.05 0.19 1.04 472 35.93 3055 2743 3329 4123
Ca0 0.03 0.04 0.03 0.04 0.05 0.05 0.03 027 0.06 032 0.02 0.06 001 <dl 0.01 0.05 026 034 1.90 0.01 0.02 028 0.03 0.02 0.01 0.13 1.06
Na,0 0.07 011 0.12 0.13 017 015 0.07 0.05 0.06 <l 0.06 0.08 <dl <dl <l 0.18 0.05 <dl <dl <dl 0.08 <dl <dl <dl <dl <dl <dl
K,0 0.08 0.06 0.06 0.07 0.09 0.13 0.03 0.03 0.03 <dl 0.04 0.10 <dl <dl <dl 0.03 0.03 <dl <dl 0.04 0.05 <dl <dl <dl <dl <dl <dl
TiO, 048 051 0.06 0.08 0.05 0.06 0.01 0.01 0.01 0.01 3.33 078 026 7.86 011 034 0.02 0.01 0.06 131 0.03 0.01 0.01 0.06 0.01 033 0.03
P,0; 0.05 0.03 0.02 0.02 001 0.02 001 0.01 0.01 na. 0.07 0.05 0.02 027 0.04 0.04 0.01 0.01 0.01 0.13 0.03 0.01 0.01 0.01 0.01 0.01 0.01
Cr,0; 2.40 4.05 334 278 413 213 0.1 0.32 0.34 na. 049 170 1.82 0.57 241 318 0.63 0.32 0.38 0.63 312 040 0.04 017 0.08 020 035
Co,0, 0.03 0.01 0.16 0.14 025 0.65 0.03 0.02 0.02 na. 0.02 0.05 055 0.09 023 1.68 0.03 0.03 0.02 011 021 0.02 0.02 0.03 0.03 0.01 0.02
NiO 0.65 1.38 169 175 1.89 1.06 228 040 052 na. 0.63 0.89 142 027 1.87 164 234 231 027 026 114 1.82 108 1.80 2.00 181 027
LoI 8.90 1055 10.50 9.13 8.07 10.46 13.09 874 1391 1429 16.34 9.47 954 15.00 11.96 1430 12.07 1059 278 16.22 5.05 1021 13.19 1231 11.68 11.94 7.62

ppm
Rb 3.0 04 3.0 40 40 <dl <dl <dl <dl 0.0 <dl 6.0 <dl <dl <l <l <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
Cs 0.6 0.1 <di <dl <dl <dl <dl <dl <l 04 <dl 12 <dl <dl <dl <l <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
Be <di 05 <di <dl <dl <dl <dl <dl <dl 0.0 <dl <dl 14 L5 <dl <l <dl <dl na. 20 50 <dl <dl <dl <dl <dl na.
Sr 160 69 3.0 3.0 40 740 40 <dl 3.0 07 5.0 17.0 <dl 173 <l 20 20 <dl <dl <dl 30 <dl <dl <dl <dl <dl <di
Ba 48.0 63 250 260 1220 1269.0 17.0 5.0 120 na. <dl 20 204 211 210 780 340 203 <dl 9.0 480 138 62 70 68 67 <di
S 70.0 720 85.0 98.0 86.0 85.0 17.0 120 8.0 na. 87.0 58.0 55.6 1227 82.1 41.0 14.0 133 105 121.0 70.0 211 49 115 66 106 83
v 387.0 1952 339.0 361.0 364.0 362.0 65.0 450 330 382 8220 306.0 202.9 <dl 413.9 2340 540 453 60.6 45.0 362.0 723 139 295 136 652 38.6
Cr 164384 27760.8 228767 190411 282877  14589.0 5670.0 2150.0 2230.0 2669.2 3260.0 69862 12496.7 38042 164929 217808 4170.0 2045 2596.9 34200 21369.9 27314 2412 11745 518.6 1349.1 2426.9
Co 203.0 106.0 1205.9 949.0 1838.2 4750.0 2410 9.0 112.0 96.4 100.0 309.0 4008.1 651.7 1748 123529 2280 207.6 137.0 682.0 1536.8 1535 1373 204.0 2303 96.6 151.1
Ni 46100 108518 133124 137760 148448 83222 178782 2620.0 3610.0 2265.4 4600.0 6670.0  11189.8 21006 147146 128959 18389.0  18192.0 2099.6 1780.0 9680.0  14300.7 8465.1 141790 157015 142136 2094.9
Cu 90.0 1408 150.0 150.0 170.0 190.0 300 <dl 200 na. 80.0 60.0 754 723 816 650.0 300 2.7 <dl 260.0 2200 356 <dl <dl <dl <dl <dl
Zn 230.0 129.8 490.0 280.0 520.0 460.0 110.0 <dl 50.0 na. <dl 230.0 262.6 185.9 3224 960.0 <dl 515 46.5 110.0 340.0 624 365 61.8 482 492 4.0
Ga 170 9.7 100 100 100 9.0 20 L0 L0 na. 33.0 200 12.1 292 147 270 10 L6 21 27.0 70 21 <dl 13 <dl 55 11
Y 20 33 <di <dl 6.0 5.0 <dl <dl <dl na. 60 3.0 7.8 392 8.1 15.0 <dl <dl <dl 95 16.0 39 <dl <dl <dl 4.0 <dl
Nb 8.0 53 <di «dl <dl <dl <dl <dl <dl 00 L0 1.0 <dl 54 <dl <dl <dl <dl 31 43 <dl <dl <dl <dl <dl <dl <dl
zr 85.0 360 230 320 290 70 5.0 <dl <dl 0.1 114.0 115.0 243 267.1 65 14.0 50 6.0 6.1 63.0 <dl <dl 78 71 68 22 5.6
Hf 18 18 <di <dl <dl <dl <dl <dl <dl 0.0 32 3.0 04 <dl 04 <dl <dl 47 18 <dl <dl <dl <dl <dl <dl <dl
Pb 120 5.1 <di <dl <dl 70 <dl <dl <dl na. <dl 1.0 <dl 76 <dl <dl <dl <dl 15.0 <dl <dl <dl <dl <dl <dl <dl
u 23 20 02 03 0.1 05 <dl <dl <dl 00 0.4 23 <dl 0.1 <dl <dl <dl <dl 13 <dl <dl <dl <dl <dl <di
Th 73 33 02 0.4 0.1 05 <dl <dl <dl 00 0.4 8.8 03 <dl <dl <dl <dl <dl 23 <dl <dl <dl <dl <dl <dl
La 8.6 39 2.6 25 1.6 125 12 22 05 <dl 8.5 107 37 20 4.1 02 02 00 42 04 0.1 0.1 0.1 05 00
Ce 248 9.1 65 8.1 17 346 04 02 03 00 53.4 246 683 2.1 66.4 04 08 00 150.0 05 02 0.1 02 14 00
Pr 17 10 0.6 05 37 2.6 0.1 02 0.1 <dl 20 21 19 08 23 0.1 00 00 12 02 00 00 00 02 00
Nd 62 37 2.8 20 162 93 02 05 02 00 8.6 74 8.9 3.9 9.7 02 02 00 50 12 0.1 01 0.1 09 00
Sm 12 038 08 05 6.5 18 <dl <dl <dl na. 22 14 34 12 3.6 <dl 0.1 00 17 04 00 00 00 04 00
Eu 02 02 02 0.1 15 05 <dl <dl <dl 00 0.6 03 L1 05 L1 <dl 00 00 05 02 00 00 00 0.1 00
Gd 10 07 0.6 04 38 17 <dl <dl <dl 00 21 L1 23 12 3.9 <dl 0.1 00 20 05 00 00 00 05 00
T 02 0.1 0.1 <dl 08 03 <dl <dl <dl 00 03 02 05 02 08 <dl 00 00 04 0.1 <dl <dl <dl 0.1 00
Dy 10 038 07 04 46 16 <dl <dl <dl 00 20 12 27 14 5.1 <dl 0.1 0.1 22 04 00 00 00 06 00
Ho 02 02 0.1 <dl 08 03 <dl <dl <dl 00 0.4 03 05 03 L1 <dl 00 00 05 0.1 <dl 00 00 0.1 00
Er 07 05 0.4 03 27 09 <dl <dl <dl 00 13 08 15 09 32 <dl 00 0.1 14 02 00 00 00 03 00
Tm 01 0.1 0.1 <dl 0.6 02 <dl <dl <dl 00 02 0.1 03 02 06 <dl 00 00 02 00 <dl 00 <dl 0.1 00
Yb 08 07 05 0.4 5.2 L1 <dl <dl <dl 00 15 10 22 13 37 <dl 0.1 0.1 14 02 00 0.1 00 04 00
Lu 01 0.1 0.1 0.1 08 02 <dl <dl <dl 00 03 02 03 02 06 <dl 00 00 02 0.0 <d 0.0 0.0 0.1 0.0

ppb
0s 10 4 12 12 19 8 7 4 3 na. 27 19 15 3 20 25 5 6 7 74 46 6 6 4 11 6 4
Ir 25 18 2 26 27 2 8 6 3 na. 30 24 23 3 27 2 6 7 4 7 4“4 7 5 5 12 6 4
Ru 4 32 43 52 48 42 15 12 8 na 58 42 47 5 49 45 10 13 10 143 85 11 13 9 23 13 9
Rh 8 7 9 10 1 13 3 3 1 na. 12 8 10 2 1 9 3 3 2 19 14 3 4 4 3 4 2
Pt 41 34 53 57 53 107 13 14 6 na. 66 3 38 0 66 39 9 1 5 64 87 10 12 8 6 16 8
Pd 19 14 42 40 49 47 15 16 6 na. 7 26 2 2 25 16 1 15 2 41 55 18 8 7 7 1 9
Total (wt%) 99.60 101.35 99.24 9.61 98.81 9.66 100.53 100.74 100.41 100.04 9.75 99.34 98.34 100.55 99.07 10030 100.20 101.47 99.98 98.81 98.94 100.02 101.05 100.40 101.27 99.84
Total REE (ppm) 46.9 20 16.0 153 60.4 671.5 19 31 L1 01 83.4 514 974 373 106.1 09 1.6 0.6 1707 122.1 04 05 05 5.6 0.1
Total PGE (ppb) 147 109 181 197 207 239 61 55 27 na. 264 152 165 35 198 158 4“4 55 30 4115 31 48 37 62 56 36
UMIA 91 % 82 %0 84 88 8 4 4 3 84 65 80 75 87 9 6 6 4 62 70 8 4 6 6 7 3

Table 4.1. Concentrations of relevant major and minor elements (in wt%) as well as trace elements (in ppm or ppb) in parent rocks and weathering products of Ni
laterite profiles from the Punta Gorda ore deposit (Moa Bay), Loma Caribe ore deposit (Falcondo) and Loma Peguera ore deposit (Falcondo). Values of the parent rock
from Punta Gorda (av. Hzb.) are taken from Marchesi et al. (2006). DC (duricrust); UL (upper limonite); LL (lower limonite); SS (soft saprolite); HS (hard saprolite);
SP (saprolite); UP (unweathered peridotite); UMIA (ultramafic index of alteration; see text for explanation).
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Dominican Republic

REE chondrite normalized patterns for
weathering products show in general rather
flat trends with slight negative slopes from
La-Eu and slight positive slopes from Ho-
Lu (Fig. 4.3). The parent rock
(harzburgite) shows a pronounced positive
slope from Tb-Lu (Fig. 4.3). Cerium
anomalies are observed in the saprolite
(negative) and in the limonite (positive and
negative) (Fig. 4.3).

Scandium and PGE contents of the
unweathered harzburgites were not
analysed in Marchesi et al. (20006).

However Sc contents range from 8 to 17
ppm in the saprolite and from 70 to 98
ppm in the PGE
concentrations vary from 27 to 61 ppb in
the saprolite and from 109 to 239 ppb in
the limonite (Table 4.1, Fig. 4.3).

limonite whereas

In general saprolite and limonite samples
have similar flat PGE chondrite
normalized patterns with slight peaks of
Ru and Pd as previously observed in Ni
laterites from Falcondo (Fig. 4.4)
(Aiglsperger et al., 2015).

However, one sample from the Mn
oxide(s) rich limonite horizon (i.e. Mn 3)
shows a clear positive Pt anomaly and
duricrust samples (i.e. 92401 and Mn 17)
have slightly negative patterns from Pt to
Pd (Fig. 4.4).

Fig. 4.3. Chondrite normalized REE patterns with
highlighted Ce-anomalies and indicated fields of
limonite (red) and saprolite (green) of samples from
A) Punta Gorda ore deposit (Moa Bay); B) Loma
Caribe ore deposit (Falcondo); C) Loma Peguera
ore deposit (Falcondo). Normalization values from
Anders and Grevesse (1989). Parent rock
(harzburgite) av. Hzb. are taken from Marchesi et
al. (2000).
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Fig. 4.4. Chondrite normalized PGE patterns of
samples from the Punta Gorda ore deposit (Moa
Bay) with indicated fields of limonite, saprolite and
parent rock from samples from the Loma Caribe
and Loma Peguera ore deposits (Falcondo)
(Aiglsperger et al., 2015). Note the positive Pt
anomaly in the Mn-oxide rich sample Mn 3.
Normalization values from Naldrett and Duke
(1980).

4.2.2. Falcondo

Major elements in Ni laterites from Loma
Caribe and Loma Peguera (Fig. 4.5, 4.6,
respectively) follow the general trend for
Ni laterites with characteristic enrichment
of Fe + Al towards the surface and Si +
Mg depletion within the limonite. Close to
the surface Al shows a significant peak of
up to ~30 wt% in both Ni laterite
locations, whereas Fe decreases from ~60
to ~40 wt% (Loma Caribe) and from ~70
to ~35 wt% (Loma Peguera) (Table 4.1,
Fig. 4.5, 4.6). Within the Ni laterite profile
of Loma Caribe two Mn rich levels are
observed: one at the transition zone
between saprolite and limonite (8.4 wt%)
and one in the lower part of the upper
limonite (2.2 wt%) (Fig. 4.5). Co
enrichment (1.68 wt% at the transition
zone and 0.6 wt% in the upper limonite)
correlates with Mn enrichment.

CM are constantly enriched from parent
rock to limonite: the parent rock from
Loma Caribe contains 0.6 ppm REE, 11
ppm Sc and 30 ppb PGE, slightly enriched
saprolite contains 0.9 to 1.6 ppm REE, ~14
ppm Sc and ~50 ppb PGE whereas the
limonite concentrates 37 to 335 ppm REE,
41 to 123 ppm Sc and 35 to 264 ppb PGE
(Table 4.1, Fig. 4.5).

Highest REE and Sc contents are observed
within a clay minerals rich layer in the
lower part of the upper limonite whereas
the highest PGE contents occur at the top
of the profile (Fig. 4.5). In general REE
chondrite  normalized  patterns  of
weathering products from Loma Caribe are
slightly negative from La-Eu and flat from
Eu-Lu (Fig. 4.3b). Ce positive anomalies
in saprolite and limonite samples as well
as a clear Ce negative anomaly in one clay
minerals rich limonite sample (i.e. LC 5)
are evident (Fig. 4.3b).

The Ni laterite profile at Loma Peguera
shows, similar to Loma Caribe, Mn and Co
enrichment (1.3 wt% and 0.2 wt%
respectively) close to the transition zone
between saprolite and limonite (Fig. 4.6).
Slight enrichment trends of CM occur
from parent rock (0.2 ppm REE, 8 ppm Sc
and 36 ppb PGE) to saprolite (0.5 to 6 ppm
REE, 5 to 21 ppm Sc and 37 to 62 ppb
PGE) whereas a more significant
enrichment is observed within the limonite
towards the surface: values reach 122 to
171 ppm REE, 70 to 121 ppm Sc and 331
to 412 ppb PGE (Table 4.1, Fig. 4.6).
Values of up to 640 ppb total PGE were
reported from highest levels in the same Ni
laterite profile (Aiglsperger et al., 2015).
In general, saprolite and limonite exhibit
flat REE chondrite normalized patterns in
contrast to HREE enriched patterns in the
parent rock (dunite) (Fig. 4.3c¢).
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A distinctive Eu positive peak is observed
in one sample from the central part of the
saprolite (LP 5) as well as pronounced

LC 5 (clay minerals layer)

positive and negative Ce trends in the
highest limonite sample and underlying
limonite sample, respectively (Fig. 4.3c).
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Fig. 4.5. Ni laterite profile from the Loma Caribe ore deposit (Falcondo) showing location of samples with
major, relevant minor and CM contents.
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Fig. 4.6. Ni laterite profile from the Loma Peguera ore deposit (Falcondo) showing location of samples with
major, relevant minor and CM contents.
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4.3. Isocon analysis and element transfer

The isocon method described by Grant
(1986) was applied to evaluate the
potential redistribution of major, minor
and critical elements from parent rock to
surface  during serpentinisation  and
lateritization. This method is a graphical
approach to the mass balance equation
used by Gresens (1967) and was
previously used to determine element
mobility in various rock types (e.g. Meyer
et al., 2002; Medaris et al., 2003; Tsikouras
et al., 2009; Frost et al., 2013; Liivamigi
et al., 2014; Trincal et al., 2014; Chu et al.,
2015).

Choosing immobile elements for mass
balance calculations is a challenging task.
However, sample/bedrock comparisons of
all measured elements suggest that Ti and
Zr are relatively immobile within
investigated Ni laterites. In the case of the
Ni laterite from Moa Bay only Ti could be
used for mass balance calculations as the
Zr content in the protolith is very low (55
ppb; Marchesi et al, 2006) and Zr
concentrations for subsequent saprolite
samples are below detection limits (Table
4.1). Because Sc and PGE were not
analysed in the average harzburgite of Moa
Bay (Marchesi et al., 2006), concentrations
of these elements in the less weathered
sample (Mn 20) were taken for mass
balance calculations.

4.3.1. Moa Bay

Figure 4.7 shows gains and losses in wt%,
ppm or ppb relative to the parent rock.
During the weathering of peridotite Mg
and Si are continuously lost and up to -20

% (-7.46 wt%) of the initial Mg content
and approximately -10 % (-3.82 wt%) of
the initial Si content have been removed in
the higher levels of the saprolite. In
contrast Fe gain doubles (+8.36 wt%) and
Al reaches gains of up to +190 % (+1.2
wt%) relative to unweathered peridotite.
Within the investigated limonite of Moa
Bay mass balance calculations reveal that
nearly all Mg (-38 wt%) and Si (-38 wt%)
are lost. Fe and Al show gains in the lower
limonite (up to +6.5 wt%, +84 % and +1.2
wt%, +188 % respectively) but are
subsequently lost within the duricrust on
top of the profile (-6.5 wt%, -84 % and -
0.3 wt%, -54 % respectively).

With respect to the mass balance of Ni, Co
and CM, Fig. 4.7 indicates important gains
of Ni (up to +15 000 ppm) together with
Co (up to +145 ppm), Sc (up to +9 ppm),
LREE (up to +3 ppm) as well as PGE (up
to +34 ppb) in the saprolite. HREE were
all below detection limit in samples in the
saprolite and could not be balanced (Table
4.1). Within the lower limonite Ni reaches
gains of up to +700 ppm (+31 %), Co up to
+700 ppm (+721 %), Sc between +6 ppm
(+65 %) and +12 ppm (+130 %), LREE up
to +11 ppm (1000 fold), HREE up to +3
ppm (6 fold) and PGE up to 14 ppb (+53
%). In contrast, duricrust is characterized
by significant loss of Ni (down to -2169
ppm, -96 %), Co (down to -94 ppm, -98
%), Sc (down to -6.6 ppm, -73 %) and
PGE (down to -24.9 ppb, -92 %), whereas
LREE show strong gains (up to +1 ppm,
90 fold). A general observation with
respect to the oxide type Ni laterite of Moa
Bay is that enrichment trends of Ni, Sc and
PGE strongly correlate with the
enrichment trend of Fe (Fig. 4.7).
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Fig. 4.7. Isocon analysis of relevant elements in the Ni laterite profile from the Punta Gorda ore deposit (Moa
Bay). Vertical lines mark the 0 positions with respect to mass balance calculations.

4.3.2. Falcondo

In general the saprolite of the Ni laterite
profile at Loma Caribe is characterized by
gains of major elements: Mg (+9 wt%), Si
(up to +36 wt%), Fe (up to +13 wt%) and
Al (up to +0.3 wt%) (Fig. 4.8). A sudden
change is observed at the transition zone
between saprolite and limonite when Mg
and Si drops down to approximately -40
wt% with minor gains of Fe (+4 wt%) and
Al (+3 wt%). However, Mg and Si remain
lost in the subsequent limonite in contrast
to gains of Fe (+38 wt%) and Al (+5 wt%).
Within the limonite a clay-minerals rich
layer shows losses of all four major
elements (-41 wt% Mg, -43 wt% Si, -8
wt% Fe, -2 wt% Al). In the lower part of

the upper limonite Fe and Al are gained
(+7 wt% and +0.6 wt%, respectively)
whereas at highest levels of the profile
significant losses of Fe (down to -7.51
wt%) and Al (down to -0.9 wt%) are
observed.

In general minor elements as well as CM
are gained in the saprolite of Loma Caribe:
Ni (up to +30 000 ppm, 14 fold), Co (up to
+259 ppm, +189 %), Sc (up to +14 ppm,
+131 %), LREE (up to +2 ppm, 17 fold)
and PGE (up to +66 ppb, +219 %). In
contrast HREE are either lost or
measurements of HREE were below
detection limit and therefore unsuitable for
mass balance calculations (Table 4.1).
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Fig. 4.8. Isocon analysis of relevant elements in the Ni laterite profile from the Loma Caribe ore deposit
(Falcondo). Vertical lines mark the 0 positions with respect to mass balance calculations.

However, a gain of HREE (+3 ppm) is
observed at the transition zone between
saprolite and limonite together with gains
of LREE (+23 ppm, 170 fold), Co (+3000
ppm, 22 fold), Ni (+1140 ppm, +54 %) and
PGE (+10 ppb, +32 %). Lower levels of
the limonite are generally characterized by
gains of Ni (up to +8052 ppm, +384 %),
Co (up to +1053 ppm, +769 %), Sc (up to
+46 ppm, +439 %), LREE (up to +22 ppm,
168 fold), HREE (up to +3 ppm, +643 %)
and PGE (up to +107 ppb, +355 %). In a
clay-minerals rich horizon within the
limonite, mass balance calculations reveal
a general loss of Ni (-2075 ppm, -99 %),
Co (-132 ppm, -95 %), Sc (-10 ppm, -87
%), HREE (-0.2 ppm, -26 %) and PGE (-
30 ppb, -99 %) but a little gain of LREE
(+2 ppm, 25 fold). With respect to highest
levels of the upper limonite the following
elements are lost: Ni (down to —2017 ppm,
-94 %), Co (down to —135 ppm, -98 %), Sc

(down to -9 ppm, -78 %), HREE (down to
—0.3 ppm, -62 %) and PGE (down to 25
ppb, -76 %). Gains are only observed for
LREE (up to +4 ppm, 21 fold).

Gains and losses of major elements in the
saprolite of Loma Peguera vary from -37
wt% to +33 wt% (Mg), from -35 wt% to
+93 wt% (Si), from -8 wt% to +42 wt%
(Fe) and from -1 wt% to +5 wt% (Al) (Fig.
4.9). Within the thin limonite horizon of
Loma Peguera Mg and Si are almost
entirely lost (approximately -40 wt% for
both elements), whereas Fe (+64 wt%) and
Al (+3 wt%) are gained in the lower part
of the upper limonite. However, at the
upper limonite exposed to the surface Fe is
lost (-8 wt%).
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Concerning mass balances of Ni, Co and
CM in the Loma Peguera Ni laterite profile
a continuous gain trend is observed within
the saprolite: Ni reaches values of up to
+40 000 ppm (+1948 %), Co up to +300
ppm (+205 %), Sc up to +55 ppm (+663
%), LREE up to +10 ppm (100 fold),
HREE up to +3 ppm (68 fold) and PGE up
to +130 ppb (+358 %) relative to
underlying dunite. Highest gains in the
profile, with exception of Ni (+7600 ppm,
+362 %), are observed in the lower part of
the upper limonite: Co up to +1400 ppm
(t917 %), Sc up to +62 ppm (+742 %),
LREE up to +87 ppm (870 fold), HREE up

Loma Peguera ore deposit (hydrous Mg .,
silicate type)  coteom)
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to +55 ppm (1100 fold) and PGE up to
+300 ppb (+819 %). However, at highest
levels of the limonite Ni (-2000 ppm, -97
%), Co (-130 ppm, -84 %), Sc (-4 ppm, -47
%) and PGE (-20 ppb, -58 %) are lost,
whereas LREE and HREE are slightly
gained (approximately +2 ppm for both
elements, 30 fold).

Both Ni laterite profiles from the hydrous
Mg silicate type at Falcondo reveal rather
similar features with respect to mass
balance calculations: Ni correlates with
Mg and Si, Sc and PGE show a general
correlation with Fe (Fig. 4.8 and 4.9).
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Fig. 4.9. Isocon analysis of relevant elements in the Ni laterite profile from the Loma Peguera ore deposit
(Falcondo). Vertical lines mark the 0 positions with respect to mass balance calculations.
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4.4. Profile mineralogy

Fig. 4.10 gives an overview of the general
appearance of alteration products.

Fig. 4.10. Cross-polarized photomicrographs (A-C) and BSE images (D and E). A) sample from
the limonite horizon mainly consisting of goethite (gt) and minor amounts of chromian spinel
(chr); B) sample from the hard saprolite horizon composed of serpentine minerals (srp) with only
small remnants of olivine (ol); C) serpentinized peridotite sample with olivine (ol) and
orthopyroxene (opx) crosscut by serpentine minerals (srp); D) sample from the limonite horizon
containing chromian spinel (chr), quartz (qtz) and unidentified secondary mineral compounds with
indicated chemistry; E) sample from the hard saprolite showing a characteristic network of
serpentine minerals (srp), olivine (ol) and chromian spinel (chr).
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4.4.1. Moa Bay

Main minerals found in the serpentinized
peridotite are olivine and orthopyroxene
(enstatite) crosscut by serpentine minerals
(mainly lizardite). Chromian spinel and
magnetite occur as minor mineral phases.
The saprolite horizon is dominated by
lizardite replacing primary olivine grains
with goethite and chromian spinel as
minor mineral phases. The oxide ore
consists mainly of goethite (>50 wt%)
with minor maghemite, hematite and
gibbsite. Original textures of the parent
rock are not preserved and locally some
goethite grains show replacement by
hematite. Maghemite is slightly more
abundant towards the lowest part of the

limonite horizon, whereas hematite is

Punta Gorda ore deposit (Moa - Bay)

sle[eeE

Loma Caribe ore deposit (Falcondo)

dominant in its upper part. Accumulations

of Mn-Co-Ni oxide(s), mainly
lithiophorite,  Al-rich  asbolane and
lithiophorite-asbolane intermediate

minerals, are present as veins and coatings
or concretions along fractures, at certain
levels within the lower part of the limonite
horizon. Gibbsite is believed to be a less
soluble alteration product of plagioclase
from the gabbro bodies in the parent rock
(Gali et al., 2007). It is more abundant
towards the top of the profile (i.e.
duricrust). Chromian spinel is an abundant
minor mineral phase in the upper limonite.
A summary of the observed profile
mineralogy from Moa Bay, determined by
means of XRD, optical microscopy and
SEM, in  Fig. 4.1la

is  given
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Fig. 4.11. Summary of identified, characteristic mineral compounds of Ni laterites from A) Punta Gorda ore
deposit, B) Loma Caribe ore deposit and C) Loma Peguera ore deposit.
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4.4.2. Falcondo

Parent rocks of Ni laterites at Loma Caribe
and Loma Peguera are serpentinized dunite
and harzburgite, respectively. Olivine and
orthopyroxene (enstatite) are major
minerals crosscut by abundant serpentine
minerals  (lizardite). Chromian spinel
occurs occasionally as an accessory
mineral. The general saprolitic horizon is
dominated by Ni-rich lizardite and relicts
of olivine and enstatite. Minor clinochlore,
goethite, maghemite and/or hematite also
occur depending on the individual sample.
Chromian spinel and quartz appear only in
trace amounts. Major minerals in the
limonite horizon are goethite, hematite and
gibbsite, whereas lizardite, maghemite and
chromian spinel are minor components.
Accumulations of Co-bearing Mn oxide(s),
mainly heterogenite, Ni-rich asbolane and
minor, lithophorite-asbolane intermediate
minerals, are found in the transition zone
between saprolite and limonite as well as
in the central upper limonite. They occur
as veinlets, coatings along joints and
cracks. In this study observed mineral
abundances on the profile scale for Ni
laterites from Loma Caribe and Loma
Peguera are given in Fig. 4.11b and c,
respectively.

4.5. Critical metal bearing mineral phases

Cerium oxide mineral compounds were
detected in heavy mineral concentrates
from limonite samples close to the surface
at Falcondo. They are always associated
with Mn bearing oxide(s) and occur either
as rings with diameters of approx. 5 um
(Fig. 4.12a), as similar sized spheres or as
larger aggregates (to 30 pm) of submicron

sized flakes (Fig. 4.12b and c). Cerium
oxide in the form of submicrometre to
micrometre grains of cerianite with similar
shapes has been reported from other
lateritic soils around the world (e.g. Braun
et al., 1990; Mongelli, 1997; Janots et al.,
2015 and reference therein). In the same
horizon one small grain (5 um) of an
unidentified La-F mineral phase was found
included in secondary Fe oxide(s) (Fig.
4.12d). REE bearing phosphates were
detected in HS concentrates of the upper
limonite from Loma Caribe. They are
generally associated with secondary Mn
oxide(s), one large (~50 pum) free grain
with clear crystal faces was also observed
(Fig. 4.12¢ and f, respectively). Due to the
small grain sizes of described REE
minerals X-ray diffraction of single
crystals for subsequent mineralogical
identification was not possible. However,
bastndsite and monazite have been
described in Greek laterites by Eliopoulos
et al. (2014).

Chromian spinel was observed to contain
platinum group minerals (PGM) as small
scaled inclusions (<10 um) and therefore
is considered to be the main PGE host at
Falcondo (see chapter 6; Aiglsperger et al.,
2015). However, one Pt-Fe-Ni bearing
mineral phase with neoformation features
found in secondary Fe oxide(s) from
highest levels of the lateritic profile was
reported by these authors as well. In
general PGM grains found in limonite are
small in size (<1 pum to 15 pm) and
sometimes occur as very irregular and/or
compositionally complex inclusions in
secondary Fe oxide(s) (Fig. 4.13a-c) or
awaruite (Fig. 4.13d). PGM found in the
underlying saprolite are different in size
and occurrence (Aiglsperger et al., 2015).
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Fig. 4.12. Selection of BSE images with REE bearing mineral compounds detected in heavy mineral
concentrates from the upper limonites. A) free grain of secondary Mn oxide(s) containing numerous rings of Ce-
O; B) close up of one perfectly round Ce-O sphere; C) accumulation of Ce-O nano-flakes at the border of one
free Mn- oxide(s) grain; D) unidentified La-F grain included in a grain of secondary Fe oxide(s); E) REE-P
grain attached to a free grain of Mn oxide(s); F) free crystal of REE-P.

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium
in nickel laterites

37



_ Thomas Hans Aiglsperger

38

Fig. 4.13. Selection of BSE images with PGE bearing mineral compounds detected in heavy mineral
concentrates from the upper limonites. A) Complex aggregates of nano-particulates consisting of Ir-Pt and Os-Ir
included in secondary Fe- oxide(s); B) Accumulation of Os-Ir bearing nano-particulates at the border of a
secondary Fe oxide(s) grain; C) Pt particles at the border of a secondary Fe oxide(s) grain; D) Accumulation of
Os-Ru bearing nano-particulates at the border of an awaruite (aw) grain; E and F) examples of abundantly
occurring free grains of Ru-Os mineral compounds found in chromitite samples from the Loma Peguera ore
deposit (Falcondo).
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Examples of free grains of altered primary
PGM detected in HS concentrates of PGE
enriched (~2 ppm total PGE) chromitites
from Loma Peguera (Proenza et al.,
2007b) are shown in Fig. 4.13e and f.

Element mapping was applied to one
complex PGM found within the upper
limonite (Fig. 4.14). The PGE grain (~15
um) occurs at the Fe, Ni and Si rich border
of a weathered chromian spinel grain and
shows aggregate features of submicron
particulates. A clear zonation in PGE can
be observed at grain scale: Os, Ir and Ru
(IPGE) are mainly concentrated in central
parts of the grain area, whereas Rh, Pt and
Pd (PPGE) are either found in the
innermost part (Pt) or at the outside border
of the grain (Fig. 4.14). In addition the
element mapping reveals a visual
correlation of Ru with As, Rh and Pd with
Sb as well as Pt with Ni for zones of
highest concentrations. Medium
concentrations of Ru in the lower left

corner of the image are not detected via
back  scattered imaging.
However, these Ru concentrations
correlate visually also with Al, Fe and Si.

electrons

Sc vs. Fe,O; discrimination diagrams
show two clusters, one for saprolite
samples (beneath the Mg discontinuity)
and one for limonite and duricrust samples
(above the Mg discontinuity), thus
suggesting a positive correlation between
these elements similar to observations
from Ni laterites from New Caledonia
(Audet, 2009) (Fig. 4.15).

This indicates that secondary Fe oxide(s)
most likely represent the main Sc host in
Ni laterites.

LA-ICP-MS analyses on secondary Mn
oxide(s) phases from Moa Bay and
Falcondo were applied to assess their
capacity to host CM and show clear
signals for all REE (mainly Ce, La, Pr and
Nd), Sc¢ and Pt (Fig. 4.106).
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Fig. 4.14. BSE image and element distribution maps (background corrected) showing the distribution of all PGE
and Cr, O, Fe, Ni, Si, Al, As and Sb in a complex PGM grain located at the border of a weathered chromian
spinel from the upper limonite of the Loma Caribe ore deposit (Falcondo). Interestingly, Ru contents in the
lower left corner of the element distribution map are not observed in the BSE image (dark area).
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Fig. 4.15. Sc vs. Fe,0; contents in saprolite, limonite and duricrust showing two clusters indicating a positive
correlation as previously observed by Audet (2009) in Ni laterites from New Caledonia.
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Fig. 4.16. LA-ICP-MS scans of two spots in secondary Mn oxide(s) from limonite samples from Moa Bay (A
and C) and Falcondo (B and D) showing the presence of CM (REE, Sc and Pt) in both cases.
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4.6. The ultramafic index of alteration
(UMIA)

In an attempt to quantify and visualize the
geochemical changes in Ni laterites
developed above ultramafic rocks (e.g.
peridotites) an ultramafic index of
alteration (UMIA) was defined as:

UMIA = 100 x [(AL,O3+ Fe;O3(1))/(S10, +
MgO+ AL Os+ Fe O3(1y)] (1)

This chemical weathering index is based
on previous work done by Babechuk et al.
(2014) and references therein and
considers the dominance of MgO and SiO,
compared to negligible contents of CaO,
Na,O and K,O in parent rocks as well as
the widely observed depletion of MgO and
SiO, with concomitant enrichment of
Fe,O; and Al,O3; towards the surface in
most Ni laterites.

As other chemical weathering indices the
UMIA is calculated using molar ratios of
the major element oxides by converting
wt% concentrations of whole rock analysis
into moles (Duzgoren-Aydin et al., 2002).
Unweathered peridotites of this study have
UMIA values generally around 3, saprolite
samples have UMIA values in the range of
4 to 8 and limonite and duricrust samples
reach UMIA values between 60 and >90
(Table 4.1, Fig. 4.17).

The proposed UMIA aims to give a
general weathering trend for ultramafic
rocks. Calculated UMIA values have to be
verified by observed mineralogy. For
instance locally occurring formation of
amorphous silica within highly altered
limonite will result in low UMIA values.
However, the UMIA can be directly
combined with an AF-S-M ternary plot
used to illustrate the weathering trend for

peridotite samples from investigated Ni
laterites (Fig. 4.17a).

Continuous weathering of pyroxene and
olivine leads to a loss of Mg and Si
whereas redox dependent elements such as
Fe are constantly enriched by formation of
secondary oxide(s). Trends for either Fe-
bauxitisation  (Al-
enrichment) are visualized by an A-F-SM
ternary plot (Fig. 4.17b). Ni laterite
samples from Moa Bay are characterized
by constantly high Fe/Al ratios, whereas
limonite samples from Falcondo are more
dispersed and show some tendency to
bauxitisation (Fig. 4.17b).

enrichment or

4.7. Discussion

Ultramafic rocks exposed to the surface
undergo intense chemical and mechanical
weathering processes which are mainly
controlled by climatic and topographic
conditions  (Golightly, 1981, 2010;
Freyssinet et al., 2005).

Supergene processes leach main elements
(i.e. Mg and Si) from ferromagnesian
minerals in parent rocks whereas other
elements (e.g. Ni, Mn, Co) can be enriched
up to economic values. Redox dependent
elements such as Fe as well as immobile
elements such as Zr and Ti can be
residually  concentrated towards the
surface. Ni laterites are the resulting
product and can be classified according to
their dominant Ni-bearing mineralogy
(Marsh and Anderson, 2011 and references
therein). 60% to 70% of the world land-
based Ni resources are hosted by Ni
laterites (Butt and Cluzel, 2013) and
approximately 10% of these Ni resources
are located in the northern Caribbean
(Dalvi et al., 2004; Lewis et al., 2006a;
Nelson et al., 2011).

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium

in nickel laterites



Abundance and distribution of critical metals (REE, Sc, PGE) in Ni laterites from Cuba and the n
Dominican Republic

a) AF-S-M plot b) A-SM-F plot

100 AlO,+Fe, 0y, ALO,

| 90
| 80 8
|70 e

LEGEND Ni-laterites

[ ] Punta Gorda ore deposit (Moa - Bay)
@ Loma Caribe ore deposit (Falcondo)
Loma Peguera ore deposit (Falcondo)

+ Ndjigui and Bilong (2010)
Ndjigui et al. (2008)
Gleeson et al. (2004)

Eli los and Econor
Colin et al. (1990)

UMIA

- Predicted weathering trend

Saprolite

-

[ 54
> (. a‘) Parent Rock
e T

50

v

Si0, MgOo

1,44 q
Si0,+Mg0 ‘ Fe,0,n

Fig. 4.17. Molar ternary plots in the Al-Fe-Mg-Si space showing weathering trends of ultramafic rocks and
relationships with the in this work defined ultramafic index of alteration (UMIA) with data from the literature
and studied samples. 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,03 and Fe,O;. B) A-SM-F ternary plot
illustrating the weathering trend with respect to Al,O5 enrichment (bauxitisation) or Fe,O3 enrichment.

4.7.1. Rare Earth Elements

It is clear that overall REE contents in
investigated Ni laterites are very low when
compared with conventional REE ore
deposits (Chakhmouradian and Wall,
2012). However, concentrations of up to
335 ppm total REE are reached within clay
rich zones in the limonite zone of Loma
Caribe (Fig. 4.5). These values, which
always have to be seen in the context of
possible  additional  by-products in
operating Ni (+Co) laterite mines, are
approximately 10 times less as low grade
ion adsorption clay-containing REE
deposits. These ores are considered
economic under favourable conditions as
they are easy to mine and process
(Simandl,  2014).  Additionally an
important advantage of lateritic REE ores
is their very low content of radioactive
elements.

The observation of REE minerals as
phosphates or as Ce-rings and Ce-
accumulations in association with REE
enriched secondary Mn oxide(s) reveals

that REE are mobilized during the
weathering process and can precipitate as
newly formed minerals within the limonite
(Fig. 4.12). As a consequence, enrichment
peaks of REE are observed at zones with
higher MnO accumulations (Fig. 4.2, 4.5
and 4.6). Mass balance calculations of
both Ni laterite types reveal that LREE are
preferably gained in these horizons
compared to minor gains of HREE (Fig.
47, 4.8 and 4.9). This observation is
supported by LA-ICP-MS analyses on
secondary Mn oxide(s) (Fig. 4.16).
However, within the hydrous Mg silicate
type Ni laterites at Loma Caribe
(Falcondo) the highest concentrations in
REE of 335 ppm were found within a clay-
minerals rich layer in the limonite (Fig.
4.5). Mass balance calculations indicate
that only LREE are gained (25 fold) in this
horizon, which is characterized by a
general massive loss of elements
relativizing the observed HREE loss of -
26% (Fig. 4.8). Because MnO contents are
negligible in this horizon (<0.7 wt%) a
close relationship between clay-minerals
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and REE (e.g. REE adsorbed on clay-
minerals) is suspected.

Within the well-developed duricrust of
Moa Bay (UMIA ~90) REE are the only
measured elements showing gains in mass
balance calculations (Fig. 4.7). This
observation is linked to positive Ce
anomalies  observed in  chondrite
normalized patterns of all samples located
close to the surface (Fig. 4.3). Cerium
anomalies in lateritic profiles have been
interpreted previously by REE leaching in
a reducing environment with subsequent
oxidation of Ce’" to Ce*" in an oxidizing
environment and formation of cerianite
(Braun et al., 1990; Janots et al., 2015 and
references  therein). These  authors
explained frequently occurring ring
structures of cerianite as fillings of pores
in a matrix of clay minerals (see Fig. 7c in
Braun et al., 1990). However, recent
studies on heterogeneous near surface
environments, which are characterized by
complex interactions involving rock, soil,
water, air and (micro-)organisms, have
shown that heavy-metals mobility in these
environments is most likely controlled by
biogeochemical processes (e.g. Chorover
et al., 2007). In this context, the shape of
observed cerianite ring structures could
alternatively be explained by metal-
depositing bacteria as described from
experimental studies on bacteria-mineral
spatial relationships (Little et al., 1997 and
reference  therein). The role of
microorganisms in the mineralogical and
chemical composition of laterite ores has
been emphasized by Laskou and
Economou-Eliopoulos (2007) and Kalatha
and Economou-Eliopoulos (2015) who
concluded, due detection of bacteria
fossils, that bacterial communities can
drive the formation of minerals in these

environments. It is widely accepted, that
microorganisms favour accumulation of
lanthanides in biogenic bodies such as Fe-
Mn nodules and Fe-ochre (e.g.
Vodyanitskii, 2010). Recently, lanthanides
even have been proved to be essential for
bacterial life in the case of volcanic
mudpots (Pol et al., 2014). In addition,
metal depositing microorganisms possibly
act as subsequent nucleation sites for the
precipitation of secondary minerals as
likely observed in the case of REE
phosphate formation on secondary Mn
oxide(s) (Fig. 4.12¢).

4.7.2. Scandium

Although Sc is a high tech element with
wide application potential the global
scandium  consumption is  currently
estimated in the range of only 10 t (USGS,
2013). This is mainly explained due to
high prices in combination with the
absence of a reliable long term production
for Sc. However, the yearly demand is
constantly growing making scandium a
worthy exploration target. To date
scandium is mainly recovered as by-
product from residues, tailings and waste
liquors in the production of other metals
(Wang et al., 2011). On the other hand,
residual nickel ores in Australia containing
average grades of 76 ppm and up to 370
ppm have recently been reported as
important  scandium  resources  and
industrialized  plants  for  scandium
recovery from nickel laterites are expected
to produce scandium oxides in large
amount (Wang et al., 2011 and reference
therein). In fact highly encouraging
extraction results of up to 87% for
scandium have been reported very recently
from the Owendale laterite ore (Australia)
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via high Pressure Acid Leach (“HPAL”)
tests (Platina Resources, 2015).

Sc contents of ~120 ppm, with average
contents of approximately 70 — 80 ppm Sc,
were found in the upper limonite in the Ni
laterites examined in this study (Fig. 4.2,
4.5 and 4.6). These values are slightly
higher than those reported from similar Ni
laterites located in New Caledonia (Fig.
4.15; Audet, 2009). It is believed, that Sc
is predominantly present in pyroxene
minerals of the peridotite as a substitute
for ferrous iron. The strong positive
correlation with Fe throughout the studied
Ni laterite profiles in mass balance
calculations (Fig. 4.7, 4.8 and 4.9)
indicates that Sc is mainly concentrated in
the final weathering products containing
ferric iron (Fig. 4.15). Clear Sc signals in
laser ablation ICP-MS analyses on Fe
bearing secondary Mn oxide(s) from both
Ni laterite types support this assumption
(Fig. 4.16).

4.7.3. Platinum Group Elements

Large oxidized deposits associated with
near surface modification of ultramafic
rocks have been considered worthy
exploration targets for unconventional Pt
and Pd deposits (e.g. Wilde et al., 2003).
The Owendale platinum - scandium
project in New South Wales (Australia),
which has estimated mineral resources of
520 000 oz Pt and 9 100 t Sc, represents
such an exploration target (Platina
Resources, 2015). In general, total PGE
concentrations found in Ni laterites around
the world are in the range of less than 100
ppb to up to a few hundred ppb (e.g. Augé
and Legendre, 1994; Eliopoulos and
Economou-Eliopoulos, 2000; Ndjigui and
Bilong, 2010). However, lateritic crust

with 2 ppm PGE over the Ora Banda Sill,
Western Australia, was reported from Gray
et al. (1996) as well as more than 4 ppm
PGE from Burundi (Maier et al., 2008).

Total PGE concentrations of investigated
Ni laterites from the northern Caribbean
are systematically enriched in the limonite
and reach values of up to a few hundred
ppb (Fig. 4.2, 4.5 and 4.6). Mass balance
calculations reveal that PGE show similar
enrichment trends as Fe, Ni and Sc within
both Ni laterite types. PGE are importantly
gained within the saprolite as well as
within the lower part of the limonite (e.g.
up to +358% and +819%, respectively in
the case of Loma Peguera) (Fig. 4.7, 4.8
and 4.9). It is believed that PGE are
enriched on the profile scale in the residue
as PGM inclusions are protected in
relatively  resistant chromian spinel.
However, recent studies also have
provided evidence of neoformation
processes close to the surface on the local
scale (Aiglsperger et al., 2015). The
assumption of common PGE redistribution
in high levels of tropical Ni laterites is
supported by detection of Pt within in-situ
formed Mn oxide(s) (Fig. 4.16). Thus,
chondrite normalized PGE patterns of one
Mn oxide(s) rich sample (Mn 3) are
characterized by a clear positive Pt
anomaly (Fig. 4.4).
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To assess an economic significance of
observed PGE enrichment in Ni laterites
the final product of Falcondo (i.e.
ferronickel-cone after pyrometallurgical
extraction from hydrous Mg silicates
found in saprolite) was sent to Genalysis
for PGE determination. The results show a
PGE concentration of more than 2 ppm
total PGE characterized by similar
chondrite normalized patterns as for the
laterite bulk; however, slightly more
positive trends for Ir and Pt are evident
(Fig. 4.18).

In addition, Lazarenkov et al. (2005)
reported Pt and Pd contents of
approximately 3 ppm each from final
products from Moa Bay (i.e. sulphide
concentrates after high pressure acid leach
“HPAL” of oxide(s) (Fig. 4.18).
Considering the higher values measured in

10

final products from Moa Bay, these are
probably likely linked to the exclusive
mineral processing of oxidized limonite
ores. A similar treatment of limonite ore
from Falcondo would likely result in an
important increase of total PGE within the
final products of Falcondo.

Innovative direct extraction technologies
such as the carbonyl process recently
introduced by Terekhov and Emmanuel
(2013), tested by the authors to be capable
to produce 1.7 t PGE from a standard 1
000 000 t limonite Ni ore, as well as
ongoing the metal
extraction ores by
biomining (Johnson and du Plessis, 2015)
will probably lead to a more diverse
supply chain for these CM in the near
future.

improvements in
from oxidized

final product Moa - Bay;/

il final product Falcondo

,_f—-o/‘\d—o/

Fig. 4.18. Chondrite normalized

PGE patterns and PGE contents of
samples from final products from
the Moa Bay mining area (values
from Lazarenkov et al., 2005) and
from the Falcondo mining area (this
study) with indicated fields for both
Ni laterite mining areas (limonite +
saprolite). Normalization values
from Naldrett and Duke (1980).
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4.8. Concluding remarks

1.

CM (REE, Sc, PGE) are
concentrated in Ni laterites towards
the surface in specific zones: (i)
REE in clay minerals rich horizons
and within zones composed of
secondary Mn oxide(s) (ii) Sc
within zones rich in secondary Fe
and Mn bearing oxide(s) and (iii)
PGE in zones with high
concentrations of residual
chromian spinel and secondary Fe
and Mn bearing oxide(s) at upper
levels of the Ni laterite profile.

Concentration factors involve (i)
residual enrichment by intense
weathering (ii) mobilization of CM
during changing Eh and pH
conditions with subsequent
reprecipitation ~ at  favourable
geochemical barriers (ii1)
interactions between biosphere and
limonitic soils at highest levels of
the  profile  with  involved
neoformation processes.

Total contents of CM in
investigated Ni laterites are low
when compared with conventional
ore deposits but are of economic
significance as CM should be seen
as cost inexpensive by-products
during the Ni (+Co) production.
Innovative  extraction methods
currently under development will
boost the significance of Ni
laterites as future unconventional
CM ore deposits.
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Chapter 5

Chromian spinel composition and PGE geochemistry of chromitite bodies
from the Loma Caribe peridotite, Dominican Republic

5.1. Introduction

In general ophiolitic chromitite deposits
found around the world are characterized
by wide spread compositional ranges and
various morphologies.
determination of their chromian spinel

However, by

composition two main groups of occurring
chromitites can be defined: Cr-rich
chromitites with Cr# [Cr/(Cr + Al)] >0.6
and Al-rich chromitites with Cr# values
<0.6 (Gonzalez-Jiménez et al., 2014a and
reference therein). TiO, concentrations for
Cr-rich chromitites are normally <0.25
wt% (Leblanc and Nicolas, 1992) whereas
Al-rich chromitites reveal slightly higher
values up to a maximum of ~0.5 wt%
(Proenza et al., 1999a). These geochemical
data is important as it can subsequently be
used for petrogenetic indications. Proenza
et al. (2007b) reported the discovery of
chromitites from the Loma Caribe
peridotite belt (Dominican Republic) with
rather unusual characteristics: high Cr#
(~0.75) and systematically  high
concentrations of TiO, (0.52-1.15 wt%). In
addition elevated concentrations of
platinum group elements (PGE; Os, Ir, Ru,
Rh, Pt, Pd) up to 2.04 ppm total PGE were
reported. However, these first findings
were limited to a single, small scaled
occurrence of chromitite bodies at Loma
Peguera (Fig. 5.1) and concerns, if these
atypical chromitites described by Proenza

et al. (2007b) are representative for a
larger scale, remained.

Four recently discovered chromitite bodies
from different locations along the Loma
Caribe peridotite belt are examined in this
chapter. All investigated chromitites reveal
high PGE concentrations (up to 17.5 ppm
total PGE).

Aim of this investigation is to characterize
chromitite occurrences within the study
area to better understand their role as
possible sources for observed PGE
enrichment (see chapter 6).

5.2. Field characteristics of the chromitite
bodies

Chromitites show typical massive textures
(95 vol.% chromian spinel) and were
defined as:

I.  Loma Peguera 1; chromitites occur
as small pods (approx. 5 m in
diameter) included in serpentinized
peridotite (for details see Proenza
et al., 2001, 2007b; Lewis et al.,
2003) (Fig. 5.2)

II. Loma Peguera 2; chromitites occur
as veins (approx.. 2 cm in
diameter) crosscutting
serpentinized peridotite (Fig. 5.3)

III. Loma Caribe; chromitites occur as
small pods (approx. 5 m in
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diameter) included in serpentinized
peridotite

IV.  Loma Cumpié; chromitites occur
as small pods (approx. 5 m in
diameter) included in serpentinized
peridotite; chromitites are crosscut
by veins of uvaruite

V. Loma Larga; chromitites occur as
small pods (approx. 2 m in
diameter) of highly decomposed
chromitite within a matrix of

limonite close to the surface
(“floating chromitites”; see chapter
6 for additional information)

Chromitites

¥ Loma Peguera1 Q
¥ Loma Peguera?2 @
¥ Loma Caribe L 2
¥ Loma Cumpi¢ A
¥ Loma Larga O

o

Primary silicate minerals were not
observed in the matrix of studied
chromitite samples but interstitial
minerals such as chlorite and to a
lesser extent serpentine as well as
accessory pentlandite and awaruite are
present.

Google earth

Fig. 5.1. Geographic overview and occurrence of investigated chromitites. Loma Peguera 1 localization is taken

from Proenza et al. (2007b).

5.3. Compositions of the chromian spinels

Only chromian spinels in the cores of
grains were analyzed and considered for
petrogenetic indications. In general the
composition of all investigated chromitite
bodies is homogeneous in terms of Cr#
[Ct/(Cr + AD)] and Mg# [Mg/Mg + FezJ“)]
within each sample location, thus they plot

in separate fields in a discrimination
diagram (Fig. 5.4). However, in this work
analyzed  chromian  spinels  reveal
systematically high average Cr#: 0.73
(Loma Peguera 2), 0.76 (Loma Caribe),
0.78 (Loma Larga) and 0.81 (Loma
Cumpié) (Fig. 5.4).
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Fig. 5.2. Loma Peguera 1 chromitite.

TiO, contents are heterogeneous in
analyzed chromian spinels and vary in
Loma Caribe from 0.31-0.82 wt%, in
Loma Larga from 0.14-0.56 wt%, in Loma
Cumpié from 0.07-0.44 wt% and in Loma
Peguera 2 from 0.44-1.25 wt% (Table 5.1;
Fig. 5.5). In addition, NiO contents are
relatively high reaching values between
0.13-0.23 wt% (Loma Larga), 0.16-0.25
wt% (Loma Caribe), 0.14-041 wt%
(Loma Cumpié) and 0.19-0.55 wt% (Loma

Peguera 2).

Furthermore average concentrations of
heterogeneous V,;03;, MnO and ZnO are
0.09 wt%, 0.26 wt%, 0.08 wt% (Loma
Larga), 0.13 wt%, 0.30 wt%, 0.12 wt%
(Loma Caribe), 0.19 wt%, 0.36 wt%, 0.13
wt% (Loma Peguera 2) and 0.05 wt%,
0.32 wt%, 0.09 wt% (Loma Cumpié),
respectively (Table 5.1).

serpentinized
peridotite

chromitite

Fig. 5.3. Loma Peguera 2 chromitite.

1.0
Magnesio- Chromite
chromite
e
0.8 — L7 o
Stratiformt‘,r
< 0.6
+
—
2
=
O 0.4 —
£
L
:g
02— &
Spinel
0.0 T T

1.0 0.8 06 04 0.2 0.0
Mg/(Mg+Fe*)
O Loma Peguera 1

® Loma Peguera 2
@ Loma Caribe

A Loma Cumpié
B Loma Larga

Fig. 5.4. Cr# [Cr/(Cr + Al)] versus Mg# [Mg/(Mg
+ Fe™)] content for chromian spinels in chromitites
from the Loma Caribe peridotite. Fields labeled
“podiform” and “stratiform” are after Irvine (1967)
and Leblanc and Nicolas (1992), respectively.
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Loma Peguera 2 Loma Caribe Loma Cumpié Loma Larga
wt % max min avg max min avg max min  avg max min  avg
Sio, 381 0.00 0.16 1.24  0.00 0.05 0.64 0.00 004 0.13  0.00 0.02
TiO, 1.25 044 096 082 031 0.55 044 0.07 020 056 0.14 032
V.03 023 015 0.19 015 011 0.13 0.07 0.02 0.05 0.11  0.07 0.09
AL O3 1335 979 1217 1228 1130 11.69 936 802 9.10 1326 998 11.73
Cr;0; 50.66 43.66 48.61 57.01 5338 5572 60.20 59.31 59.83 61.19 54.17 58.62
FeO 18.16 873 17.06 16.05 13.85 14.81 13.65 9.88 11.22 1497 13.16 1427
Fe,03 1294 646 796 493 3.09 4.03 6.16 1.80 4.51 0.00 0.00 0.00
MnO 041 030 035 042 025 0.30 036 027 032 031 022 026
MgO 14.19 10.26 10.79 12.84 11.60 1241 1510 1148 14.18 11.56  9.85 10.65
NiO 055 019 031 025 0.16 0.20 041 014 026 023 013 0.19
ZnO 0.19 0.08 0.13 017 0.06 0.12 013 0.04 0.09 012 0.02 0.08
Total 99.81 93.10 98.68 100.84 99.41 100.01 100.84 95.66 99.80  97.92 89.56 96.23
Mg 074 050 053 062 0.56 0.60 073 060 0.69 0.61 055 057
Cr# 076 071 073 0.77 0.5 0.76 083 081 082 080 075 0.77

Table 5.1. Maximum, minimum and average results of electron microprobe analyses of chromian spinel from
recently discovered chromitites occurrences (n=50 each).

10
Fig. 5.5. Al,0;3-TiO, relationships in
the chromitites from the Loma
MOR Caribe peridotite, compared with
peridotite compositional fields of chromian
1 spinels in volcanic and plutonic
.................................... complexes from various geotectonic
N settings (compilation of Proenza et
o al., 2007b).
~ N
0.1 .
SSZ O Loma Peguera 1
peridotite ® Loma Peguera 2 A Loma Cumpié
@ Loma Caribe B Loma Larga
0.01
50

5.4. PGE geochemistry

Whole rock analyses of PGE reveal that
Caribe
peridotite are systematically characterized
by high contents of total PGE, i.e. 17.5
ppm (Loma Larga), 6.54 ppm (Loma
Cumpié), 4.55 ppm (Loma Caribe), 2.04

chromitites from the Loma

ppm (Loma Peguera 1) (Proenza et al.,
2007b) and 1.19 ppm (Loma Peguera 2)
with  high IPGE (Os+Ir+Ru)/PPGE
(Rh+Pt+Pd) ratios (Table 5.2).

In general chondrite normalized patterns of
all studied chromitite bodies show similar
shapes characterized by rather flat slopes
from Os to Ru and subsequent negative
slopes from Rh to Pd (Fig. 5.6). However,
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Ir reveals in general a clear negative slope
and Pt displays heterogeneous anomalies
ranging from slightly negative slopes
(Loma Peguera 2) to pronounced
enrichment (Loma Larga; explained in
chapter 7) (Fig. 5.6).

these
from recently discovered

Excluding variations of Pt

observations

chromitites are in good agreement with
chondrite normalized patterns from Loma
Peguera 1 chromitites (Proenza et al.,
2007b) (Fig 5.6).

Sample Os Ir Ru Rh Pt Pd total PGE
Loma Peguera 1 432 461 778 90 269 6 2036
Loma Peguera 2 262 229 446 47 194 11 1189
Loma Caribe 1084 787 1388 178 1096 15 4548
Loma Cumpié 1732 1174 2141 198 1282 11 6538
Loma Larga 4945 3455 6536 281 2282 14 17513

Table 5.2. Concentrations (in ppb) of PGE in chromitites from the Loma Caribe peridotite.

Sample/CC1

Os Ir

Ru

QO Loma Peguera 1
® Loma Peguera 2

€ Loma Caribe

Rh Pt Pd

A Loma Cumpié
B Loma Larga

Fig. 5.6. Chondrite normalized patterns (Naldrett and Duke,
1980) of chromitites from the Loma Caribe peridotite.
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5.5. Discussion

5.5.1. Chromitites hosted in the Loma
Caribe peridotite: from exotic to atypical

Several genetic models have been
proposed for the origin of Cr-rich
ophiolitic chromitites (see Gonzalez-
Jiménez et al., 2014 and reference therein).
However, the genesis of chromitites hosted
by the Loma Caribe peridotite is still a
matter of debate (Proenza et al., 2007b).
Compositions of chromian spinels from
Loma Caribe chromitites are atypical
compared to those of ordinary ophiolitic
chromitites, as they show systematically
high values of Cr# (up to 0.82) together
with high concentrations of TiO, (up to
1.25 wt%). To the best of the authors’
knowledge such high TiO, contents have
not been reported from ophiolitic
chromitites.

It is widely accepted that Ti and Al
concentrations in chromian spinel reflect
the composition of the parent melt from
which it had crystallized (Kamenetsky et
al., 2001). Estimated parental melt
compositions, with the exception of Loma
Cumpié chromitites, are not boninitic as
generally accepted for high-Cr ophiolitic
chromitites (Gonzalez-Jiménez et al., 2014
and reference therein). High TiO, contents
in chromian spinel from ophiolitic
chromitites are systematically associated
with Al-rich chromitite.

In addition atypical PGE enrichments are
observed in all investigated chromitites (up
to 17.5 ppm total PGE). Positive Pt
anomalies in chondrite normalized patterns
are normally not observed in usual
ophiolitic chromitites around the world but

are abundant in Alaskan-type chromitites
(Garuti et al., 2003).

5.6. Concluding remarks

Overall chromitites hosted within the
Loma Caribe peridotite are distinct to
ordinary ophiolitic chromitites. Their
geochemical fingerprint with high Cr#,
high TiO, and extraordinary high PGE
concentrations, including conspicuous Pt
anomalies, point to two possible formation
processes previously suggested by Proenza
et al. (2007b):

(1) due to an interaction between a
heterogeneous oceanic mantle
(Loma Caribe peridotite) and
Cretaceous island-arc-derived
melts.

(i1) due to a mantle plume
percolating through suboceanic
upper mantle (Loma Caribe
peridotite).
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Chapter 6

Platinum group minerals (PGM) in the Falcondo Ni laterite deposit, Loma

Caribe peridotite (Dominican Republic)

6.1. Introduction

As discussed in chapter 4, Ni laterites have
to be considered worthy targets for PGE
exploration. However, scientific work on
the PGE mineralogy of unconventional
PGE deposits is rare. In 1986 Bowles
reported the occurrence of well-preserved
crystals of laurite-erlichmanite and Os-Ir
alloys found in laterites from the Freetown
Complex in Sierra Leone. These Platinum
Group Minerals (PGM) were not present
within the underlying anorthosite and did
not show abrasion features. In addition,
some of the laurite-erlichmanite crystals
showed platelike overgrowth of (Os,Ru)S,.
Bowles concluded that these PGM have
most likely been formed in sifu in the
lateritic environment after remobilization
of PGE under very acid, chloride-rich
conditions with high Eh.

However, the influence of lateritization
processes on PGE enrichment and PGM
appearance is still matter of debate (e.g.
Augg¢ et al., 1995; Traor¢ et al., 2008 a,b).
The model of PGM in situ growth within
laterite profiles, as proposed by Bowles
(1986), faces the possibility of residual
enrichment due to intense weathering of
primary PGM bearing rocks. Most of the
available data, based on experiments and
studies of natural occurrences, concern
only the behaviour of Pd and Pt (Fuchs

and Rose, 1974; Pan and Wood, 1994;
Azaroual et al.,, 2001; Talovina and
Lazarenkov, 2001) but little is known
about the mobility of the refractory IPGE
(Os, Ir and Ru). Based on mineralogical
observation, several authors recognized
that also IPGE can be mobilised under
hydrothermal or lateritic ~weathering
conditions, producing
secondary  PGE alloys, sulfides,
sulfarsenides or oxides by alteration of
magmatic PGM precursors (Stockman and
Hlava, 1984; Garuti and Zaccarini, 1997,
Zaccarini et al., 2005; Garuti et al., 2007,
2012). A supergene origin of PGM has
previously been reported from the
platiniferous Au-Pd belt of Minas Gerais,
Brazil (e.g. Cabral et al., 2009, 2011) and
was speculated for Pt-Fe alloys found in
the alluvium of the Bushveld complex,
South Africa (Oberthuer et al., 2014).

occasionally

Fundamental questions still have to be
solved for a better understanding of PGE
mobility in supergene environments: (i) is
primary PGE enrichment in the bedrock
required  for  (residual)  supergene
enrichment; (i) is PGE enrichment
intrinsically ~ related to lateritization
processes; (iiil) how do PGE and PGM
behave within laterite profiles and what are
criteria for PGE mobilization; (iv) is there
unequivocal mineralogical evidence for
neoformation of PGM within laterites?
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6.2. PGE geochemistry of the investigated
laterite profiles

Eight samples (~3 kg each) from different
horizons of two differing profiles (one
chromitite bearing, i.e. Loma Peguera; one
chromitite free, i.e. Loma Caribe) were
selected. Table 6.1 gives an overview of
concentrations of mayor and minor
elements as well as PGE in whole rock
analyses.  Chondrite-normalized  PGE
patterns reveal rather similar, flat PGE
trends for parent rocks, saprolite and
limonite from both profiles (Fig. 6.1).
However, saprolite and limonite patterns
are shifted up, the latter by about one order
of magnitude, in the case of Loma
Peguera. As observed in chapter 5 the
PGE-enriched chromitites of Loma
Peguera displays a high
(Os+Ir+Ru)/(Rh+Pt+Pd) ratio with a
particularly strong Pd negative spike (Fig.
6.1).

10

Loma Peguera
@ chromitite
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4 limonite
2 0.1
=
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w
0.01
parent rock
0.001

Os Ir Ru Rh Pt Pd

6.2.1. Loma Peguera

The sample from the parent rock
(harzburgite) reveals total PGE contents of
36 ppb. Excluding the PGE-enriched
chromitite sample in horizon D, the total
PGE contents vary between 37 ppb
(saprolite) and 640 ppb (limonite) (Table
6.1). The maximum concentration of PGE
is observed near the exposed limonite
(zone A), whereas the minimum value
occurs right above the chromitite bodies in
the central part of the saprolitic horizon
(zone D) (Fig. 6.2). In general, ruthenium
has the highest values among all PGE,
ranging from 9 ppb (zone D) to 236 ppb
(zone A) (Fig. 6.2; Table 6.1). Ruthenium
peaks can be observed in saprolite
underlying the chromitite bodies and
within the generally PGE-enriched
exposed limonite (Fig. 6.2). The IPGE and
PPGE trends are similar within the laterite
profile and IPGE/PPGE ratios of the
weathering products vary from 0.77
(saprolite) to 3.08 (limonite) (Fig. 6.2;
Table 6.1).

10
Loma Caribe

0.1

Sample/CCl1

0.01

\ saprolite
parent rock

0.001

Os Ir Ru Rh Pt Pd

Fig. 6.1. Characteristic chondrite-normalized PGE patterns of samples from Loma Peguera and Loma Caribe Ni
laterite profiles. Normalization values from Naldrett and Duke (1980).
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Table 6.1. Concentrations of relevant major and minor elements (in wt%) as well as PGE contents (in ppb) in parent rocks and weathering products of the
studied Ni laterite samples

Loma Peguera Loma Caribe

Code LP-11-007 LP-1 LP-3 LP-2 LP-5 LP-6 LP-4 LP-7 LP-101 LC-11-001 LC-1 LC-2 LC-6 LCc7 LC-8 LC9 LCAR-1

limonite limonite  saprolite  saprolite  saprolite chromitite ~ saprolite  saprolite harzburgite limonite limonite limonite limonite  saprolite  saprolite  saprolite dunite
Zone A A D D D D D D F A A A B-C C D E+F F
SiO, 7.25 11.07 44.37 40.07 41.19 n.a. 44.04 39.98 39.84 6.46 13.75 6.64 3.82 1.00 45.28 45.67 36.96
AlL,O0, 3.64 3.77 1.86 0.07 0.58 na. 0.26 5.67 0.84 31.82 15.33 9.72 9.39 19.42 0.76 1.15 0.01
Fe,0, 75.03 65.49 16.86 9.41 14.10 na. 14.59 7.80 8.44 40.10 55.80 65.55 67.31 44.64 10.60 12.14 8.00
MnO 1.28 1.07 0.19 0.17 0.23 n.a. 0.26 0.11 0.13 0.26 0.25 2.24 1.36 10.21 0.18 0.25 0.12
Mgo 1.23 2.37 24.72 35.93 30.55 na. 27.43 33.29 41.23 0.11 0.55 0.57 0.56 0.28 29.85 28.65 43.85
NiO 1.20 1.95 1.82 1.08 1.80 na. 2.00 1.81 0.27 0.63 0.81 1.42 1.87 1.69 1.97 2.31 0.29
Co30, 0.20 0.12 0.02 0.02 0.03 na. 0.03 0.01 0.02 0.02 0.02 0.55 0.23 0.00 0.02 0.03 0.02
Cr,03 4.02 1.79 0.40 0.04 0.17 na. 0.08 0.20 0.35 0.49 1.08 1.82 2.41 1.39 0.26 0.32 0.26
Ir 118 32 7 5 5 802 12 6 4 30 24 23 27 24 6 7 4
Os 129 28 6 6 4 812 11 6 4 27 19 15 20 25 5 6 7
Pd 37 35 18 8 7 8 7 11 9 71 26 32 25 16 11 15 2
Pt 91 46 10 12 8 408 6 16 8 66 33 38 66 39 9 11 5
Rh 29 12 3 4 4 152 3 4 2 12 8 10 11 9 3 3 2
Ru 236 59 11 13 9 1396 23 13 9 58 42 47 49 45 10 13 10
ZPGE 640 212 55 48 37 3578 62 56 36 264 152 165 198 158 44 55 30
Pt/Pd 2.46 1.31 0.56 1.50 1.14 51.00 0.86 1.45 0.89 0.93 1.27 1.19 2.64 2.44 0.82 0.73 2.50
Pt/Ir 0.77 1.44 1.43 2.40 1.60 0.51 0.50 2.67 2.00 2.20 1.38 1.65 2.44 1.63 1.50 1.57 1.25
Pt/Rh 3.14 3.83 3.33 3.00 2.00 2.68 2.00 4.00 4.00 5.50 413 3.80 6.00 4.33 3.00 3.67 2.50
Pt/Ru 0.39 0.78 0.91 0.92 0.89 0.29 0.26 1.23 0.89 1.14 0.79 0.81 1.35 0.87 0.90 0.85 0.50
IPGE 483 119 24 24 18 3010 46 25 17 115 85 85 96 94 21 26 21
PPGE 157 93 31 24 19 568 16 31 19 149 67 80 102 64 23 29 9
a 3.08 1.28 0.77 1.00 0.95 5.30 2.88 0.81 0.89 0.77 1.27 1.06 0.94 1.47 0.91 0.90 2.33

IPGE Os+Ir+Ru, PPGE Pt+Pd+Rh, a IPGE/PPGE, n.a.

not analyzed
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6.2.2. Loma Caribe

The unweathered dunite sample from
Loma Caribe has a total PGE content of 30
ppb. Within the laterite profile total PGE
values range between 44 ppb (saprolite)
and 264 ppb (limonite) (Table 6.1). The
highest PGE contents of the laterite profile
are found within the highest level of zone
A as well as within the transition zone
between saprolite (zone C) and limonite
(zone B) (Fig. 6.2; Table 6.1). Ruthenium
and Pt are generally the most abundant
PGE in the profile, reaching maximum
values of 58 ppb Ru and 66 ppb Pt within
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the limonite zone; however, in sample LC-
11-001 Pd reaches a higher concentration
(71  ppb) (Fig. 6.2; Table 6.1).
Disregarding the highest levels of the
laterite profile Pd does not correlate with
the general trend of the other PGE (Fig.
6.2). IPGE and PPGE follow a similar
trend with notable variations at the highest
levels of the limonite zone (IPGE <
PPGE), at the transition zone from zone B
to zone C (IPGE < PPGE) and within zone
C (IPGE > PPGE) (Fig. 6.2; Table 6.1).
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Fig. 6.2. Idealized Ni laterite profile from Loma Peguera (L.P.) and Loma Caribe (L.C.) with PGE contents and
comparison of IPGE (Os+Ir+Ru) and PPGE (Pt+Pd+Rh) contents (in ppb): A, B limonite; C, D saprolite; E

serpentinized peridotite; F unweathered peridotite.
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6.3. Mineralogy of PGM

6.3.1. PGM in chromitites

A total of several hundreds of platinum-
group minerals (PGM) were detected
within recently discovered chromitites (see
chapter 5), in thin and polished sections as
well as in heavy mineral concentrates.
Because of the great number of PGM and
their in general very complex nature, only
a small portion of these PGM has been
investigated in detail at time of writing.

PGM phases range from 10 pm to more
than a 100 um in size and can be classified
as: (i) primary PGM included in chromian
spinel and believed to have formed at
magmatic stage (i1) secondary,
postmagmatic PGM, believed to have
(trans-)formed during alteration processes
(e.g. serpentinization) (ii1) PGM with
different features compared to (i) and (i1),
suggestive for neoformation processes.

In general, the most abundant PGM within
chromitites from the Loma Caribe
peridotite are primary laurite and to a
lesser extent erlichmanite as well as
secondary, highly porous Ru-Os-Fe alloys.
These observations are in good agreement
with the clear IPGE dominated whole rock
geochemistry (see chapter 5). However,
Rh-Ni  arsenides,  Ir-Fe-Ni  alloys
(frequently attached to porous Ru-Os-Fe
alloys; discussed in chapter 7) and Pt
bearing mineral compounds of unknown
mineralogy occur in addition. Pd bearing
mineral phases are either absent or

negligible. It is important to note, that two
PGM detected within chromitites from
Loma Peguera 1 have been described and
accepted as new minerals recently
(Garutiite, McDonald et al., 2010;
Zaccarinite, Vymazalova et al., 2012). In
addition a number of potentially new
mineral species of PGM has been
discovered (Zaccarini et al., 2009).

Examples of different PGM groups found
in chromitites from the Loma Caribe
peridotite are given in Fig. 6.3 and 6.4.
Figure 6.5 aims to give an overview of
main PGM groups found in chromitites of
the Loma Caribe peridotite. Figures 6.6
and 6.7 show compositional variations for
different groups in ternary diagrams. Table
6.2 reveals average, minimum and
maximum EMP analysis in wt% and at%
for different PGM groups. Some
compositions of PGM are undescribed in
the literature and therefore could represent
new (undescribed) minerals. For example,
Ir-Ni-Fe compounds (Fig. 6.3d) displayed
in the ternary plot of Fig. 6.6a (Loma
Peguera 1) may represent the hexagonal
polymorph of native Ir. The Ni rich
analogue (garutiite), found in the Loma
Peguera 1 chromitite, has recently been
accepted by the IMA as a new mineral
(McDonald et al., 2010). In addition Pt
rich Ni-Fe varieties are observed (Fig.
6.6b), thus leading to the assumption of a
solid solution amongst the following
endmembers: hexaferrum, Ir-Fe-Ni, Pt-Fe-
Ni and garutiite.
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erlichmanite talifite

e Rh-Ni-As
irarsite 4.

Ir-Ni-Fe

Fig. 6.3. Examples of most common PGM found in chromitites from the Loma Caribe peridotite. Fresh
erlichmanite and laurite included in chromian spinel (A and B); Fresh crystals of irarsite (C) and Rh-Ni-As
intergrown with Ir-Ni-Fe (C and D); porous Ru-Os-Fe grains with enigmatic layers architecture found in
chromitites from Loma Larga.
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Ru-Os-Fe

10 ym

Ru-Os-Fe

Fig. 6.4. Examples of most common PGM found in chromitites from the Loma Caribe peridotite. Note: frequent
observation of Ir-Ni-Fe overgrowth on porous Ru-Os-Fe alloys (A-D), complex Pt bearing compounds of string
forming nanoparticulates in Fe oxide(s) (E) and free grains of Pt-Fe alloys (F).
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PGM distribution

Ir-As-S
1% Rh-Ni-As
° 2% Ir-Ni-Fe alloys

8%

Ir>Pt-Fe-Ni
alloys
12%

Ru-Os-Fe

alloys i ———)
alloys

54%
35% /
\ Pt-Fe alloys

3%

Pt>Ir-Fe-Ni alloys
3%

Pt-Ni-Fe alloys
Ru-S 6%

Fig. 6.5. Overview of detected PGM groups present in chromitites from the Loma Caribe peridotite. Note:
proportion represents current number of quantitative EMP analysis and not the expected PGM distribution.

Pt

Pt-Ir-Fe-Ni alloys Ir A Pt-Ir-Fe-Ni alloys

McDonald et al. (2010)

® Loma Larga ™

Loma Cumpié
©® Loma Caribe
® Loma Peguera 1 (limonite)

Loma Peguera 1

Loma Peguera 2

® Loma Larga
McDonald et al. (2010) Loma Cumpié
® Loma Caribe
® Loma Peguera 1 (limonite)
Loma Peguera 1
Loma Peguera 2

Pt,Fe

garutiite

Ni 22 Ni Fe

Fig. 6.6. Compositions of Pt-Ir-Fe-Ni alloys (in at. %) plotted in the ternaries: (a) Ni—Fe—Ir and (b) Ni-Fe-Pt. Comparison
data of McDonald et al. (2010) represents composition of garutiite.
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Ru

Ru-Os-Fe alloys Ru-Os-S

® Loma Larga
Loma Cumpié

® Loma Caribe

© Loma Peguera 1
Loma Peguera 2

€ Loma Larga

© Loma Cumpié
# Loma Caribe

© Loma Peguera 1

Pt-Ir-Fe-Ni alloys

® Loma Larga
Loma Cumpié

® Loma Caribe

® Loma Peguera 1 (limonite)

Loma Peguera 1
Loma Peguera 2

comparison data:

Cabri (2002)

Pt

Fig. 6.7. Plot of analyses of Os-Ir-Ru-Pt compounds found in chromitites from Loma Caribe peridotite.
Comparison data with alloys from deposits around the world were taken from Cabri et al. (2002).
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n wt% Os Ir Ru Rh Pt Pd Cu Fe Co Ni Sb S As Si Mg Al Total

Ru-S 19 Avg. 1596 647 3939 088 042 148 014 060 002 012 004 335 091 0.02 018 0.17 100.34
Max. 2354 11.00 4895 317 691 204 249 129 005 092 011 3518 115 031 1.02 043 103.38
Min. 743 413 2695 003 0.00 095 0.00 027 000 000 000 3104 060 000 000 006 9558

Os-S 2 Avg. 5143 1206 584 0.4 003 019 0.00 1.05  0.01 0.06 000 2662 043 000 0.17 051 98.53
Max. 5828 1338 1130 022 004 035 0.00 150 002 011 000 2672 052 000 033 062 100.06
Min. 4458 1074 038 006 001 003 000 060 000 001 000 2652 034 000 000 040 97.01

Ru-Os-Fe alloys 144  Avg. 2209 690 3953 022 011 040 001 1741 O.11 0.83  0.01 0.09 066 029 027 058 89.51
Max. 3213 1879 5302 310 227 192 0.4 2958 0.68 480 0.11 0.95 1.37 3.6l 576 150 101.33
Min. 1100 000 2433 000 000 000 000 207 000 018 000 000 016 000 000 000 79.97

Pt>Ir-Fe-Ni alloys 9  Avg. 0.04 1997 008 078 2650 0.10 060 2493 0.15 1409 003 0.01 0.01 026 002 014 8747
Max. 0.14 23385 0.14 1.39 3049 019 083 2856 026 1922 0.09 004 005 062 004 049 90.50
Min. 0.00 1093  0.01 0.28 2350 003 039 2169 006 1148 000 000 000 005 000 000 8267

Pt-Ni-Fe alloys 16 Avg. 0.18 135 012 071 4313 023 175 1875 029 2464 005 029 008 019 010 001 91.00
Max. 178 16.44 114 221 7183 135 546 3290 0.87 4780 024 364 087 091 128 0.19  98.81
Min. 000 000 000 013 2660 000 044 984 000 579 0.00 000 000 0.00 000 000 84.87

Pt-Fe alloys 7 Avg. 000 000 004 032 7351 031 050 17.63 0.1 116 005 000 0.01 0.03 007 000 9375
Max. 000 000 010 039 8679 052 070 2458 024 243 010 002 0.04 007 020 0.01 98.19
Min. 000 000 000 025 6072 0.6 034 98 002 024 000 000 000 000 000 000 89.70

Ir>Pt-Fe-Ni alloys 33 Avg. 008 2749 027 0.8 1979 007 064 2234 0.11 1407 0.01 003 002 035 002 023 86.01
Max. 028 3280 248 203 2470 041 147 2735 032 2173 0.08 013 012 094 004 065 9148
Min. 000 2214 000 025 1126 000 033 1877 000 952 000 000 000 015 000 0.03 8095

Ir-Ni-Fe alloys 20 Avg. 024 3299 065 056 327 0.10 144 249 033 2860 0.02 003 005 012 004 010 9277
Max. 0.76  69.72 1.76 1.63 742 033 837 3002 072 5271 010 016 016 041 0.64 0.67  98.94
Min. 000 1029 007 0.10 0.00 000 036 1424 005 1194 000 000 0.00 003 000 0.00 81.80

Ir-As-S 3 Avg. 023 6338 057 045 028 000 000 032 000 001 019 1299 2164 007 000 000 100.12
Max. 032 6365 0.69 051 038 000 000 035 001 0.01 031 1318 2227 008 000 0.00 100.30
Min.  0.14 63.11 040 039 018 000 000 029 000 000 007 1270 2127 006 000 000 99.79

Rh-Ni-As 5 Avg. 0.05 144 098 4151 021 010 023 081 006 2433 000 001 2679 032 015 010 9691
Max. 012 442 1.10  44.01 098 023 023 280 0.18 2503 002 0.02 29.40 149 076 0.52 100.42
Min. 000 047 071 3308 000 002 023 026 000 219 000 000 1854 0.01 0.00 0.00 86.26

Ni-Fe-PGE alloys 9 Avg. 005 249 016 368 397 0.10 046 2357 041 6048 001 0.01 0.05  0.11 0.06 0.00 9539
Max. 026 7.12 125 10.51 9.890 0.18 059 2754 070 658 004 005 016 022 024 001 98.36
Min. 000 000 000 014 009 003 019 2203 000 4567 0.00 000 000 004 000 000 89.18

Ru-S 19 Avg. 520 209 2400 053 014 08 014 066 002 013 002 6458 075 004 046 039
Max. 7.82 362 2859 200 230 LI5 2.54 151 0.05 1.00 0.06 6538 093 067 257 105
Min. 231 129 1728 0.02 000 058 000 029 000 000 000 6253 052 000 000 0.13
0Os-S 2 Avg. 2129 494 441 0.11 0.01 0.14  0.00 145 0.01 0.08 000 6512 045 000 053 147

Max. 2474 562 851 0.17 002 025 000 205 002 014 000 6678 053 0.00 1.05 176
Min. 17.84 425 030 0.05 0.00 003 000 08 000 002 000 6345 037 000 001 119

Ru-Os-Fe alloys 144  Avg. 1260 388 4204 023 006 041 0.01 3321 0.19 1.54  0.01 030 094 1.10 112 235
Max. 1956 990 56.06 3.53 128 1.89 024 5117 123 9.08 009 2.83 195 1270 2341 622
Min. 599 000 2524 000 000 000 000 38 000 034 000 001 0.21 0.00  0.00 0.00

Pt>Ir-Fe-Ni alloys 9 Avg. 0.02 1081 009 080 14.18 0.10 054 4647 027 2500 0.03 005 002 099 007 056
Max. 007 1266 0.15 1.40  16.66  0.20 1.33 5196 047 3192 008 012 007 245 016 201
Min. 000 6.06 0.01 027 11.74 0.04 0.00 4155 0.09 1995 000 0.00 000 020 0.00 0.00

Pt-Ni-Fe alloys 16 Avg. 012 08 015 078 2348 027 155 33.01 045 3689 0.04 .00 012 077 050 0.06
Max. L1 10.13 134 254 4497 173 1049 60.72 153 6121 027 1185 1.37 384 624 084
Min. 000 000 000 013 1025 0.0 000 1839 0.01 1136 0.00 000 000 0.00 000 000

Pt-Fe alloys 7 Avg. 000 000 005 042 528 039 1.07 4175 023 251 005 002 002 014 045 001
Max. 000 000 012 050 6898 0.59 143 5370 049 505 0.11 0.07  0.09 030 126 0.04
Min. 000 0.00 000 031 3798 023 065 2739 004 064 000 000 000 000 000 0.00

Ir>Pt-Fe-Ni alloys 33 Avg. 0.04 1552 028 091 1111 007 045 4315 020 2575 001 0.10  0.03 1.37 007 093
Max. 0.16 1974 255 210 1412 041 2.64 4854 054 3431 007 047 0.8 390 019 278
Min. 000 1068 000 023 561 000 000 388 000 2013 0.00 000 000 057 000 0.3

Ir-Ni-Fe alloys 20 Avg. 011 1639 058 045 139 0.08 084 3865 049 4005 0.01 008 005 038 013 032
Max. 033 4248 1.51 130 354 025 930 4979 121 6252 0.07 041 0.21 1.36 1.85 231
Min. 000 378 005 0.11 0.00 0.00 000 2221 0.09 2304 000 000 000 009 000 000
Ir-As-S 3 Avg. 012 3152 054 042 014 000 000 055 001 001 015 3872 2761 023 0.00 0.00

Max. 0.6 31.54 065 048 018 0.00 000 059 002 002 024 3914 2856 026 000 0.00
Min. 007 3149 038 036 009 000 000 050 000 000 006 3805 27.03 0.19 000 0.00

Rh-Ni-As 5 Avg. 002 063 079 3263 009 0.08 006 1.24 008 33.60 000 002 28.87 1.00 055 034
Max. 005 2.01 0.87 3384 044 019 032 438 027 3416 0.01 0.07 31.05 464 275 1.69
Min. 000 019 056 28.08 0.00 0.01 000 038 000 3269 0.00 000 2162 001 0.00  0.00

Ni-Fe-PGE alloys 9 Avg. 002 087 010 240 132 006 024 2741 045 6664 000 003 004 025 017 0.00
Max. 008 241 075 730 339 0.1 0.64 3280 075 7135 002 0.11 0.14 054 071 0.02
Min. 000 0.00 000 008 003 002 000 2517 000 5562 000 000 000 009 000 0.00

Table 6.2. Average, maximum and minimum electron microprobe analyses of most abundant PGM found in
chromitites from the Loma Caribe peridotite in wt% (above) and at% (beneath).
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6.3.2. PGM in the saprolite

Sixteen PGM grains were found and
divided in two groups: occurrence (i) as
discrete free grains or (ii) as inclusions in
Cr-spinel. Free PGM are restricted to the
finest size fraction (<53 um) and vary in
grain size from 10 to 50 pm. Idiomorphic
laurite crystals and Ru-Fe-Os-Ir bearing
compounds with irregular shape and
spongy surface due to high porosity are the
most abundant PGM within this group
(Fig. 6.8). One Ru-Pt-Fe-Os-Ir phase was
observed attached to laurite (Fig. 6.8a) and
some PGE compounds display well
defined Fe-Si-Mg-O-Ru rims with or
without Ni (Fig. 6.8b and c). Dark areas on
BSE images are explained by Si- and Mg-
rich domains resulting in skeleton textures
(Fig. 6.8d). In addition, undetermined Pt-
Ir-Fe-Ni and Ru-Os-Ir-Rh compounds
have been observed. PGM included in
fresh Cr-spinel grains were found within
the coarser size fractions (>53 pm) and
consist of bowieite and laurite (Fig. 6.8e
and f).

6.3.3. PGM in the limonite

A total of 10 PGM was detected in the
finest size fractions (<53 um) of the
limonite samples. In sample LC 2 two
small-sized PGM (<10 um) were found:
one elongated grain of Ir-Ru-Os-Pt-Fe-Ni
included in awaruite (Fig. 6.9a), and one
complex grain assemblage of Pt-Fe-Ni
with clusters of Ru-Ir and zones of Ir-Fe-
Si-Al-Ni included in a strongly weathered
Cr-spinel grain (Fig. 6.9b). Both
irregularly shaped PGM occur close to the
edge of their hosts and element mapping
(see Fig. 4.14 of chapter 4) of the complex
PGM aggregate shows a heterogeneous

PGE distribution with Pt, Ir and Ru as the
most abundant PGE.

Within sample LP-11-007 five 5-20 pm
sized PGM were found as inclusions in Fe-
oxide(s), derived from weathering of
ferrian Cr-spinel. They are either present
as well defined, euhedral grains of Os-Ru
compounds with primary features or as
disperse Pt-Fe particles with occasionally
elongated shapes. One elongated Pt-Fe-Ni
grain (20 um) is characterized by delicate
botryoidal textures similar to Pt-Pd
aggregates interpreted as in situ growth at
surface conditions (Fig. 6.9c) (Cabral et
al., 2011). Three PGM were detected
within sample LP 1 which can be divided
into two groups: two PGM occur as small
(<10 um) inclusions within awaruite and
within the contact zone of awaruite with
altered Cr-spinel (Fig. 6.9d and e),
whereas one PGM occurs as a significantly
bigger (40 um), irregularly shaped free
grain (Fig. 6.9f) (Table 6.3). The included
PGM show similarities with included
PGM from Loma Caribe in terms of
occurrence and shape, however, their
composition is dominated by Os-Ru-Ir-S-
Ni-Fe and Os-Ir-Ru-Fe-Ni, respectively.
The irregularly zoned free PGM grain is
characterized by an oxidation rim with
minor Ru and a  heterogeneous
composition of mainly Ni-Fe-Pt-Ir-Co
with very scarce Pd, Rh and Os. Element
mapping reveals the complexity of this
grain with zones composed of Pt-Ir-Ni-Fe
(center), Ru-Ni-Fe (oxidized rim) and Ni-
Fe-Co braiding crosscutting the grain (Fig.
6.10). Besides PGM, one elongated 50 um
gold grain (99 wt% Au) was detected.
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Fig. 6.8. BSE images of PGM found within saprolite from Loma Peguera: (a) euhedral crystal of laurite with
attached Ru-Pt-Fe- Os-Ir phase, (b—d) examples of porous PGE compounds, (e—f) PGM included in Cr-spinel.
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Fig. 6.9. BSE images of PGM found within limonite from Loma Caribe (a, b) and Loma Peguera (c—f); aw
awaruite; chr Cr-spinel.
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Fig. 6.10. Element distribution map of a free PGM found in limonite from Loma Peguera.

6.4. Electron microprobe composition of
PGM found in saprolite and limonite

A summary of quantitative analyses
obtained by electron microprobe for
representative laurite, bowieite, PGE
compounds and two PGM from the
limonite zone is given in Table 6.4.
Compositions of PGM are shown in Fig.
6.11 together with literature data for
comparison. Ru-Os-Ir-Fe oxides (?) found
in chromitite bodies from Loma Peguera
(Proenza et al., 2007b; Zaccarini et al.,
2009) have in general significant lower Ru
contents than Ru-Os-Ir-Fe compounds
from the underlying saprolite. Quantitative
analyses of two PGM in the limonite zone

show generally higher Os contents; low
totals are due to very small grain sizes,
high porosities and Mg-Si impurities. PGE
compositions of magmatic and partially
desulphurized laurite from chromitite
display rather variable Ru and Os contents
when compared with laurite found in
saprolite (Fig. 6.11).

Small bowieite inclusions in Cr-spinel are
characterized by compositions along the
kashinite — bowieite solid solutions line,
close to Rh;slrysS; (Fig. 6.12). Bowieite
with  similar composition, normally
associated with Alaskan-Uralian type
intrusions, was found in Pt nuggets from
Goodnews Bay, Alaska (Desborough et
al., 1984).
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Loma Peguera Loma Caribe

saprolite limonite limonite

laurite

bowieite
Ru-Fe-Os-Ir
Ru-Ir-Fe-Si-Ni
Ru-Os-Ir-Rh
Ru-Pt-Fe-Os-Ir
Ru-Pt-Ni-Fe-Os-Ir
Ru-Pt-Fe-Ir-Os-Si-Mg
Pt-Ir-Fe-Ni
Fe-Si-Mg-Ni-O-Ru
Fe-Si-Mg-O-Ru
S-Ni-Fe-Ru
Ir-Ru-Os-Pt-Fe-Ni
Ir-Fe-Si-Al-Ni
Ru-Ir

Pt-Fe-Ni
Pt-Fe-Ni-Cu
Os-Ru-Fe
Os-Ru-Ir-S-Ni-Fe
Os-Ir-Ru-Fe-Ni
Ni-Fe-Pt-Ir-Co-Ru-Pd-Sb

e
4

QOO0 00QC0O0O000O +

+ + 4+ m

oFwmnw

Table 6.3. PGM found in the investigated laterite samples. + included in Cr-spinel, x included in awaruite, +/x
included in Cr-spinel-awaruite transition zone, # included in Fe-oxide(s), O free grains.

Ru%

Y p1cPgm2

Y p1cPgm1

0s% Ir+(Rh+Pt+Pd)%  Os% Ir+(Rh+Pt+Pd) %

O Ru-Os-Ir-Fe oxide Loma Peguera chromitite (Zaccarini et al. 2009)
O Ru-Os-Ir-Fe oxide Loma Peguera chromitite (Proenza et al. 2007)
® Ru-Os-Ir-Fe compounds Loma Peguera saprolite (LP4, this study)
V¥ PGM Loma Peguera limonite (LP1, this study)

€ magmatic laurite Loma Peguera chromitite (Proenza et al. 2007)
& partially desulfurized laurite Loma Peguera chromitite (Proenza et al. 2007)
& laurite Loma Peguera saprolite (LP4, this study)

Fig. 6.11. Left composition (at%) of Ru-Os-Ir-Fe compounds found in chromitite and saprolite (Loma Peguera)
and of two PGM found in limonite (Loma Peguera) in terms of Ru-Os-Ir(Rh+Pt+Pd). Right composition (at%)
of laurite occurring in chromitite and saprolite (Loma Peguera).
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Composition of PGM (found in saprolite) analysed by Electron Microprobe

wt%
Grain S Os Ir Ru Rh Pt Pd Fe Ni Cu Co Cr As Total
laurite
LP4-40-1-3 34.34 13.34 9.37 42.04 1.20 nd. nd. 0.43 0.04 n.d. n.d. 0.58 nd. 101.34
LP4-40-7-2 34.86 12.39 9.30 43.16 1.19 nd. nd. 0.40 0.03 0.07 0.04 0.50 0.01 101.95
LP4-40-7-3 33.93 11.81 9.52 4242 1.34 nd. nd. 0.35 0.04 0.01 nd. 0.48 nd. 99.90
LP4-40-7-4 34.09 13.60 9.00 42.01 1.18 nd. nd. 0.35 0.04 nd. 0.05 0.49 nd. 100.81
LP4-40-7-5 33.04 16.38 8.67 39.12 1.25 0.09 nd. 0.45 n.d. n.d. 0.02 0.59 nd. 99.61
LP4-40-7-7 33.70 14.95 9.33 40.06 1.15 0.25 nd. 0.44 0.07 0.02 0.05 0.53 nd. 100.55
LP4-40-7-8 34.19 13.12 9.78 41.69 1.07 0.07 nd. 0.45 0.07 0.03 0.02 0.52 nd. 101.01
LP4-40-7-9 34.18 12.56 9.11 42.89 1.20 nd. nd. 0.38 0.04 0.04 nd. 0.51 nd. 100.91
LP4-64/2-x3-2  32.50 12.15 8.26 39.83 2.02 nd. nd. 0.87 0.05 nd. 0.05 1.32 nd. 97.05
LP4-64/2-x3-4  32.48 12.13 7.92 40.06 1.94 0.03 nd. 0.84 0.05 0.02 0.04 1.35 nd. 96.86
bowieite in chr
LP4-80-x2 25.98 0.37 29.58 0.27 40.15 nd. 0.39 1.05 0.06 0.01 0.01 1.90 nd. 99.77
LP4-80-x2-2 26.40 0.12 29.86 0.05 40.27 nd. 0.50 1.11 0.03 0.02 0.10 1.91 nd. 100.37
LP4-80-x2-3 26.21 nd. 29.40 0.11 39.72 0.06 0.31 1.17 nd. 0.10 0.04 1.98 nd. 99.10
LP4-80-x2-4 25.85 n.d. 29.77 0.02 39.15 0.08 0.49 1.45 0.08 nd. 0.02 2.73 n.d. 99.64
LP4-80-x2-6 25.29 0.38 28.40 nd. 38.73 0.93 0.33 1.63 0.03 0.03 0.04 1.93 nd. 97.72
PGE compounds
LP4-40-4-1 0.02 4.69 5.25 50.25 0.76 0.08 nd. 8.59 1.12 0.02 1.62 0.36 nd. 72.76
LP4-40-4-2 0.03 6.50 5.05 39.46 0.73 nd. nd. 23.03 0.91 n.d. 1.29 0.45 nd. 77.45
LP4-40-4-3 0.02 4.80 4.69 41.40 0.59 nd. nd. 16.82 1.12 0.02 2.46 0.34 nd. 72.26
LP4-40-4-4 0.04 5.84 5.49 47.74 0.87 nd. n.d. 11.23 1.20 nd. 1.10 0.40 n.d. 73.91
LP4-40-4-5 0.03 5.56 497 4242 0.66 nd. nd. 15.79 1.02 nd. 1.00 0.46 nd. 7191
LP4-40-1-1 0.04 8.78 6.31 67.06 1.11 nd. nd. 8.65 0.68 0.03 0.39 0.17 nd. 93.22
LP4-40-1-2 0.05 9.93 6.51 65.86 1.06 nd. nd. 9.50 0.68 n.d. 0.36 0.18 nd. 94.13
LP4-40-1-3 0.01 8.50 5.84 44.68 0.43 nd. nd. 8.26 0.69 n.d. 0.30 0.29 nd. 69.00
LP4-40-1-4 0.02 6.40 5.20 56.76 0.67 0.09 nd. 5.89 0.60 0.04 0.42 0.15 nd. 76.24
LP4-40-1-5 0.04 8.07 6.54 59.22 0.91 nd. nd. 7.18 0.60 n.d. 0.38 0.23 nd. 83.17
LP4-40-1-6 0.02 7.37 5.26 59.53 0.80 nd. nd. 5.65 0.59 0.02 0.42 0.22 nd. 79.88
LP4-40-1-100-  0.03 4.15 4.09 62.85 0.78 nd. nd. 11.72 0.62 nd. 0.24 0.18 nd. 84.66
LP4-40-1-100-  0.02 4.38 4.33 61.35 0.74 0.01 nd. 8.52 0.69 nd. 0.24 0.16 nd. 80.44
LP4-40-1-100-  0.02 3.13 4.14 73.45 1.04 nd. nd. 9.04 0.57 0.01 0.26 023 nd. 91.89
LP4-40-1-100-  0.07 3.28 4.09 56.03 0.63 n.d. nd. 11.64 0.72 n.d. 0.22 0.19 nd. 76.87
Composition of PGM (found in limonite) analysed by Electron Microprobe

wt%
Grain incl. S Os Ir Ru Rh Pt Pd Fe Ni Cu As Total
LP1CPgml inaw 5.09 26.57 1.86 9.05 0.41 n.d. 0.42 22.61 21.89 0.05 0.62 88.57
LPICPgm2  inaw 0.32 4699 2521 4.68 0.26 nd. 0.30 11.65 1.18 0.23 0.20 91.02

n.d. = not detected

Table 6.4. Selected results of electron-microprobe analyses of PGM found in saprolite and limonite
from the Loma Peguera Ni laterite profile

IrS,
kashinite Ir,S,

S%

Rh, ,sl ro,ssa

bowieite Rh,S,

A

Ir(+Pt)%

synthetic materials Desborough et al. (1984)

metal-deficient bowieite Goodnews Bay Desborough et al. (1984)
bowieite Goodnews Bay Desborough et al. (1984)

bowieite Yukon Fedortchouk et al. (2010)

bowieite Fifield Slansky et al. (1991)

bowieite Joubdo Cabri et al. (1981)

bowieite Loma Peguera saprolite this study

Rh%

L ZeRORR R

Fig. 6.12. Composition (at%) of bowieite found as inclusions in dissiminated Cr-spinel from saprolite (Loma
Peguera) and comparison with data from literature.
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6.5. Mineralogical characterization of Ru-
Os-Fe compounds

Low totals of Ru-Os-Ir-Fe compounds
obtained by EMP analyses have previously
raised the question if they could possibly
represent PGE oxides (e.g. Garuti and
Zaccarini, 1997; Proenza et al., 2007b,
2008; Uysal et al., 2009). However, recent
studies on one Ru-Os-Fe compound,
separated from the Loma Peguera 1
chromitite (included in saprolite) by HS
techniques at the University of Barcelona,
has stated that nanoscale intergrowths of
Ru with magnetite is a more likely
explanation (Zaccarini et al., 2014). To
prove this theory and with the aim to
compare results, one Ru-Os-Fe grain (100
x 60 pm in size) from the “floating
chromitite” (included in limonite) was
investigated by EMP, micro-raman
spectroscopy and synchrotron micro XRD.

6.5.1. EMP analysis

According to the complex zoning visible
in BSE images (Fig. 6.13a), quantitative
EMP  analyses reveal a  rather
heterogeneous composition of the grain
(n=10) (average and minimum- maximum
in wt%): Os 20 (16-23), Ir 9 (7-11), Ru 37
(25-46), Rh 0.05 (0-0.2), Pt 0.1 (0-0.4), Pd
0.04 (0-0.1), Fe 26 (23-30), Co 0.3 (0.1-
0.4), Ni 0.5 (0.4-0.7), Sb 0.01 (0-0.07), S
0.07 (0.02-0.23), As 0.5 (0.4-0.7), Si 0.2
(0-0.3), Mg 0.03 (0-0.06), Al 0.4 (0.1-0.8),
corresponding to an average total of 94
wt% ranging from 89-101 wt% (Table
6.5). Comparison with data in Zaccarini et
al. (2014), which unfortunately miss
analysis of Pt, S, Co and Si, Mg, Al (to
examine possible silicate incorporation
during serpentinization), reveal significant

discrepancies: Fe contents are three times
higher than in the grain from Loma
Peguera, whereas Os concentrations are
27% lower than reported in Zaccarini et al.
(2014), Rh and Pd contents are around
0.05 wt% (approximately 3wt% each in
the grain from Loma Peguera) and As has
an average concentration of 1.5 wt% in the
grain from Loma Peguera but only 0.5
wt% in the grain from Loma Larga.
However, concentrations of Ru, Ir and Ni
are nearly identical in both grains.
Surprisingly, totals obtained by EMP
analyses from the grain from Loma Larga
reach values close to 100 wt% (Table 6.5),
whereas EMP analyses published in
Zaccarini et al (2014) only reach these
values after including oxygen (8 wt% O in
average). Reliable determination of O by
electron microprobe is still matter of
scientific debate. Porosity and complex
intern structure of these grains could
alternatively be responsible for generally
observed low totals. To better understand
the complex zoning observed in the grain
from Loma Larga, quantitative element
mapping was applied. As shown in Fig.
6.13 different element distribution patterns
for Ru, Os and Fe are evident: bright zones
in BSE images correspond to highest
concentrations of Ru which occurs either
as batches in the central part of the grain or
as enigmatic layers and void infills at the
border of the grain (Fig. 6.13b). Os
appears mainly homogenously distributed
with deficits in the central part (Fig.
6.13c), whereas Fe shows highest
concentrations in zones close to the centre
of the grain, resembling a fine-grained
braiding (Fig. 6.13d). Fe also contributes
to the Ru rich banding at the border of the
grain.
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Fig. 6.13. BSE image with indicated points of EMP measurements, zone of surface plots and profile direction a-
b for column average plots (a); quantitative element mappings for Ru, Os and Fe (b-d); surface plots of marked
area in (a) for Ru, Os and Fe with indicated profile direction a-b for column average plots (e-g).

wt%  Os Ir Ru Rh Pt Pd Fe Co Ni Sb S As Si Mg Al Total

1 20.23 10.45 34.59 0.07 0.08 0.02 23.03 0.13 0.51 0.07 0.10 0.40 020 0.05 0.71 90.64
2 21.74 9.51 32.63 0.03 0.04 0.04 23.50 0.18 038 0.00 0.02 0.43 029 0.06 0.56 89.41
3 16.51 7.33 43.07 0.19 0.20 0.00 29.58 0.43 0.65 0.00 0.06 0.71 0.01 0.00 0.10 98.85
4 16.08 7.40 45.07 0.02 0.03 0.08 29.10 0.40 049 0.01 0.05 0.59 0.03 0.01 0.12 99.49
5 22.13 9.56 37.39 0.08 0.09 0.01 22.99 022 037 0.00 0.03 041 020 003 0.38 93.89
6 23.15 9.88 31.90 0.01 0.04 0.11 23.76 0.18 039 0.01 0.02 042 0.29 0.04 0.41 90.60
7 17.70 7.34 4590 0.09 042 0.09 27.73 043 0.62 0.04 023 0.57 0.03 000 0.14 101.33
8 19.22 9.01 37.49 0.00 0.00 0.02 28.31 034 0.40 0.00 0.04 0.51 0.19 0.03 0.25 95.82
9 20.72 9.50 32.65 0.00 0.08 0.00 27.44 023 042 0.00 0.07 043 022 005 0.32 92.12
10 2247 11.14 2548 0.03 0.01 0.03 28.54 0.11 0.50 0.00 0.04 0.36 0.29 0.04 0.82 89.87

Avg. 20.00 9.11 36.62 0.05 0.10 0.04 26.40 0.27 0.47 001 007 048 0.17 0.03 0.38 94.20
Max. 23.15 11.14 4590 0.19 0.42 0.11 29.58 0.43 0.65 0.07 023 071 0.29 0.06 082 101.33
Min. 16.08 7.33 25.48 0.00 0.00 0.00 22.99 0.11 0.37 0.00 0.02 0.36 0.01 0.00 0.10 89.41

Table 6.5. Electron microprobe analyses of points indicated in Fig. 6.13a.
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A more accurate comparison of Os with Fe for the zone indicated in Fig. 6.13e-g. In
mappings suggests that zones rich in Fe continuation, raw data were exported and
are depleted in Os (Fig. 6.13c and d). By used for element profiles obtained by
using the open source image processing column average plots. As seen in Fig. 6.14
program imageJ (www.imagej.net) a negative correlation trend between Os
quantitative surface plots were obtained and Fe is evident (Fig. 6.15).
32
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Fig. 6.15. Os vs. Fe diagram with data from column average plots showing a negative correlation trend.
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6.5.2. Synchrotron tts- uXRD

Investigation of the Ru-Os-Fe grain by
means of synchrotron tts- uXRD revealed
the presence of at least two mineral
phases: one alloy belonging to the
hexagonal (space  group
P63/mmc) and one mineral belonging to

structure

the isometric (cubic) structure. Assessment
of diffraction patterns
presence of oxidized magnetite (dgi1y =
4.76 A and dg) = 2.92 A) in the Ru-Os-
Fe grain. Subsequently, d values and cell
parameters of the Ru-Os-Fe alloy were
compared to relevant literature data (Table
6.6 and 7). The Ru-Os-Fe alloy points to
Ru rich hexaferrum with dg1) = 2.02 A
and with cell parameters of a = 2.65 A and
c =423 A. In addition, calculated and
observed XRD spectra for the Ru-Os-Fe
alloy are identical, thus confirming the
presence of Ru rich hexaferrum (Fig.
6.16).

confirms the

6.5.3. Micro-raman spectroscopy

The same area as for quantitative element
mappings was chosen for a detailed micro-
raman spectroscopy investigation. Results
of the raman mapping revealed the
presence of at least three mineral
compounds: (i) one raman
mineral, (i) one mineral with its main
band at 667 cm™ and (ii1) one mineral with
its main bands at 720 and1325 cm™ (Fig.
6.17). The raman inactive mineral is
associated with bright areas of the grain,
thus with highest Ru concentrations as
verified by comparison with EMP analysis
(e.g. point 7 in Fig. 6.13a and Table 6.5).
Raman active minerals occur in dark

inactive

appearing areas, corresponding to Fe rich
(Fig. 6.13c). Comparison with
literature data shows that raman active

Z0ones

minerals most likely represent (oxidized)
magnetite and maghemite. Notably, shapes
of their resemble micro
channels circuiting raman inactive Ru rich
alloys.

occurrence

calculated
observed

(o] =N 7»~'f—<.’f.’,\_,,5,/\Ai‘.‘...‘./‘ﬁ A
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Fig. 6.16. Comparison of observed synchrotron XRD pattern (Ru-Os-Fe alloy) with calculated pattern.
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Ru-Os-Fe Hexaferrum (PDF 54-0704) Ruthenium (PDF 00-06-0663) Osmium (PDF 00-041-0601) Garutiite®
Imeas dmeas(A) hkl [meas dmeas(A) hkI  Imeas dmeas(A) hkI  Imeas dmeas(A) hkI  Imeas dmeas(A) hki

20 2.2980 100 50 2.28 100 40 2.343 100 80 2.363 100 50 2.330 100
20 2.1168 002 60 2.10 002 35 2.142 2 30 2.166 002 30 2.136 2
100 2.0197 101 100 2.006 101 100 2.056 101 100 2.071 101 100 2.046 101
25 1.5569 102 30 1.549 102 25 1.5808 102 40 1.594 102 30 1.576 102
40 1.3267 110 30 1.316 110 25 1.3530 110 60 1.364 110 40 1.3470 110
50 1.2025 103 30 1.195 103 25 1.2189 103 20 1.232 103 40 1.2155 103
10 1.1490 200 6 1.1715 10 1.180 200 10 1.1669 200
60 1.1242 112 20 1.118 112 25 1.1434 112 50 1.153 112 20 1.1391 112
40 1.1089 201 20 1.108 201 20 1.1299 201 40 1.039 201 20 1.1256 201
4 1.0705 4 1 1.080 4 5 1.0680 4
5 1.0278 202 10 1.035 202 5 1.0239 202
6 0.9738 104 5 0.9835 104 5 0.9715 104

16 0.9056 40 0.9135 203

6 0.8857 10 0.8929 210

25 0.8673 50 0.8737 211

18 0.8395 20 0.8472 114

10 0.8185 20 0.8252 212

16 0.8043 20 0.8123 105

5 0.7974 204

10 0.7866 300

Table 6.6. Comparison of X-ray data for Ru-Os-Fe alloy and chemically related phases;

# McDonald et al.

(2010).
Ru-Os-Fe Hexaferrum® Ruthenium” Osmium* Garutiite*

Chemical .
Formula Ruy 4(Os,Ir)y Feqs  (Fe,Os,Rulr) (Ru,Ir,0s) (Os,Ir,Ru) (NiFe.Ir)
Crystal

rysta Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal
System
G Unit
cerl(l)up m P6 ;/mmc P6 ;/mmc P6 ;/mmc P6 ;/mmc P6 ;/mmc
a 2.65358 2.64(1) 2.726 2.726 2.6939(5)
¢ (A) 4.23362 4.20(2) 4.326 4.326 4.2732(6)
v (A% 25.817 25.35 27.84 27.84 26.86(1)
V4 2 2 2 2 2

# Mochalov et al. (1998) - Ru rich hexaferrum

® Urashima et al. (1974)
¢ Swanson et al. (1955)
4 McDonald et al. (2010)

Table 6.7. Comparative data for Ru-Os-Fe alloy, ruthenium and osmium-group mineral and garutiite.
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Fig. 6.17. Micro-raman spectroscopy mapping of the Ru-Os-Fe grain (a-c) with reference spectra for common
Fe oxide(s) (modified from Froment et al., 2008) (d).
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6.6. The mystery of fibrous PGM -
alteration, neoformation or both?

An unsolved problem of this investigation
is the detection of one fibrous PGM (Ru-
Os-Ir-Fe-Si) found as a free grain within
the floating chromitite of Loma Larga. The
grain is approximately 70 um big and is
characterized by well-preserved crystal
shapes (Fig. 6.18a). However, the crystal
itself is not perfect as seen by damaged
corners and its broken central part. It is not
clear if this damage occurred during
sample preparation or if it is a
consequence of the alteration/(trans-
)formation  process of the grain.
Investigation of this enigmatic PGM
monocrystal (without polishing) by means
of FE-SEM reveals numerous features
which, to the best to the author’s
knowledge, have not been described for
PGM before:

) the crystal shape is explained
by a complex symbiosis of
PGM nanoparticles and Si rich
nanofibers which are
perpendicular to crystal faces
(Fig. 6.18a);

(i) the Si rich nanofibers seem to
grow, as layers of different
thickness as well as “healing of
cracks” are observed (Fig.
6.18b-d);

(111)  comparison of BSE images and
secondary electron images
suggests that elements of high
atomic number (e.g. PGE) are
present in the central part of the
nanofibers, whereas the outer
part seems to consist of
elements with lower atomic

numbers (e.g. Si) (Fig. 6.18e
and 1);

(iv)  at the end of some nanofibers a
thin layer of homogenous film
occurs (Fig. 6.18g-));

(V) within  these films PGM
nanoparticles are widespread
(Fig. 6.18g-));

(vi)  within the (broken) centre of
the grain a 5 um big crater of
round shape is present with
enigmatic accumulations of Ir
bearing phases, resembling
“smoke” coming out of the
crater (Fig. 6.18k);

(vii)  within the crater as well as to
its outside complex forms of
PGM nanoparticles are
observed, resembling spicules
remains of fungi. Interestingly,
the Si richer crater has smaller
PGM nanoparticles than its
surrounding area (Fig. 6.18k);

(viii) on plain walls, representing the
backside of nanofibers layers
and therefore most likely film
material, oval forms with PGM
nanoparticles are observed,
suggesting remnants of PGE
reducing bacteria (Fig. 6.18]).

At time of writing it is not clear whether
these textures are explained by weathering
of a secondary PGM (e.g. Ru-Os-Fe
grains) with incorporation of secondary
silicates or by dissolution/reprecipitation
processes involving biogenic activity (e.g.
biofilms including bacteria and/or fungi).
Analyses currently under development
such as XRD and Transmission Electron
Microscopy (TEM) is hoped to shed some
light on the genesis of these enigmatic
group of PGM.
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Fig. 6.18. FE-SEM BSE and secondary electron images (SE) of an enigmatic PGM composed of Si rich layers
of nanofibers and PGM nanoparticulates. (A) overview; note intact crystal shapes and the dark occurring crater
in the centre; (B) close up of nanofibers and subsequent film with PGM nanoparticulates; (C) “healing of
cracks” by nanofibers; (D) layers of nanofibers perpendicular oriented to crystal faces; (E) close up of

nanofibers (SE); (F) close up of the same area as in (E) with BSE; note the bright occurring centre of the
nanofibers suggesting the presence of PGE.
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Fig. 6.19. Continuation. Close up of the contact between nanofibers and subsequent film (biofilm?) with PGM
nanoparitculates in SE (G) and BSE (H); close up of a film showing layering and numerous PGM
nanoparticulates (I) in SE and (J) in BSE; overview of the region around the crater structure with Ir
accumulation and complex morphologies of PGM nanoparticulates; note that the dark appearing crater is Si
enriched compared to its outer area (K); approximately 500 nm big oval forms with PGE nanoparticles at its
inside resembling observations of Pt depositing bacteria (Konishi et al., 2007).
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6.7. Discussion

6.7.1. PGE enrichment in Ni laterites and
the role of chromitites

A main issue to explain elevated PGE
values within supergene environments is
the question if high PGE abundances in the
parent rock are essential or not. The
investigated Ni laterites developed above
PGE depleted peridotites (<36 ppb total
PGE) but show general PGE enrichments
towards the surface. However, PGE
distribution differs within both
investigated Ni laterite profiles: Loma
Caribe shows peaks of Pt and Ru within
zone C and very pronounced within the
highest levels of zone A. Palladium, nearly
absent in the parent rock (2 ppb), reaches
maximum values (71 ppb) in the exposed
limonite. In contrast, weathering products
from Loma Peguera are exclusively
enriched in PGE within the limonite. The
PGE enriched (up to 640 ppb) exposed
limonite is dominated by Ru (236 ppb) and
the other IPGE, whereas Pd and Pt
contents (37 ppb and 91 ppb, respectively)
are relatively low. The enrichment of IPGE
over PPGE in total rock analysis, together
with the discovery of small scaled
chromitite occurences, presumes a close
relation between PGE enrichment and
underlying chromitites. However, this
hypothesis is not supported by the
following observations. PGM with similar
composition were found within both
limonite horizons, chromitite bearing
(Loma Peguera) and chromitite free (Loma
Caribe) Ni laterite profiles. In addition, the
chemical compositions of fresh Cr-spinel
from chromitite (Loma Peguera 1) and
unaltered, disseminated Cr-spinel found in
saprolite (Loma Peguera and Loma

Caribe) reveals discrepancies as shown in
Table 6.8. Cr-spinel within the chromitite
free Ni laterite profile of Loma Caribe is
characterized by variable Cr# of 0.43 to
0.55, Mg# of 0.54 to 0.61 and low TiO;
contents in the range of 0.01 to 0.08 wt%.
In contrast, Cr# are significantly higher
(~0.75) for Cr-spinel associated with
chromitites and saprolite from Loma
Peguera, whereas Mg# range from ~0.35
(LP 4) to ~0.47 (chromitites) and TiO,
contents from ~0.2 (LP 4) to ~0.85
(chromitites).

Loma Peguera Loma Caribe

Code chromitite ~ Cr-spinel ~ Cr-spinel Cr-spinel
with laurite
SiO, 0.16 0.00 0.00 0.07
TiO, 0.84 0.18 0.17 0.04
ALO; 10.23 11.10 12.22 27.64
Cr,04 51.42 53.06 51.81 39.81
Fe,0; 7.63 455 457 222
FeO 19.88 23.82 23.60 16.67
V,0; 0.16 0.17 0.16 0.30
MnO 0.33 0.00 0.00 0.21
MgO 9.08 6.24 6.58 12.55
Zn0O 0.17 0.40 0.26 0.32
NiO 0.39 0.15 0.08 0.14
Total 100.29 99.67 99.45 99.97
Si apfu 0.04 0.00 0.00 0.02
Ti 0.17 0.04 0.03 0.01
Al 3.21 3.54 3.87 7.86
Cr 10.82 11.34 11.02 7.60
Fe3+ 1.53 0.99 0.99 0.46
Fe2+ 4.42 5.42 5.34 3.35
\4 0.03 0.04 0.03 0.06
Mn 0.07 0.00 0.00 0.04
Mg 3.60 2.52 2.64 4.52
Zn 0.03 0.08 0.05 0.06
Ni 0.08 0.03 0.02 0.03
Cr# 0.77 0.76 0.74 0.49
Mg# 0.45 0.32 0.33 0.57
Fe3+# 0.10 0.06 0.06 0.03

Table 6.8. Geochemical comparison of Cr-spinel
from chromitite (Loma Peguera 1) with unaltered,
disseminated Cr-spinel from saprolite samples
(Loma Peguera and Loma Caribe).
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Fig. 6.20 summarizes and visualizes
chemical variance of analyzed Cr-spinel in
the studied Ni laterite profiles in form of
discrimination diagrams. It seems evident
that Cr-spinel found in saprolite from
Loma Caribe and Loma Peguera derived
from a different source than from
chromitites. The geochemical fingerprint
of Cr-spinels from Loma Caribe suggests
that they have formed within fertile mantel
rocks (e.g. lherzolite), whereas Cr-spinels
from Loma Peguera seem to have
crystallized  within  more  depleted
peridotite (e.g. harzburgite/dunite). Taking
into consideration all listed observations
we suggest that PGE enrichment within
the studied Ni laterites is not intrinsically
dependent on incorporation of PGE
enriched chromitites. This finding is in

good agreement with previous studies of

weathering profiles from the New
Caledonia ophiolite (Augé et al., 1995).

The good correlation of Cr with PGE in
both profiles and the fact that PGM are
observed included in fresh Cr-spinel
indicate that disseminated Cr-spinels in
peridotites are an important source for
PGE within studied Ni
Falcondo. Small amounts of Cr-spinel in
mantle rocks (<2-3 vol%) could have
accumulated significantly during
lateritization due to their resistant nature,
leading to residual PGE enrichment within
highest levels of the laterite profile. In
addition, base-metal sulfides (Fe-Ni-Cu
sulfides), believed to form 0.1 vol% of the
upper mantle and containing PGE at ppm

laterites at

level, could also have -contributed
importantly to the PGE budget (Lorand et
al., 2008).

Ol L A 20 o T T Fig. 6.20. Left: Cr# vs Mg# of
i i Cr-spinel in Loma Peguera
80 v _8or 7 chromitites and within
f @ A A‘ A A saprolites from Loma Peguera
70 - ] 5 70F i (LP4) and Loma Caribe (LC8).
e Fields for different tectonic
Z 60k o i = 60 L | environments were compiled
+ £ % from Pagé et al. (2008) and
S| E 5] ﬁ references therein. ABP =
S 05 7 n 50 7  abyssal peridotites; FAP = fore-
S IE g -f arc peridotites. The line with
X 40 2 - 40 ~ tics is the experimental
(") L I equilibrium-melting curve of
E 30l il PR ST Hirose and Kawamoto (1995).
o 0 0.4 0.8 1.2 Right: Cr# vs TiO, of Cr-spinel
TiO, (wt %) in Loma Peguera chromitites
20 - T Lsma Batiuera and within saprolites from
9 Loma Peguera (LP4) and Loma

10 - A chromitites Caribe (LCB).

O Cr - spinel (LP4)
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6.7.2. Origin of platinum group minerals in
Ni laterites

6.7.2.1. Magmatic origin of primary PGM

Euhedral crystals of laurite and bowieite
included in unaltered Cr-spinel were found
in saprolite of Loma Peguera. Their shape,
textural position and chemical composition
suggest a primary origin. The dominance
of Ir, Ru and Rh suggests that these
elements were fractionated into accessory
Cr-spinel in mantle peridotite during
earlier magmatic stages (Capobianco and
Drake 1990; Righter et al., 2004; Lorand et
al., 2008), thus crystallizing as discrete
PGM grains before or concurrently with
Cr-spinel. Cr-spinel is more resistant to
alteration than silicates, thus magmatic
PGM inclusions were protected from
serpentinization and lateritization. The
chemical composition of Cr-spinels with
primary laurite inclusions indicates that
there is no obvious relation with nearby
chromitite bodies (Fig. 6.20).

6.7.2.2. Secondary PGM from alteration of
pre-existing PGM

Free PGM grains in saprolite (Loma
Peguera) as well as all PGM grains within
the limonite horizons from the studied
laterite profiles clearly differ from primary
PGM in morphology, optical appearance
and chemical composition. Free PGM
grains from the saprolite of Loma Peguera
are characterized by porous textures and
generally S-free compositions. Their more
complex nature may be explained by the
interaction with serpentinization-related
fluids when alteration processes resulted in
desulphurization of primary PGM and thus
formation of secondary PGM compounds.
Incorporation of Si and Mg (clinochlore or

serpentine?) in some PGM grains supports
this hypothesis which was previously
described for secondary Ru-Fe-Os-Ir
oxides found in chromitites (e.g. Garuti
and Zaccarini 1997; Uysal et al., 2009).

Elemental mapping of one free Ni-Fe-Co-
PGE grain found within the limonite of
Loma Peguera shows a complex PGE
distribution with Pt in the center and Ru at
oxidized rims (Fig. 6.10). Compared with
secondary PGM of the underlying saprolite
the grain does not show the characteristic
porosity apart from a spongy, irregular
surface. This difference could be explained
by a more stable primary PGM which was
not importantly affected by alteration
processes during pre-lateritization.
However, considering the present Ru-
oxide rims and nebulous PGE distribution
further compositional modifications by
supergene weathering under tropical
conditions can be assumed. Generally, it is
observed that Pt-rich PGM become more
abundant in the highest levels of the
investigated Ni laterite profiles. It is
important to point out, that PGM detected
in limonite of Loma Caribe occur within
the porous border of their Fe oxide(s) hosts
and that morphological features of the
PGM are suggestive of infill of alteration
voids (Fig. 6.21 a and b). The porosity of
Cr-spinel is mainly explained by
hydrolysis processes during lateritization
producing Cr(OH); which can result in
liberation of PGM (Cooper 2002; Traor¢ et
al., 2008a, b) (Fig. 6.21). Thus, the
occurrence of some PGM as free particles
in the weathering profile can be interpreted
as derived from the supergene dissolution
of PGM-bearing Cr-spinel.
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Fig. 6.21. BSE images showing progressive weathering of Cr-spinel (chr) (a, b) and Pt-Fe phases located within

the alteration rim (b). fe-chr ferrian Cr-spinel

Free PGM grains with similar optical and
chemical properties as observed in the
saprolite of Loma Peguera (Fig. 6.8 b-d)
are absent in all investigated limonite
samples, indicating that they may not be
stable within higher levels of the Ni
laterite profile. Their characteristically
high porosity could have favoured entire
erosion of the grains during lateritization,
whereas more stable secondary PGM (e.g.
Fig. 6.91) only suffered PGE redistribution
with Fe rich PGE alloys becoming the
final phase. If this hypothesis is true the
PGM cluster shown in Fig. 6.9b reflects
coexistent stages of PGM breakdown and
PGM  consolidation (e.g.  Pt-Fe-Ni
compound). Given the experimental and
theoretical evidence for PGE solubility
under lateritic conditions (e.g. Bowles et
al., 1994) we propose that erosion of
secondary PGM  with  subsequent
remobilization and reprecipitation of PGE
has to be considered for the Ni laterites at
Falcondo.

6.7.2.3. Some thoughts about the origin of
Ru-Os-Fe grains: Ru-Os oxides or Ru-Os
alloys + magnetite? Ru rich hexaferrum +
Fe oxide(s)?

Taking into consideration that (i) Ru rich
zones analysed by EMP reach values close
to 100 wt% without the need of including
O and that (ii) these zones contain up to 29
wt% Fe without showing any signals of
magnetite nor maghemite in micro-raman
analyses, reveal some important new
insights regarding the assumption of
Zaccarini et al. (2014), that Ru-Os-Fe
grains found in the Ni laterites of Falcondo
are nanoscale intergrowths of magnetite
with  Ruthenium.  Here  presented
multidisciplinary data indicate that most of
the iron is bound to the Ru-Os alloy, thus
suggesting that these grains are mainly
composed of accumulations of nanoscaled
Ru rich hexaferrum. The fine-grained
nature of these grains makes EMP analyses
challenging. However, as observed
nanoparticles can accumulate to bigger
patches (remobilization and reprecipitation
during weathering?) which allow EMP
analyses close to 100 wt%. These analyses
were used to calculate the stoichiometry,
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which in addition to synchrotron tts-
pXRD and micro-raman data clearly
points to hexaferrum (Rug4(Os,Ir)o.1Feqs).
It can be speculated, that hexaferrum of
this composition represents the

Ru-Os-Fe alloys Ru

® Loma Larga
Loma Cumpié

® Loma Caribe
Loma Peguera 1
Loma Peguera 2

v Zaccarini et al. (2015)
grain Loma Peguera 1

A this study
grain Loma Larga

endmember of secondary PGM after
desulphurization and (trans)formation
processes (e.g. Fe incorporation) of
primary laurite/erlichmanite within Ni
laterites (Fig. 6.22 and Fig.6.23).

Ru-Os-S

& Loma Larga

& Loma Cumpié
¢ Loma Caribe

& Loma Peguera 1

¢

.. 4.

hexaferrum

Os

Fe

Fig. 6.22. Ternary diagram in the Os-Fe-Ru system showing the transforamtion trend from primary laurite to
hexaferrum. Note: Fe enrichment is mainly explained by formation of hexaferrum.

Ru-Os-Fe alloys

® Loma Larga

~ Loma Cumpié

@ Loma Caribe
Loma Peguera 1
Loma Peguera 2

B Proenza et al. (2007)
O
0O Loma Peguera 1

A this study
grain Loma Larga

Fe+Ni

hexaferrum

Ru-Os-S

S+As

& Loma Larga

< Loma Cumpié
4 Loma Caribe

¢ Loma Peguera 1

PGE

Fig. 6.23. Ternary diagram in the Fe+Ni-PGE-S+As system showing the proposed desulphurization trend from

primary laurite to hexaferrum. Note: data from Proenza et al

Previous work has shown, that silicates
can be incorporated in PGM at
serpentinization stage on a sub-micron

. (2007b) include O+Cu in the Fe+Ni axis.

scale (e.g. Uysal et al., 2009; McDonald et
al., 2010 and reference therein). FE-SEM
BSE images and EDS spectra of Ru-Os
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alloys, found included in chromitites from
the Loma Caribe peridotite, suggest that
silicate incorporation during
serpentinization results @) in
desulphurization of the primary PGM and

Ru

(i) in significant redistribution of PGE.
Textures appear porous but are explained
by nanoscaled Mg-silicates (dark) and
PGE alloys (bright) (Fig. 6.24).

0

Fig. 6.24. Fine-graind, porous appearing Ru-Os grain included between chromian spinel (right) and a Si-Mg
vein (left). Note: no sulphur but traces of Fe and significant amounts of Mg and Si.

However, Mg-silicates are not stable
within higher levels of the Ni laterite, thus
resulting in weathering of these phases and
subsequently in a high porosity and high
permeability of the Ru-Os grain. As a
consequence oxidized, Fe rich fluids can
enter the grain along micro channels with
subsequent incorporation of Fe in the Ru-
Os alloy (formation of hexaferrum) and
minor crystallization of magnetite during
early stages of lateritization. Interestingly,
Fe oxide(s) filled micro channels from this
stage are best observed in the central part

of the studied grain (Fig. 6.13d). They are
missing at the outer part of the grain, thus
indicating that at latest stages of
lateritization (i.e. at highest levels of the
Ni laterite profile with high Eh and low
pH) remobilization of PGE occur and that
enigmatic banding of Ru at the border of
the grain may represent the result of such
(trans-)formation processes (e.g.
detoxifying biofilms). The theory of PGM
neoformation in Ni laterites is discussed in
continuation (see also chapter 7).
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6.7.2.4. Neoformation of PGM in limonite

The possibility of PGM neoformation
within laterites has been discussed for
more than 40 years (e.g. Ottemann and
Augustithis 1967; Cabri and Harris 1975)
but unequivocal mineralogical evidence of
in situ growth of PGM at low temperatures
is still missing. One elongated Pt-Fe-Ni
grain with botryoidal textures was found
within the limonite of Loma Peguera (Fig.
6.9c). FESEM images reveal well-defined,
submicron-sized clusters and plate-like
textures of Pt-Fe-Ni which are difficult to
explain by magmatic processes or
alteration (Fig. 6.25). These features rather

indicate a similar process for neoformation
of PGM as it has been recently described
for Pt-Pd aggregates found in alluvium
from Corrego Bom Sucesso in Brazil
(Cabral et al., 2009; 2011). These authors
suggest that Pt and Pd are transported in
aqueous solution in soils and subsequently
deposited on organic substrata by
microbial activity. Crystal growth up to
mm-sized Pt-Pd grains was explained by
continuous bioreduction and/or
electrochemical accretion. lodine
enrichment within the Pt-Pd nuggets
provided evidence for biogenic precious-
metal fixation (Cabral et al., 2011).

Fig. 6.25. Close-up of BSE image by FESEM from the Pt-Fe-Ni bearing PGM with botryoidal textures of Fig.
6.9c.
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We applied electron microprobe element amounts of iodine in the grain which was

mapping to the Pt-Fe-Ni grain with confirmed by WDS spectra (Fig. 6.26).
botryoidal textures and detected trace

[counts]

3.12 3.16 3.20
keVl

Fig. 6.26. Element distribution maps (background corrected) showing the distribution of Pt, O, Fe, Ni, and I in
the botryoidal Pt-Fe-Ni grain of Fig. 6.9c found in the limonite horizon of Loma Peguera (a—e) and WDS
spectra obtained at the indicated positions (e) confirming the presence of I in the Pt-Fe-Ni grain (note: no signals
of iodine were detected within the matrix). Intensity scale identical with Fig. 6.10.
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Recent  thermodynamic  calculations
demonstrate that Pt, Pd and Rh are capable
to interact with inorganic ligands to form
stable sulfide, hydroxide, ammonia,
chloride and mixed-ligand complexes
(Colombo et al., 2008). Additionally,
Salpeteur et al. (1995) described Pt and Pd
mobility in  ferralitic  soils  from
Madagascar and found evidence for
neoformation of PGE minerals by the
presence of accretionary secondary Pt, Pd
oxides which were restricted to the upper
oxidized layer. In the case of the Ni
laterites at Falcondo PGE could have been
continuously dissolved due to acidic
conditions at the highest levels of the
limonite horizon (e.g. humification of
plant remains) at high Eh during tropical
weathering and transported in solution in

the form of Cl;~ ions as previously
proposed (Bowles et al., 1986, 1994;
Azaroual et al, 2001) (Fig. 6.27).
Changing water tables due to dry and rainy
seasons may have transported Pt,g, Pdaq
(and other PGE?) close to the surface
where they precipitated on organic matter
by bioreduction and/or electrochemical
metal accretion as has been suggested by
Cabral et al. (2011) (see chapter 7).
However, additional incorporation of PGE
within secondary Fe-oxide(s) as proposed
by Gray et al. (1996), observed and widely
accepted in the case of gold (e.g. Mann,
1984; Nahon et al., 1992; Yang et al.,
2009), has probably contributed to the
significant enrichment of PGE in the
exposed limonite at Falcondo.

1.2

0.8

Eh (volts)
o
FN

Lateritic
0 profile

8 10 12 14
pH

Fig. 6.27. Characteristic Eh-pH conditions for lateritic profiles showing stability field and redox potentials of
Au, Pt, Pd and Ag as chlorine complexes (after Baas Becking et al., 1960; Rosler and Lange, 1972; Fuchs and
Rose, 1974; Westland, 1981; Mann, 1984; Bowles, 1986).
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6.8. Concluding remarks

1. Ni laterites at Falcondo contain up
to 640 ppb total PGE and have to
be considered potential
unconventional PGE deposits. The
observed PGE enrichment 1is
independent of  PGE-enriched
substratum (e.g. chromitites) and
mainly explained by residual
accumulation of PGE-bearing
mineral phases (e.g. disseminated
Cr-spinel).

2. Three different types of PGM are
present within the lateritic profiles:
(1) primary PGM (magmatic stage);
(i1) secondary PGM (alteration of
pre-existing PGM); (iii) PGM due
to in situ neoformation after PGE
mobilization.

3. Results of this investigation
provide morphological and
chemical evidence for in situ
neoformation of PGM within Ni
laterites by bioreduction and/or
electrochemical accretion.

4. The innovative HS-11 heavy-
mineral separation technique has
proven to be highly suitable to find
minute amounts of PGM within
limonite and saprolite samples.
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Chapter 7

PGM neoformation in Ni laterites — “multistage PGE grains” hold the key
to explain nugget formation in supergene environments

7.1. Introduction

The platinum group elements (PGE) are a
group of precious metals consisting of Os,
Ir, Ru, Rh, Pt and Pd. Due to their unique
physical and chemical properties PGE are
essential for a wide range of industries
including high tech applications (e.g.
pollution control via catalytic converters),
medicine (e.g. cancer treatment) and
jewellery.  Currently >80% of the
worldwide demand of PGE is provided by
two mayor magmatic ore deposits: the
Bushveld Complex in the Republic of
South Africa and Norilsk located in the
Russian  Federation (USGS, 2013).
Supergene ore deposits such as placers of
platinum group minerals (PGM), usually
found in the surroundings of Ural-Alaskan
type complexes (Garuti et al., 2012), are
historically important.

However, the origin of PGE nuggets found
in surface environments is still matter of
scientific debate and two opposing genesis
models exist: (i) PGM crystallize
exclusively under hypogene conditions
and get liberated at the surface by
weathering of the source rock (e.g. Koen,
1964; Cabri and Harris, 1975; Hattori and
Cabri, 1992); (ii)) PGM form also by
secondary  processes  through PGE
mobilization and continual accretion
within the supergene environments (e.g.
Stumpfl, 1974; Bowles, 1986; Cabral et
al., 2011).

Recent work confirms that Pt gets
mobilized under surface conditions
(Campbell et al., 2015) and including the
idea of biogenic PGE cycling has opened
new possibilities to explain supergene
PGM occurrences (Reith et al., 2014 and
reference therein).

In this chapter presented and discussed
PGM contribute to the ongoing debate on
the genesis of PGM found in the supergene
environment. Special emphasis is given to
document new insights on low temperature
PGE mobility in soils which might be
useful in future exploration strategies and
studies aiming to evaluate anthropogenic
PGE contamination.

7.2.  Sample provenance and PGE
geochemistry

Study area is the ophiolite related Loma
Caribe peridotite located within the central
part of the Dominican Republic which
currently hosts one of the largest resources
of Ni-laterite in the Greater Antilles
(Redwood, 2014). The weathering profile
developed from underlying serpentinized
ultramafic rocks and consists of a Fe-
oxide/hydroxide  dominated  limonitic
cover at the top and a thick Mg-silicate
saprolite horizon beneath (for details see
chapter 2 and Lewis et al., 2006a;
Villanova de Benavent et al.,, 2014;
Aiglsperger et al., 2015).
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Recently, small scaled (approx. 2 m in
diameter), highly weathered chromitite
bodies were discovered included in
limonite (“floating chromitites”),
occurring partly exposed to the surface
(Fig. 7.1).

Fig. 7.1. Investigated chromitite pod “floating”
within limonite from the Ni laterite deposit
Falcondo (Dominican Republic). These chromitites
are PGE and PGM rich.

Whole rock PGE analyses provided by
ICP-MS after nickel sulphide fire assay
collection at the Genalysis Ltd. laboratory
(Maddington, Western Australia) revealed
abnormally high total PGE concentrations
of 17.5 g/t (Table 7.1).

Comparison of chondrite normalized
patterns with chromitite samples from
underlying saprolite show similar IPGE
(Os, Ir and Ru) enrichment relative to
PPGE (Rh, Pt and Pd), however a distinct
positive Pt anomaly is evident (Fig. 7.2).

Code LP LL

chromitite  chromitite
Zone saprolite limonite
Ir 802 3455
Os 812 4945
Pd 8 14
Pt 408 2282
Rh 152 281
Ru 1396 6536
XPGE 3578 17513
Pt/Pd 51.00 163.00
Pt/Ir 0.51 0.66
Pt/Rh 2.68 8.12
Pt/Ru 0.29 0.35
IPGE 3010 14936
PPGE 568 2577
IPGE/PPGE 5.30 5.80

Table 7.1. Comparison of the PGE geochemistry
(in ppb) of chromitites included in saprolite (LP -
Loma Peguera) and chromitites included in
limonite (LL - Loma Larga).

100

Chromitites of the Loma Caribe Peridotite

chromitite in limonite

10 //
\

0.1 chromitite in saprolite

—\

sample / CC1

(Proenza et al., 2007;
Aiglsperger et al.,2015)

0.01

Os Ir Ru Rh Pt Pd

Fig. 7.2. Comparison of PGE chondrite normalized
patterns of chromitites included in saprolite and
limonite. Note: similar patterns but a clear positive
Pt anomaly for chromitites included in limonite.
Normalization values from Naldrett and Duke
(1980) .
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7.3.  PGE mineralogy of ‘floating

chromitites” and the observation of

“multistage PGE grains”

Hundreds of PGM in the size range of <20
um to 125 um were detected and classified
into three groups according to their form
of appearance:

(1) primary PGM as inclusions in
chromite and with magmatic
features

(i1) secondary PGM after

transformation processes due to

alteration (e.g. desulphurization
during serpentinization)

PGM with delicate morphologies

and chemical compositions

different to (i) and (ii), suggestive
for neoformation processes.

(iii)

Examples of PGM belonging to these
groups and found in Ni laterites developed
above the Loma Caribe peridotite are
shown in chapter 6. The vast majority
>90 %) of detected PGM from the
“floating chromitites” of Loma Larga
belongs to Ru-Os rich secondary PGM of
group (ii). However, several single grains

Pt-(Ir) in
Fe-Si-Al-Ni

Fig. 7.3. Secondary electrons
image of a “multistage PGE
grain“ from Falcondo with
indicated and suggested stages of
formation from early (Os, Ru
rich) to late (Pt rich).

25u

of PGM
zonation by close spatial relationships of
individual PGM, thus indicating different
stages of PGM formation: highly porous
Os-Ru-Fe-(Ir) grains with sometimes
intact crystal shapes are overgrown by fine
grained Ni-Fe-Ir and Ir-Fe-Ni-(Pt) phases
which are subsequently fallowed by a
layer of round shaped Pt-(Ir) bearing
mineral phases (Fig. 7.3). It is noteworthy,
that complete sequences of this group of
“multistage  PGE  grains” are
observed within chromitite samples from
Loma Larga, hence from highest levels of
the Ni-laterite profile.

show a characteristic PGE

only

Quantitative EMP analyses reveal a
general loss of Ru, Os and As from early
to late considered sequences, whereas Fe
and Pt, showing a positive correlation, are
constantly gained (Fig. 7.4). Relatively
high concentrations of Al (2.4 wt%), Si
(1.4 wt%) and S (0.3 wt%) are measured
within latest considered Pt-(Ir) mineral
phases which appear dark grey in reflected

light microscopy (Fig. 7.4 and Table 7.2).

T carly
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wt%

Fig. 7.4. EMP analyses profile of relevant elements through one
“multistage PGE grain”. Note the positive correlation of Fe and Pt, as
well as the dark appearing Pt rich layer in reflected light
microphototgraphs.
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Code Ru-Os-Fe Ni-Fe-Ir Ir-Fe-Ni Ptneo-
formation

0s 24.83 6.81 0.19 0.07
Ru 37.75 9.87 117 0.10
Ir 8.94 9.44 35.14 462
Rh 0.20 0.18 0.2 0.50
Pt 0.20 3.90 5.99 1134
Pd 0.00 0.04 0.04 0.00
s 0.16 0.10 0.09 033
As 0.45 0.24 0.09 0.07
Fe 1432 23.39 27.42 3274
Ni 1.20 36.54 18.25 9.50
Co 0.01 0.09 011 0.02
Sh 0.02 0.01 0.00 0.01
Mg 0.06 0.01 0.04 0.22
si 0.47 0.17 031 .44
Al 0.83 031 0.42 237
Total 89.44 91.10 89.52 63.31

Table 7.2. EMP analyses of measurment points
displayed in Fig. 7.4.

Elemental mapping reveals a clear
zonation of Ru, Os, Ir and Pt whereas
enigmatic micron Ru phases occur at the
boundary of the Ir-Fe-Ni-(Pt) sequence
(Fig. 7.5). Highest nickel contents (~37
wt%) are observed precisely at the
crystal’s top of the porous Os-Ru-Fe-(Ir)
grain (Fig. 7.4 and 1.5).

7.4. Discussion

A constantly growing literature is
demonstrating that PGE can be mobilized
in the surface environment and numerous
experimental studies have shown that
biogenic mediated neo-formation of PGM
is possible at the laboratory scale (Reith et
al., 2014 and reference therein). On the
contrary field evidence of such in-situ
formation of supergene PGE grains is
extremely rare (e.g. Cabral et al., 2011;
Aiglsperger et al., 2015).

Here described “multistage PGE grains”
from Ni laterites are characterized by a
close  spatial relationship  between
hypogene and supergene considered
formation sequences (Fig. 7.3). Hence,
both competing origin models are
veritable, an assumption which has been
stressed by others earlier (e.g. Oberthuer et
al., 2014).

Fig. 7.5. Element mapping of a “multistage PGE grain” from Falcondo. Note the zonation of Ru, Os, Fe and Ir
in the lower part of the grain, the visual correlation of Fe and Ni with Pt and Ir enrichment toward the top as
well as micron Ru phases at the boundary of the Ir-Fe-Ni-(Pt) zone.
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Primary PGM formed during magmatic
stage can be affected by alteration
processes and  subsequent  (trans-)-
formation processes are likely to occur
until PGM are finally released to the
surface  environment. For instance,
serpentinization is believed to lead to
desulphurization of primary laurite and
erlichmanite causing transformation into
highly porous Ru-Os mineral phases and
frequently reported as “secondary PGM”
(e.g. Stockman and Hlava, 1984;
Gonzalez-Jiménez et al., 2014b and
references therein). Comparison of EMP
elemental mappings and quantitative EMP
analyses of PGM, considered primary in
origin, with PGM, considered secondary in
origin, suggests following general PGE
mobility trend for Ni laterites from
Falcondo: Pd>Pt>Ir>Rh>Ru>Os.

Several in this study detected free grains of
secondary PGM show well preserved rims
of Mg-Si minerals, thus indicating a close
relationship between formation of these
PGM and serpentinization. Considering
the expected high specific area of these
porous PGE grains it can be speculated
that their surface probably serves as a
natural catalyst promoting formation
processes of PGM at favourable
conditions. With respect to in this work
observed “multistage PGE grains” Ni, Ir
and Fe enriched fluids are thought to have
been mobilized during serpentinization
and/or earlier stages of lateritization and
subsequently  have  crystallized on
secondary, porous Ru-Os mineral phases.
Our observations are in good agreement
with previous work on Ni-Fe-Ir bearing
mineral phases found in saprolite hosted
chromitites from the Loma Caribe
peridotite (McDonald et al., 2010). These
authors postulated a low temperature

genesis for studied Ni-Fe-Ir mineral phases
and  linked  their
serpentinization and/or lateritization based

formation to

on morphology, internal texture and
associated minerals.

However, the observation of an even more
recent overgrow of Pt dominated mineral
phases, which is only present in PGE
grains from highest levels of the lateritic
profile, leads to the assumption for anew
supergene PGE mobilization and re-
crystallization. Intense weathering and
subsequent erosion of surrounded matrix
material led to the exposure of secondary
PGM to the surface environment (residual
enrichment) and weathering processes
within the so called critical zone (Brantley
et al.,, 2006; 2007), characterized by
complex interactions involving rock, soil,
water, air, plants, (humic-) acids and
(micro-)organisms, are believed to have
mobilized Pt (+Ir) in form of chloride
complexes (e.g. Bowles et al., 1994;
Azaroual et al., 2001; Wood et al., 2002).
Precious element mobilization in the
presence of halides with subsequent Au
and Ag crystallization observed in a
gossan from the proximity of our study
area has recently been reported from
Andreu et al. (2015).

In accordance with laboratory experiments
demonstrating bioreductive deposition of
platinum  nanoparticles on  bacteria
(Konishi et al., 2007), in situ Pt mineral
neoformation in highest levels of studied
Ni-laterites is believed to be driven by
detoxifying biofilms within a porous
matrix of secondary Fe oxides.
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A simplified model explaining the
proposed formation history of “multistage
PGE grains” in Ni laterites is given in Fig.
7.6a-d:

(1) primary laurite  included in
chromian spinel (Fig. 7.6a) suffers
disulphurization during
serpentinization which leads to
subsequent formation of porous
appearing secondary Ru-Os alloy
with incorporated Mg silicates in
Fig. 7.6b).

(i1)) During weathering the grain gets
liberated and Mg silicates dissapear
because of their lower stability and
as a consequence highly porous
Ru-Os alloy form. Their expected
high specific surface is believed to
funcion as a natural catalysator
which favours the precipitation of
Ir rich Fe-Ni alloys (Fig. 7.6¢).
This Ir dominated stage during the

(iii)

formation of “multistage PGE
grains” is first observed within
samples from the saprolite (beneath
the Mg-discontinuity).

A final stage of Pt and Ir
dominated nanoparticle
neoformation can be observed
close to the surface within the
limonite ~ (above  the  Mg-
disconinuity) (Fig. 7.6d). An
association  between  aqueous
solutions and agglutination
processes of PGE  bearing
nanoparticles is evident in high
magnification = FE-SEM  BSE
images from well preserved
“multistage PGE grains”: matrix
pores are clearly filled by Pt and Ir
nanoparticles (“growing of PGE
nuggets”) (Fig. 7.7a-c).

Fig. 7.6. Genesis model for “multistage PGE grains”, capital letters show an idealized cartoon, small letters give
examples of detected PGM in the size range of 10-50 um. (A,a) primary laurite included in chromian spinel;
(B,b) serpentinization and subsequent formation of porous appearing secondary Ru-Os alloys with Mg silicates;
(C,c) grain liberation during serpentinization and/or within the saprolite and formation of Ir rich Fe-Ni alloys
around secondary, highly porous Ru-Os alloys; (D,d) Pt and Ir nanoparticle neoformation in situ within limonite
close to the surface around secondary Ru-Os alloys and layers of Ir-Fe-Ni.
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Fig. 7.7. (A) microphotograph of a “multistage PGE grain” obtained by reflected light microscopy (plane
polarized light) showing purple appearing Os-Ru rich alloy, white appearing banding of Ir rich alloy and white
spots of Pt and Ir rich nanoparticle accumulations within a redish matrix of Fe oxide(s). Note: EDS analyses
lead to brownish marks on the grain surface. (B) BSE image of the same grain; note the three dimensional
direction of Pt and Ir nanoparticles neoformation around the secondary Os-Ru and Ir alloy. (C) FE-SEM BSE
image close up of the transistion zone between Os-Ru alloy, Ir rich layer and Pt and Ir neoformation
nanoparticles. Note that Pt and Ir nanoparticles are oriented around pores (black) within secondary Fe oxide(s),
hence suggesting a close relationship between fluid infill and ir situ PGE crystallisation.
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Observations indicate continuous Pt
substitution of secondary PGM within the
supergene environment, resulting in

porosity  reduction and  subsequent
formation of densely packed, stable Pt-Ir-
Fe-Ni alloys (Fig. 7.8 and 7.9). It can be
speculated that only these grains are
suitable for potential transportation and

deposition in stream sediments. However,
detection of spheroidal nano-sized Pt
particles at oxidized rims of such grains
(Fig. 7.10) suggests continuous PGM
modifications via biogenic processes (e.g.
biofilms), similar to processes previously
reported for gold nuggets (e.g. Reith et al.,
2012).

Fig. 7.8. Element mapping of a rather complete “multistage PGE grain” from Falcondo (see also Fig. 7.7). Note
the advanced stage of Pt substitution within Os-Ru rich secondary PGM.

Fig. 7.9. Accumulation of Pt-Ir-Fe-Ni
particles forming a nugget shaped grain
of approximately 50 x 30 um. Note:
general porosity reduction (e.g. upper
right part of the grain). No relicts of
secondary Ru and/or Os rich grains are
observed.
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insert H

Pt
nanoparticles

Pt

nanoparticles

Table 7.10. Element mapping of a dense, nugget shaped, free Pt-Fe-Ni-Fe grain found in limonite. This grain
are is believed to represent a product of (trans-)formation processes of a “multistage PGE grain”. Note:
continuous Pt crystallisation in form of nanoparticles at Fe oxide(s) rich rims.

However, Brugger et al. (2013)
investigated the contrasting behaviour of
platinum  and gold in  surface
environments. These authors found, that
Au has a higher cell-toxicity compared to
Pt-complexes resulting in Au-detoxifying
biofilms and subsequent formation of
spheroidal nano-particulate. Such features
were not observed for Pt and explained by
its lower toxicity. In a recent study, Le et

al.  (2006) assessed bioleaching of
weathered saprolite nickel ore by using
heavy metal tolerant fungi (Aspergillus
foetidus). One remarkable result of this
research was that the presence of multi-
metals (e.g. Ni, Fe, Co, Al, Cr, Cu, Mg,
Mn, Zn) led to greater toxic response to
the growth  behaviour  of  the
microorganism relative to single metals.
With respect to the study area of Falcondo
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the presence of multi-metals in the
limonitic  horizon is  verified by
geochemical analyses (see chapter 4).
Hence, this could explain a sufficient
toxicity for the formation of Pt-detoxifying
biofilms resulting in subsequent PGM neo-
formation.

7.5. Final remarks

Considering the constantly growing
number of experimental laboratory studies
confirming that PGE are mobilized and
can re-crystallize at low temperature
environments, surprisingly little
mineralogical data from field sites is
currently available. Thus, here presented
“multistage  PGE grains” from highest
levels of Ni laterites are good objects to
investigate PGM (trans-)formations from
hypogene to supergene environments.

The observation of accumulations of most
likely biogenic mediated in situ growth of
Pt rich nanoparticles in supergene
environments could help to explain (i) why
Pt bearing nuggets are the most abundant
PGM found in surface environments
(Cabri et al., 1996) (i1) why Pt nuggets
from placer deposits generally surpass the
grain sizes of Pt grains found in parent
rocks by several orders of magnitude (few
micrometers vs. several millimeters)
(Reith et al., 2014 and reference therein)
and (iii)) how anthropogenic PGE
contamination may affect our biosphere.

Finally, here presented evidence clearly
states that PGE are neither noble nor inert
in surface environments, at least in those
related to tropical Ni laterites from the
Northern Caribbean.
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Chapter 8

Osmium isotope characteristics of primary and secondary PGM in Ni

laterites from Falcondo

8.1. Introduction

Osmium-isotope compositions of Os-rich
platinum-group minerals (PGM) provide
critical  insights about timing of
melting/infiltration of melts in the upper
mantle (e.g. Gonzélez-Jiménez et al., 2012
and reference therein). Earlier studies have
used the '®’0s/'**0s and '*"0s/'*°0s ratios
of PGM recovered from sediments in the
supergene environment in an attempt to
establish the geochemical evolution of the
convecting upper mantle (Hattori and Hart,
1991; Walker et al., 2005). These isotopic
ratios were used to elucidate whether PGM
are supergene or hypogene in origin
(Hattori and Cabri, 1992). The latter
authors concluded that PGM nuggets from
placers around the world were formed in
the mantle and transferred to the supergene
environment only by mechanical processes
without modifying their original Os
isotopic compositions.

However, a different view on the origin of
PGM in supergene environments discussed
in this study (see chapters 6 and 7)
suggests that PGM can effectively grow in
supergene settings from low-T fluids
(Augustithis, 1965; Stumpfl 1974; Bowles,
1986). Ni laterites from the Falcondo
mining area in the Dominican Republic
provides textural and chemical evidence
for the in situ neoformation of PGM,
presumably with an important role of

biogenic processes (see chapter 7;
Aiglsperger et al., 2014; 2015).

The aim of this work is to start with the
investigation of characteristics of the Re-
Os system in PGM found in Ni laterites.
To the best of the author’s knowledge this
is the first description of Re-Os
systematics from PGM found in Ni
laterites.

8.2. Samples and analytical methods

Chromitite samples and soil samples were
collected from different levels in Ni
laterites (limonite and saprolite) from the
Falcondo mining area located in the
central part of the Dominican Republic. As
explained in chapter 2 the Falcondo
mining area is the largest hydrous Mg
silicate type Ni laterite deposit in the
Greater Antilles. The weathering profile is
developed on serpentinized ophiolite-
related  ultramafic  rocks (mainly
harzburgite) and consists of a Fe oxide(s) -
dominated limonitic cover at the top and a
thick silicate saprolite horizon beneath
(Lewis et al., 2006a; Villanova de
Benavent et al., 2014; Aiglsperger et al.,
2015a).

Recently, small-scale chromitite pods (2 -
5 m in diameter) were discovered during
mining activities (see chapter 5). These
chromitites are systematically enriched in
total PGE (up to 17 ppm) and show Ru-
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dominated PGM mineralogy (e.g. laurite —
erlichmanite and Ru-Os-Fe compounds).
In addition to PGM in chromitites, PGM
also occur to a much lesser extent, within
the limonite and saprolite (Aiglsperger et
al., 2015, see chapter 6). Numerous PGM
grains were discovered in polished and
thin sections as well as in heavy mineral
concentrates after applying innovative
hydroseparation techniques (www.hslab-
barcelona.com). 26 Os-rich PGM from
different horizons and lithologies (i.e.
chromitite, saprolite and limonite) of the
Ni laterite profiles were selected and
different types of PGM were considered:
(i) high temperature PGM formed during
magmatic  stages, (i) intermediate

limonite

saprolite

protolith

temperature PGM produced by reworking
of the formers during stages of
serpentinization and (iii)) very low
temperature PGM derived from the
alteration of the two formers during stages
of laterization. PGM of group (i) are
considered primary in origin, whereas
PGM of group (ii) and (iii) are classified
as secondary in origin (Fig. 8.1). Examples
of analysed PGM are given in Fig. 8.2. A
detailed mineralogical investigation of one
Ru-Os-Fe grain of group (ii) allows us to
identify that these grains are composed of
Ru rich hexaferrum with microchannels
filled with oxidized magnetite (see chapter
6).

secondary

Mg-discontinuity
secondary

primay secondary
PGM Ru-Os-Mg-Si

saprolite and
limonite

Fig.8.1. Schematic Ni laterite profile with indicated location of analysed primary PGM (i) (formed during
magmatic stage), secondary Ru-Os-Mg-Si compounds (ii) (formed during stages of serpentinization) and
secondary Ru-Os-Fe grains (iii) (formed during stages of lateritization).
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Fig. 8.2. Examples of BSE images of analysed primary PGM (magmatic stage) (A), secondary Ru-Os-Mg-Si
(stages of serpentinization) (B) and secondary Ru-Os-Fe grains (stages of lateritization) (C).

8.3. Results

Overall, PGM from the Falcondo Ni
laterite yield low 8705/'%80s ratios typical
of mantle PGM. Primary PGM yield
8705/'%0s  ratios  between 0.12215
(saprolite; Loma Peguera) and 0.12153
(limonite, Loma Peguera) (Fig. 8.3; Table
8.1). Secondary Ru-Os-Mg-Si PGM show
very similar low ratios, varying from
0.11973 to 0.12149. in contrast the Ru-Os-
Fe grains, formed at very low temperature
in the laterite display systematically higher
ratios up to 0.1265 (Fig. 8.3). "*’Re/'®0s
values are very low for all studied PGM
(<0.0015) (Fig. 8.3). The calculated
Rhenium-depleted (Tgrp) model ages for
the above described grains set in two
groups: primary and secondary Ru-Os-
Mg-Si PGM cluster around ~0.9 Ga,
whereas Ru-Os-Fe grains cluster around
~0.5 Ga (Fig. 8.4).

No PGM from highest levels in the
limonite horizon with textural and
chemical evidence suggesting in-situ
neoformation processes (see chapter 7)
have been analysed at this stage of
investigation.

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium
in nickel laterites

105



n Thomas Hans Aiglsperger

0.127
chromitite
0.126 o LOMA LARGA
(in limonite)
® LOMA PEGUERA
0.125 (in saprolite)
secondary
0.124 Ru-Os-Fe
chromitite
8 0.123 - @ LOMA CARIBE
) secondary
~ Ru-Os-Mg-Si
9 01224 "
o p
5 — : ————
1
0.121 -
limonite
® LOMA PEGUERA
0.120 -
T — primary PGM
incl. in chr.
0.119 -
saprolite
0.118 | LOMA PEGUERA
primary and
secondary Ru-Os-Mg-Si
0.117 T T T T T T
0.0000 0.0004 0.0008 0.0012
187 188
Re/™Os

Fig. 8.3. Plot of "®’0s/'"®0s vs. "*'Re/'®*0s of primary and secondary PGM from different sample locations
within the Falcondo mining area (see chapter 5). Uncertainties are 2c; those not shown are smaller than the
symbol.
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Fig 8.4. Cumulative-probability plots and histograms (shaded bars) of Os model ages (Ga) for investigated
PGM.
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PGM ]87Os/1880s 26 187Re/ISSOS 26 TRD (Ga) 206 (G‘d)

Loma Peguera

LP1 <53(C)-PGM1 primary Os-Ir-Fe limonite 0.12153  0.00128  0.00068  0.00050 0.93 0.18
LP40-1(4)-PGM1 secondary Ru-Os-Mg-Si saprolite 0.12149  0.00034  0.00009  0.00026 0.94 0.05
LP40-1(4)-PGM3 primary RuS saprolite 0.12215  0.00005  0.00008  0.00003 0.84 0.01
LP6<53-(5)-PGM1 secondary Ru-Os-Fe saprolite 0.12463  0.00003  0.00028  0.00002 0.49 0.00
LP6<53-(3)-PGM1 secondary Ru-Os-Fe saprolite 0.12390  0.00001  0.00004  0.00001 0.60 0.00
LP6<53-(H)-PGM1 secondary Ru-Os-Fe saprolite 0.12462  0.00002  0.00003  0.00001 0.49 0.00
LP6<53-(H)-PGM2 secondary Ru-Os-Fe saprolite 0.12475  0.00005  0.00005  0.00003 0.48 0.01
LP6<53-(G)-PGM1 secondary Ru-Os-Fe saprolite 0.12457  0.00002  0.00014  0.00002 0.50 0.00
LP6<53-(F)-PGM1 secondary Ru-Os-Fe saprolite 0.12645  0.00005  0.00013  0.00002 0.23 0.01
LP6<53-(F)-PGM2 secondary Ru-Os-Fe saprolite 0.12473 ~ 0.00003  0.00004  0.00001 0.48 0.00
LP6<53-(M)-PGM1 secondary Ru-Os-Fe saprolite 0.12497  0.00012  0.00002  0.00010 0.44 0.02
LP6<53-(M)-PGM1-1 secondary Ru-Os-Fe saprolite 0.12504  0.00006  0.00010  0.00001 0.43 0.01
LP6<53-(M)-PGM1-2 secondary Ru-Os-Fe saprolite 0.12471  0.00004  0.00006  0.00002 0.48 0.01

Loma Larga

LL <53 (ML A)- PGM1 secondary Ru-Os-Fe limonite 0.12561  0.00058  0.00009  0.00050 0.35 0.08
LL <53 (ML A)- PGM2 secondary Ru-Os-Fe limonite 0.12536  0.00004  0.00015  0.00002 0.39 0.01
LL <53 (ML A)- PGM3 secondary Ru-Os-Fe limonite 0.12524  0.00003  0.00021  0.00002 0.41 0.00
LL <53 (ML A)- PGM4 secondary Ru-Os-Fe limonite 0.12586  0.00006  0.00007  0.00002 0.32 0.01
LL <53 (ML A)- PGMS5 secondary Ru-Os-Fe limonite 0.12461  0.00003  0.00006  0.00001 0.50 0.00
LL <53 (ML A)- PGM6 secondary Ru-Os-Fe limonite 0.12609  0.00008  0.00026  0.00003 0.29 0.01
LL <53 (ML A)- PGM7 secondary Ru-Os-Fe limonite 0.12502  0.00003  0.00015  0.00002 0.44 0.00
LL <53 (ML A)- PGM8 secondary Ru-Os-Fe limonite 0.12547  0.00003  0.00007  0.00001 0.37 0.00
LL <53 (ML A)- PGM11 secondary Ru-Os-Fe limonite 0.12393  0.00024  0.00012  0.00004 0.59 0.03
LL <53 (ML A)- PGMI12 secondary Ru-Os-Fe limonite 0.12503  0.00008  0.00016  0.00004 0.44 0.01
LL <53 (ML A)- PGM13 secondary Ru-Os-Fe limonite 0.12436  0.00003  0.00014  0.00005 0.53 0.00
Loma Caribe

Chromite 3a-PGM4 secondary Ru-Os-Mg-Si chromitite ~ 0.12142  0.00022  0.00104  0.00026 0.94 0.03
Chromite 3a-PGM7 secondary Ru-Os-Mg-Si chromitite ~ 0.11973  0.00134  0.00016  0.00056 1.18 0.19

Table 8.1. Os isotopic data of primary, secondary and (trans-)formed PGM from different locations within the
Falcondo mining area.

8.4. Discussion incorporation of Mg silicates does not

significantly affect the Re-Os system.

Although additional analyses are required
to better evaluate the Os isotope
characteristics of PGM found within Ni
laterites, following interpretations can be
made based on these first observations. All

On the contrary, secondary Ru-Os-Fe
grains from limonite and saprolite show
very distinct Os-isotope compositions,
suggesting that disturbance (i.e. opening)
of the Re-Os system occurred at very low

analysed PGM reveal low '®’Os/'®*Os
ratios below the present-day Os isotopic
ratio of mantle materials (i.e. 0.1290, see
Walker et al., 2002). Furthermore, primary
PGM and secondary PGM formed by
desulphurization of primary PGM during
stages of serpentinization reveal almost
identical '®’0s/'**0s ratios and Os model
ages. This suggests that serpentinization of
primary PGM with subsequent

temperature during stages of lateritization.
An opening of the Re-Os isotopic system
in Os-rich PGMs was described for the
first time in  PGM  from the
metamorphosed chromitites of Bulgaria
(Gonzalez-Jiménez et al., 2012) and it is
reported from PGM in the lateritic
environment for the first time here. These
observations are in frank disagreement
with previous studies suggesting that Re—
Os system in PGM remains unchanged

Mineralogy and geochemistry of the platinum group elements (PGE), rare earth elements (REE) and scandium

in nickel laterites

107



m Thomas Hans Aiglsperger

108

even during post-magmatic alteration
processes (e.g. Hattori and Hart, 1991).

It is noteworthy, that Malitch et al. (2004)
recognized significant higher '*’0s/'®*Os
values of PGM found within the Moho
transition zone at Kraubath (Austria) and
speculated that this feature could be an
evidence of a “radiogenic” crustal
component incorporation. Perturbations to
the Os isotopic system by alteration
processes, characterized by a significant
meteoric water component, were reported
from metamorphosed iron formations
(Ripley et al.,, 2008). These authors
assessed the possible effects on the Re-Os
system by Os exchange with Fe in
magnetite.

With respect to in this work discussed Ru-
Os-Fe grains found in highest levels of the
Ni laterite profile, microraman
investigation and synchrotron through-the-
substrate X-ray micro-diffraction (tts-
uXRD) have proved that they consist of
Ru rich hexaferrum and oxidized
magnetite  (see chapter 7). As a
consequence it can be speculated, that
circulating Fe rich fluids penetrated
porous, secondary PGM, resulting in
formation of secondary PGM — magnetite
compounds. This event has most likely
contributed to the observed '®’Os/'®*0s
shift by addition of either radiogenic 105
or parent '"Re. As shown in chapters 4, 6
and 7, PGE can clearly not be considered
immobile and noble elements within Ni
laterites. Quantitative element mappings of
one Ru-Os-Fe grain reveal higher Fe
contents (more oxidized magnetite)
precisely at zones with lower Os
concentrations (see chapter 6). Thus,
gentle but steady mobilization of PGE and
subsequent loss of Os is believed to be the

driving factor for gradually higher
8705/'%0s  ratios in the weathering
profile. This trend is well observed by
comparing average 8705/'%80s values of
secondary Ru-Os-Fe grains found in
saprolite (Fe content ~8 wt%) with grains
from limonite (Fe content ~17 wt%) (Fig.
8.2).

Extensive addition of either crustal Os or
Re to studied PGM has not been observed
at this stage of investigation. However,
future analyses will show if this also
applies to Pt and Ir rich PGM found at
highest levels of the Ni laterite and
considered to have formed by in situ
growths (see chapter 7).

8.5. Final remarks

Presented results suggest that
serpentinization of the Loma Caribe
peridotite has not significantly affected the
Re-Os system in Os-rich PGM. This is
noted by the fact, that primary PGM
formed at magmatic stage and secondary
Ru-Os-Mg-Si PGM formed due
desulphurization of primary PGM with
significant incorporation of Mg silicates,
have almost identical Os isotope
characteristics, typical of the mantle.
However, the Re-Os system can be
significantly disturbed during stages of
lateritization when porous secondary PGM
react with Fe-rich fluids, thus forming
hexaferrum and magnetite in the interstices
of secondary PGM. Here presented data
indicate that more radiogenic '®’Os/'**Os
ratios in higher levels of the weathering
profile are linked to steady mobilization of
PGE within secondary PGM resulting in
subsequent loss of Os counterbalanced by
the incorporation of Fe.
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Chapter 9

Summary of conclusions

1.

Critical metals (CM; i.e. REE, Sc,
PGE) are concentrated in Ni
laterites towards the surface in
specific zones:

(i) REE in clay minerals rich
horizons and within zones
composed of secondary Mn
oxide(s)

(i) Sc within zones rich in
secondary Fe and Mn
bearing oxide(s)

(iii) PGE in zones with high
concentrations of residual
chromian spinel and
secondary Fe and Mn
bearing oxide(s) at upper
levels of the Ni laterite
profile.

2. Concentration factors for CM

enrichment involve:

(i) residual enrichment by
intense weathering

(ii) mobilization of CM during
changing Eh and pH
conditions with subsequent
reprecipitation at favourable
geochemical barriers

(iii) interactions between
biosphere and limonitic
soils at highest levels of the

profile  with  involved
neoformation processes.

3. Total contents of CM 1In

investigated Ni laterites are low
when compared with conventional
ore deposits but are of economic
significance as CM should be seen
as cost inexpensive by-products
during the Ni (+Co) production.
Innovative  extraction  methods
currently under development will
boost the significance of Ni
laterites as future unconventional
CM ore deposits.

Ni laterites at Falcondo contain up
to 640 ppb total PGE and have to
be considered potential
unconventional PGE deposits. The
observed PGE enrichment is
independent of PGE-enriched
substratum (e.g. chromitites) and
mainly explained by residual
accumulation of PGE-bearing
mineral phases (e.g. disseminated
Cr-spinel).

Three different types of PGM are
present within the lateritic profiles:

(i) primary PGM (magmatic
stage)

(il) secondary PGM (alteration
of pre-existing PGM)
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@iii) PGM due to in situ
neoformation after PGE
mobilization.

6. Results of this investigation

provide morphological and
chemical evidence for in situ
neoformation of PGM within Ni
laterites by bioreduction and/or
electrochemical accretion.

The innovative HS-11 heavy-
mineral separation technique has
proven to be highly suitable to find
minute amounts of PGM and other
CM bearing mineral phases within
limonite and saprolite samples.

“Multistage  PGE grains” from
highest levels of Ni laterites are
good objects to investigate PGM
(trans-)formations from hypogene
to supergene environments and can
be seen as the missing link between
competing hypotheses regarding
the origin of nuggets found on the
surface.

The observation of accumulations
of most likely biogenic mediated in
situ growth of Pt rich nanoparticles
in supergene environments could
help to explain:

(i)  why Pt bearing nuggets are
the most abundant PGM

found in surface
environments (Cabri et al.,
1996)

(i) why Pt nuggets from placer
deposits generally surpass

10.

11.

12.

13.

the grain sizes of Pt grains
found in parent rocks by
several orders of magnitude
(few  micrometers  Vvs.
several millimeters) (Reith
et al., 2014 and reference
therein)

(iii) how anthropogenic PGE
contamination may affect
our biosphere.

Results of this thesis suggest that
serpentinization of the Loma
Caribe  peridotite ~ has  not
significantly affected the Re-Os
system in Os-rich PGM.

The Re-Os system can be
significantly  disturbed  during
stages of lateritization when porous
secondary PGM react with Fe-rich
fluids, thus forming hexaferrum
and magnetite in the interstices of
secondary PGM.

Here presented data indicate that
more radiogenic '*'0s/'**Os ratios
in higher levels of the weathering
profile are linked to steady
mobilization of PGE within
secondary PGM resulting in
subsequent loss of Os
counterbalanced by the
incorporation of Fe.

In this investigation presented data
clearly states that PGE are neither
noble nor inert in surface
environments, at least in those
related to tropical Ni laterites from
the Northern Caribbean.
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