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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to evaluate the Ni-Co enrichment and the high-tech metals (REE and Sc) geochemistry in
Ni-Co laterite the Wingellina Ni-Co oxide-type laterite deposit (Western Australia). The study has been carried out on two
Geochemistry mineralized cores (WPDD0012 and WPDDO0O019 drillcores) originating from two areas of the deposit. The geo-
Rare Earth Elements chemical assessments have been integrated with the analysis of laterite facies and sample mineralogy. In both
‘S;?:gdelll]lir:a the studied laterite profiles Ni enrichment was mostly controlled by the paragenetic evolution of the laterite

itself, whereas Co enrichment was related to the formation of Mn-oxy-hydroxide-rich horizons in the limonitic
ore-body. Significant REEs concentrations (up to 890 ppm) have been observed within the limonite zones. The
correlation between REEs and the major oxides shows a decoupling between Ce and the other REEs, likely
reflecting either a variable enrichment process among the different REEs, or a heterogeneous mineralogy of the
REEs-bearing phases. Differently from other Ni-Co laterite deposits, Sc is only in limited part correlated with
Fe,03, having been most commonly detected in Ni- and SiO»-rich zones of the saprolitic parts of the profiles. All
the geochemical features, the facies characteristics and the Ni-Co, REEs and Sc grades observed in the two
studied profiles seems to be the results of the interactions between two main controlling factors: distinct parent

Western Australia

rock lithology and diverse degree of serpentinization.

1. Introduction

Ni-laterites play a primary role in the nickel industry, accounting for
about 70% of the world's Ni resources (Butt and Cluzel, 2013), as well
as for about 20% of the world's cobalt production. It is well known that
the majority of the cobalt production originates from the so-called
“high-risk” countries, such as the Democratic Republic of the Congo,
which for example accounts for 50% of the Co global production
(Kapusta, 2006). Therefore, studies on the Co mineralogical and geo-
chemical deportment and on its spatial distribution within Ni-laterites
are crucial in order to unlock thousands of tonnes of Co reserves in
more geopolitically stable countries.

In addition, since the rapid growth in demand for the so-called
“High-Tech metals” (e.g. Chakhmouradian and Wall, 2012), Ni-Co la-
terites are also considered worthy targets for exploration of elements
such as Rare Earth Elements and Scandium (e.g. Economou-Eliopoulos
et al., 1997; Eliopoulos and Economou-Eliopoulos, 2000; Audet, 2008;
Aiglsperger et al., 2015, 2016).

Lateritic nickel and cobalt deposits result from the chemical
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weathering of mafic to ultramafic protoliths at tropical to sub-tropical
latitudes (e.g. Gleeson et al., 2003; Freyssinet et al., 2005; Golightly,
2010). On the basis of the most abundant Ni-bearing mineralogical
association, these deposits are classified as oxide-type or silicate-type
(Brand et al., 1998; Freyssinet et al., 2005). In general, oxide-type la-
terites occur in stable tectonic terranes and in zones of low relief. These
settings promote the high-standing of the water table and the direct
precipitation of ore-bearing (hydr)oxides from the chemical leaching of
Ni-bearing olivine and of other ferromagnesian minerals. According to
this model, the residual enrichment of Ni and Fe (+Co and Mn) en-
hances the formation of a well-developed ferruginous unit, called li-
monite zone, and of a thin saprolite horizon (Butt and Cluzel, 2013). In
contrast, silicate-rich ores are associated with a multi-stage develop-
ment, marked by syn-tectonic weathering processes, which are typical
of active margins. In this framework, the uplift of the regolith profiles
causes the lowering of the water table and hence the leaching of Ni
from the upper limonite and its capture by secondary silicate phases
(i.e. hydrous Mg-silicates) in the lower saprolite (Freyssinet et al., 2005;
Golightly, 2010; Butt and Cluzel, 2013).
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The Wingellina orebody (Metals X Limited owned property), in
Western Australia is part of the Central Musgrave Project and is one of
the Australia's largest undeveloped Ni-Co laterite deposit. The project
encloses a Probable Mining Reserve of 168 Mt. of limonitic ore grading
0.98% Ni and 0.08% Co (Metals X Ltd, 2017). The aim of this study is to
evaluate the geochemistry of two mineralized drillcores, characterized
by distinct mineralogy (one is limonite-prevailing, whereas the other is
saprolite-prevailing) from the Wingellina deposit, to better constrain
the behavior of the major elements plus Ni and Co, in relationship with
facies and mineralogical variations in the laterite profiles. A particular
emphasis has been given to the assessment of the main ore-forming
processes that accounted for the development of a variable range of
facies within the laterite profiles, and to the mineral deportment of
REEs and Sc, which could represent potential by-products of Ni and Co
extraction.

2. Geological background
2.1. Regional geology

The Wingellina Ni-Co laterite deposit occurs within the Musgrave
Province (Fig. 1a, b), which is an east-trending Proterozoic orogenic
belt lying at the nexus of the Australia's three cratonic provinces (West,
North, and South Australian Cratons, Fig. 1a) (Howard et al., 2015).
The Wingellina ore-bearing laterite is derived from the weathering of
the Wingellina Hill mafic to ultramafic layered intrusion (i.e. Hinckley
Range Gabbro Formation), which is part of the Mesoproterozoic War-
akurna Large Igneous Province (Wingate et al., 2004; Pirajno and
Hoatson, 2012) and the 1085-1040 Ma Giles Event (Maier et al., 2014,
2015). These mafic to ultramafic intrusions, called Giles Complex Suite
(Maier et al., 2014, 2015), were emplaced in a Paleoproterozoic base-
ment consisting of high-grade granulite facies gneisses (i.e. Musgravian
Gneisses) (Nesbitt et al., 1970; Major and Conor, 1993; Camacho and
Fanning, 1995; Edgoose et al., 2004). Maier et al. (2014 and 2015)
classified the intrusive bodies of the Giles Suite into several types: ul-
tramafic intrusions (e.g. Wingellina Hills), gabbroic intrusions, an-
orthosite and troctolitic intrusions. The coeval lithologies of the Bentley
Supergroup and the Tjauwata Group represent the volcanic products
and subordinate rift sediments related to the magmatism of the Giles
event (Sun et al., 1996).

The most recent (0.63-0.53 Ga) tectonic event that shaped the
Musgrave Province is the Petermann Orogeny (Camacho et al., 1997;
Camacho and McDougall, 2000). This orogeny triggered the exhuma-
tion in sub-aerial environment of the Musgrave Province (e.g. Hoskins
and Lemon, 1995; Walter et al., 1995; Hand and Sandiford, 1999; Wade
et al.,, 2005). In this tectonic framework, the Australia's weathering
history has been variable and complex, with parts of the continent (e.g.
Yilgarn Craton, Musgrave Province) that have experienced a subaerial
exposure since the Precambrian (Anand and Paine, 2002). According to
Pillans et al. (2005), the geochronology of the Australian regolith
covers suggests that the whole Phanerozoic of the Australian continent
has been characterized by several stages of warm and humid climatic
conditions, which enhanced the intensive weathering and alteration of
the exposed rocks. The Quaternary (Late Miocene or Pliocene) shift to
more arid to semi-arid conditions played an important control on the
evolution experienced by Australia's regolith (Tardy and Roquin, 1998;
Anand and Paine, 2002). However, in the specific case of the Musgrave
Province, it must be highlighted that the age of the weathering event
associated with the Wingellina lateritization process still remains un-
defined.

2.2. Local geology
The Wingellina laterite profile derives from the weathering of the

layered mafic to ultramafic intrusion of the Wingellina Hills (Giles
Suite). This intrusion occurs as a southeast-trending and southwest-
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dipping mafic-ultramafic set of ridges (Fig. 2), which are deformed by
several south-easterly trending shear- and mylonitic zones and by east-
west trending brittle cross-structures. According to Ballhaus and
Glikson (1989) the magmatic sequence at Wingellina consists of several
ultramafic units, which start with a basal orthopyroxenite, followed by
a clinopyroxenite and peridotite (olivine-spinel cumulate) and by a
wehrlite, whereas the shallower and relatively fractionated products
are mainly gabbro and gabbronorite units. The Wingellina lateritic
orebody is located in elongated valleys, which have a sub-parallel trend
to the shear- and mylonitic zones affecting the magmatic bedrock. This
feature suggests that the pre-weathering deformation of the intrusion
played an important role in defining the optimal drainage and topo-
graphic conditions that may have locally improved the weathering
degree and the preservation of the lateritic profile respectively.

In general, the typical Wingellina profile (laterite sensu stricto; s.s.)
displays the following zones from top to the bottom: carbonate-rich
duricrust, (hydr)oxide-rich limonite, silicate-rich saprolite, and mag-
matic bedrock. In contrast, the central sector of the tenure (Fig. 2) is
occupied by a thick silica- and magnesite-rich unit, called “jasperoid
laterite”. This facies is crosscut by pale green chrysoprase veins and lies
above poorly serpentinized dunite and peridotite units. The exploitable
Ni and Co resources are associated with the (hydr)oxide-rich limonite
zone, which is the best developed horizon of the laterite s.s. and has an
average thickness of about 80 m. The two cores selected for this study,
though both related to the laterite s.s., display remarkable differences in
their profiles (Figs. 2, 3 and 4).

3. Description of the cores, sampling and analytical methods

This study was carried out on two mineralized drillcores
(WPDDO0012 and WPDD0019) drilled by the Metals X Ltd in 2007 in the
high-grade zone of the laterite s.s. (Fig. 2).

3.1. Drillcore WPDD0012

The core WPDD0012 (7117583N; 497093E; Dip: —60; Azimuth: 49)
was drilled in the southern zone of the deposit (Fig. 2), and reached a
depth of 78.6 m (Fig. 3a). In the uppermost zone of the drillhole (0-2 m)
the duricrust occurs as a reddish and relatively indurated unit crosscut
by veinlets of carbonates and Fe-(hydr)oxides (Fig. 3b). The limonite
zone occurring in this core is intercepted at depths of between 2 and
72 m, and therefore is the most developed unit. This unit consists of a
brittle and fine-grained lithotype, locally characterized by disseminated
(Fig. 3c) or massive Mn-(hydr)oxides (Fig. 3d). Within the same limo-
nite unit (Fig. 3a), several clay-rich mottled horizons occur between 36
and 45m and 68 to 72m in depth. From 72 to 76 m depth, the core
comprises the silicates-rich saprolite zone, which consists of a massive,
bright green lithology locally spotted by reddish to black coatings of Fe-
(hydr)oxides (Fig. 3f). The bottom part of the drillcore intercepts the
local magmatic bedrock corresponding to relatively unweathered
gabbro/gabbronorite (Fig. 3g).

3.2. Drillcore WPDD0019

The core WPDD0019 (7117900N; 495336E; Dip: —60; Azimuth: 49)
was drilled in the north-western sector of the southern zone of the te-
nentment (Fig. 2) and reaches a depth of 56.8 m. In comparison to the
other analyzed core (WPDDO0012), here the lateritic profile has a better
developed silicate-rich saprolite, whereas the residual (hydr)oxide zone
is only subordinate (Fig. 4a). The surficial zone of the weathering
profile (0-2.5 m) is occupied by the silica- and carbonate-rich duricrust
(Fig. 4b), which is characterized by a higher cementation degree
compared to that of the other drillcore (WPDDO0012). In addition, the
duricrust in this locality is characterized by the occurrence of nodular
carbonates and by sub-angular and silicified limonite fragments, all of
this suggesting a partial reworking of the regolith profile (Fig. 4b). The
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Fig. 1. a) Map of the Australian continent displaying the locations of Archaean cratons and Palaeo-Mesoproterozoic terrains (after Wade et al., 2006 modified). The
rectangle highlights the position of Musgrave Province, displayed in Fig. 1b. b) Geology of the Musgrave Province (after Wade et al., 2006 modified) showing the

location of the Wingellina Ni-Co laterite deposit.

limonite zone starts at a depth of 2.5m and continues down to 25 m;
this zone is locally coated by pseudo-layered Mn-(hydr)oxides and by
microcrystalline carbonates (Fig. 4c). The core intersects the silicates-
rich saprolite horizon between 25 and 55.5 m in depth. In this zone the
saprolite unit has different features compared to the saprolite zone in
core WPDDO0O012. In particular, the uppermost portion of the saprolite
unit (25 to 45 m, Fig. 4d) consists of brownish clays, locally crosscut by
pale green silicate-rich veins associated with a silica boxwork (Fig. 4e).
The lower saprolite (45 to 55 m in depth, Fig. 4f and g) occurs as a waxy
and pale green unit. In this zone, carbonate veins are common (Fig. 4f).
In the lowermost saprolite interval (54.5 m in depth), carbonates occur
as partially oxidized microcrystalline nodules (Fig. 4h). At the bottom
of the core, several green and dense saprock blocks, likely corre-
sponding to relicts of serpentinized peridotites, are cemented by sa-
prolitic silicates (Fig. 4i).
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3.3. Sampling and methods

For the present study 31 core samples were collected from drillcores
WPDDO0012 (18 samples) and WPDDO0019 (13 samples). The down hole
sample positions are shown in Figs. 3a and 4a. The adopted sampling
strategy was aimed primarily to best represent the lithological, facies
and textural variability of the identified horizons within the laterite
profiles.

The chemical analyses of major, minor and trace elements on the
core samples were carried out at the Bureau Veritas Laboratory in
Canada. Prior to the analyses, the samples were prepared through
drying at 105 °C. For the major and minor element determinations,
0.5 g of pulp has been leached with “aqua regia” and then flux fused
with LiBOy/Li»B4O; for Inductively Coupled Plasma Emission
Spectrometry (ICP-ES) analyses. Major oxides and minor elements have
been analyzed with a Method Detection Limit (MDL) between 0.01 and
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Fig. 3. Wingellina lateritic profile at the drilling site WPDD0012 and images of representative specimens. a) Stratigraphic column based on drillhole WPDD0012
showing the core samples locations (after Putzolu et al., 2018, modified); b) Duricrust sample (depth: 0.5 m); ¢) and d) Manganesiferous limonite samples (depth: 9
and 68 m respectively); e) Mottled clays sample (depth: 71.2 m); f) Saprolite sample (depth: 73 m) g) Parent rock sample (depth: 75.8 m). The asterisk indicates the
position of the displayed representative samples.
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Fig. 4. Wingellina lateritic profile at the drilling site WPDD0019 and images of representative specimens. a) Stratigraphic column based on drillhole WPDD0019
(after Putzolu et al., 2018, modified) showing the core samples locations; b) Duricrust sample (depth: 1.6 m); ¢) Manganesiferous limonite samples (depth: 23 m); d)
saprolite sample (depth: 25 m) e) silica-rich boxwork within the saprolite sample WPDD0019.4; f) and g) saprolite sample (depth: 44.5 and 46.5 m respectively); h)
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N.B.: the carbonate sample WPDD0019-12 (drillcore WPDD0019) is not included in the geochemical analyses.

0.001 wt%. Loss on ignition (LOI) has been evaluated at 1000 °C, with a
MDL of —5.1 wt%. Trace element determinations (including REEs, Sc)
have been carried undertaken by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), with a MDL between 0.01 and 8 ppm. Finally,
Nickel, Cobalt and Copper have been analyzed with acid digestion
through IPC-ES with a MDL of 0.001 wt%.

4. Results
4.1. Major oxides composition and the Ni-Co grades

The geochemical data of major, minor and trace elements of drill-
cores WPDD0012 and WPDDO0019 are summarized in Tables 1 and 2
respectively.

4.1.1. Drillcore WPDD0012

Fig. 5a shows the geochemical trends observed in the lateritic pro-
file of the core WPDD0012 (from sample 12-1 to sample 12-18). The
dominant oxides are Fe,O3, SiO, and Al,O3, with average values of
35.61, 21.61 and 16.38 wt%. Fe,O3 has an increasing trend from the
weathered gabbro bedrock (WPDD0012-18) to the uppermost zone of
the limonite, whereas it shows a sharp decrease in correspondence of
the mottled clays horizons (WPDD0012-8, WPDD0012-9 and
WPDDO0012-11) and in the duricrust (WPDD0012-1). SiO, and Al,O3
have both inverted tendencies compared to Fe,O3. In particular, SiO,
undergoes a slight increase from the gabbro to the saprolite horizon,
where it reaches its highest values (55.38 wt% SiO,, WPDD0012-17).
Silica then remains very low throughout the limonite zone, except for
the mottled clays horizons from 25.62 and 34.53 wt% SiO,. In addition,
a SiO, increase has been observed also in the duricrust (8.18 wt%). The
geochemical trend is quite irregular for Al,O3;, whose values decrease
from the gabbro (WPDD0012-18, 11.81 wt%) to the duricrust
(WPDDO0012-1, 4.39 wt%). Al,O3 reaches the highest content in limo-
nite samples (up to 33.29 wt% in WPDDO0012-7). In addition, the Al,03
trend from the gabbro bedrock to the mottled clay sample WPDD0012-8
is similar to that of SiO,, whereas in the uppermost zone of the profile
this correlation is not observed.

MgO and CaO have similar trends, characterized by sharply de-
creasing concentrations from the bottom gabbro (WPDD0012-18) to the
upper limonite zone (WPDD0012-2), and by a sharp increase in the
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duricrust (sample WPDD0012-1). Differently from CaO, in the saprolite
zone (samples WPDD0012-17 to WPDD0012-15) MgO has still re-
markably high values (average 4.64 wt%), which rapidly drop the at the
interface with the limonite zone (WPDD0012-14, 0.64 wt%).

MnO shows negligible concentration values both in the gabbro
(WPDD0012-18, 0.09 wt% MnO) and in the saprolite zone (WPDD0012-
15 to WPDD0012-17, average value: 0.40 wt%), whereas it is sig-
nificantly enriched within the limonite, with average values of 4.00 wt
%. The MnO concentration strongly decreases in the duricrust (0.36 wt
%). The Co-grade generally increases from the gabbro (WPDD0012-18,
0.003wt% Co) to the limonite, where it reaches its highest average
values (0.37wt% Co), and sharply decreases in the duricrust
(WPDD0012-1,0.025 wt%). The Co trend within the limonite is very
similar to that of MnO.

Nickel shows a rapid increase in the transition zone from the gabbro
(WPDD0012-18, 0.07 wt%) to the saprolite, where a sharp positive
peak could be observed (WPDD0012-16, 3.33 wt%). Nickel displays a
relative decrease in the limonite zone, with average values of 1.24 wt%.
The duricrust sample has a Ni content of 0.50 wt%. The Ni trend is quite
variable and is generally correlated to the abundance of MnO (and thus
of Co) within the limonite, whereas in the saprolite zone a SiO,-Ni
geochemical association is far more evident.

4.1.2. Drillcore WPDD0019

The major and minor chemical compositions measured along the
core WPDDO0O019 are shown in Fig. 5b (19-1 to 19-14). Compared to the
core WPDDO0012, in this case a sharp enrichment of SiO, and MgO
(average values: 30.16 and 13.45 wt% respectively) and a depletion of
Fe,O3 and Al,O3 (average values: 19.32 and 4.40 wt% respectively)
have been observed.

Silica undergoes a strong increase in the transition from the gabbro
(WPDD0019-14, 8.33 wt%) toward the saprolite, where it reaches its
highest values (WPDD0019-4 to WPDD0019-13, average value:
37.83 wt%), even though with an irregular trend. In the limonite zone
(WPDDO0019-2 to WPDD0019-3) the SiO, amount decreases, however
still maintaining remarkably high values (average value: 18 wt%) if
compared to those of the uppermost zone of core WPDD0012, whereas
SiO, in the duricrust (WPDD0019-1) decreases to values of 7.23 wt%
SiO,. Fe,03 sharply increases from the parent rock (5.38 wt%) to the
saprolite horizon (where it averages 18.47 wt%). In this zone of the
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Fig. 5. Geochemical logs for drill cores WPDD0012 (a) and WPDD0019 (b): Ni, Co, Fe,03, SiO,, Al,03, CaO, MgO and MnO are expressed in weigh percent (wt%); Sc

and Sum REEs in parts per million (ppm).

lateritic profile, Fe,O3 has a behavior similar to SiO,, except for the
upper saprolite sample WPDD0019-6, where Fe,O3 sharply increases
and SiO, decreases. Similar to core WPDDO0012, Fe,O3 reaches its
highest values in the limonite zone (average value: 32.23 wt%), and
then decreases toward the duricrust (14.99 wt%). Al,Os shows re-
markable differences in its geochemical behavior and, generally, the
weathering profile intercepted by the core WPDDO0019 is sharply
“Al,03-depleted” if compared to that of the core WPDD0012. This
difference can be observed starting from the locally serpentinized
protolith, where Al,O3 has very low values (0.85 wt%). Al,O5 slightly
increases in the saprolite (5.21 wt%) and in the limonite (4.19 wt%)
zones, and decreases in the duricrust (1.18 wt%). On the whole, a si-
milarity between the behavior of this oxide and that of Fe,O3 in the
whole profile has been observed.

The geochemical trends of MgO and CaO are significantly different
in the WPDDO0019 drillcore if compared to the WPDD0012 core. The
MgO content of the local parent rock is sharply higher (18.93 wt%),
compared to that of the parent rock of WPDDO0012. This oxide has an
articulated trend: it initially experiences a decrease in correspondence
of the transition zone to the lower saprolite, then undergoes a strong
enrichment in the lower saprolite zone (WPDD0019-8 to WPDD0019-
13), where it reaches its highest values (average value: 18.79 wt%).
MgO content then decreases significantly at the transition to the upper
saprolite (WPDD0019-4 to WPDD0019-7, average value: 12.95 wt%)

and to the limonite zone (1.50 wt%). Finally, MgO increases to a value
of 7.18 wt% in the duricrust. CaO is the dominant oxide in the local
weathered parent rock, with a value of 25.36 wt%. CaO displays very
low baseline values (between 0.1 and 1 wt%) throughout the lateritic
profile, except for positive peak values corresponding to the saprolite
samples WPDD0019-9 and WPDD0019-11 (22.07 and 10.66 wt% re-
spectively) and to the duricrust (32.82 wt%).

MnO and Co have very similar trends to those observed in
WPDDO0012. The initial MnO content (0.05 wt%) of the local weathered
parent rock is lower than that of the core WPDDO0012, whereas its Co
value is significantly higher (0.01 wt%). The MnO and Co values of the
whole saprolite zone are negligible (average values: 0.24 and 0.02 wt%
respectively), whereas a strong increase is observable within the li-
monite zone (average values: 25.69 and 0.57 wt% respectively). The
concentration of both elements decreases in the duricrust, reaching
values of 0.03 and 0.004 wt% respectively. Similar to Co, the Ni grade
of the local parent rock (0.14 wt%) is higher than that of WPDD0012.
Nickel exhibits a strong enrichment within the saprolite zone (average
value: 1.83wt%), and the distinctive features of its geochemical be-
havior can be commonly observed between the lower and the upper
saprolite zones. In particular, the lower saprolite has a poorer Ni-en-
richment (average value: 1.32wt%) in comparison to the upper sa-
prolite zone (2.47 wt%). In addition, the Ni trend in the lower saprolite
is very similar to the SiO, and Fe,O3 trends and, with the exception of
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sample WPDD0019-13, to that of MgO. In contrast, the Ni-SiO5-Fe,O3
correlation cannot be observed in the upper saprolite zone, where the
tendency in the highest Ni value (WPDD0019-6, 3.10 wt%) is positively
correlated to that of Fe,Os. Ni undergoes a strong increase in the
transition to the limonite (average value: 2.04 wt%), then it decreases
toward the duricrust (0.20 wt%). Similarly to the core WPDD0012, Ni
tendency in the limonite zone highlights the geochemical affinity of this
element with Co and Mn.

4.2. High-tech metals geochemistry

4.2.1. Drillcore WPDD0012

The REEs and Sc trends throughout the laterite profile intercepted
by the core WPDDO0012 are shown in Fig. 5a. The dominant REEs are
Ce, Nd and La with low average values of 62, 27 and 21 ppm in the
whole profile. The REEs concentration in the local magmatic bedrock is
significantly lower (WPDD0012-18, 6 ppm). These elements undergo a
slight increase in the saprolite unit (WPDD0012-15 to WPDD0012-17,
average value = 40 ppm in total). The highest total REEs values can be
observed in correspondence of the Mn-(hydr)oxides-rich zones (sample
WPDD0012-13, 404 ppm) and in the mottled layers within the limonite
unit (samples WPDD0012-8 and WPDDO0012-9, 891 and 336 ppm
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respectively). The REEs concentration decreases significantly in the
duricrust (WPDD0012-1, 13 ppm).

The REEs/chondrite normalized patterns of core samples from the
core WPDDO0012 (Fig. 6a) show a progressive REEs-enrichment starting
from the bedrock (WPDD0012-18, average REEs/cho value: 2 times) to
the saprolite (WPDD0012-15 to WPDDO0012-17, average REEs/cho
value: 17 times) and then to the limonite zones (WPDDO0012-2 to
WPDDO0012-14, average REEs/cho value: 50 times). The duricrust unit
shows a sharp depletion in REEs (WPDD0012-1, average REEs/cho
value: 3 times).

The majority of samples display distinctive features, such as Ce and
Eu anomalies, flat HREEs patterns and steep LREEs patterns. The Ce and
Eu anomalies have been quantified with the Ce/Ce*, Eu/Eu* indexes
(Fig. 6b). The Ce/Ce* index varies broadly (0.04 to 8.23) and, with the
exception of the limonite sample WPDD0012-7, it displays positive
values in the uppermost zone of the local weathering profile
(WPDD0012-1 to WPDD0012-9). In contrast, the Ce/Ce* negative va-
lues have been observed mostly in the lower limonite zone down core.
The Eu/Eu* index ranges between 0.21 and 0.88. The highest Eu/Eu*
values are observed in the gabbro bedrock (WPDD0012-18, 0.88),
whereas variably strong negative anomalies occur throughout the local
laterite profile, with the lowest values associated with the mottled clays
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Fig. 6. a) REEs/Chondrite normalized diagrams of core WPDDO0012. The chondrite reference values are taken from McDonough and Sun (1995); b) Ce/Ce* and Eu/
Eu* geochemical logs of core WPDD0012; ¢) REEs/Chondrite normalized diagrams of core WPDD0019; d) Ce/Ce* and Eu/Eu* geochemical logs of core WPDD0019.
The chondrite reference values are taken from McDonough and Sun (1995); The Ce/Ce* and Eu/Eu* anomalies have been quantified following the formulae proposed
by [Eu/Eu* = [Eun/ V(Smn-Gdn); Ce/Ce* = Cen/V(Lan-Prn)], (Mongelli et al., 2014)].
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Table 3

Journal of Geochemical Exploration 196 (2019) 282-296

Correlation matrix of drillcore WPDDO0012 (data expressed as Pearson Correlation Coefficient).

Si0, Al,03 Fe,03 MgO CaO MnO Ni Co Sc REE* Ce Eu
SiO, 1.00 0.16 —-0.85 0.42 0.11 —-0.38 0.23 -0.31 0.50 -0.09 0.08 -0.29
Al,03 0.16 1.00 -0.29 —-0.40 -0.37 —-0.28 -0.39 -0.23 -0.20 —-0.01 0.49 —-0.31
Fe,;03 —-0.85 -0.29 1.00 —-0.60 —-0.44 0.47 0.12 0.40 -0.16 0.14 -0.16 0.40
MgO 0.42 —-0.40 —-0.60 1.00 0.91 —-0.40 -0.23 -0.39 —0.02 -0.31 -0.27 -0.29
CaO 0.11 -0.37 —0.44 0.91 1.00 —-0.28 —-0.45 -0.27 —-0.28 -0.23 -0.18 —-0.24
MnO —-0.38 -0.28 0.47 —0.40 —-0.28 1.00 0.28 0.93 -0.20 0.54 0.05 0.76
Ni 0.23 —-0.39 0.12 -0.23 —0.45 0.28 1.00 0.29 0.68 —0.02 -0.29 0.22
Co -0.31 -0.23 0.40 -0.39 -0.27 0.93 0.29 1.00 -0.17 0.50 —0.04 0.78
Sc 0.50 -0.20 -0.16 —0.02 -0.28 -0.20 0.68 -0.17 1.00 -0.18 —-0.39 —0.08
REE* —0.09 —-0.01 0.14 -0.31 -0.23 0.54 —0.02 0.50 -0.18 1.00 0.56 0.75
Ce 0.08 0.49 -0.16 -0.27 -0.18 0.05 -0.29 —0.04 -0.39 0.56 1.00 —0.03
Eu -0.29 -0.31 0.40 -0.29 -0.24 0.76 0.22 0.78 —0.08 0.75 —-0.03 1.00

REE* = total Rare Earth Elements expect for Ce and Eu.

horizon between samples WPDD0012-8 and WPDD0012-9 (0.21 and
0.42 respectively).

As shown in Fig. 5a, Sc sharply increases at the boundary between
the gabbro (sample WPDDO0012-18, 42 ppm) and the saprolite zone
(samples WPDD0012-17 to WPDD0012-15). In the latter zone, scan-
dium reaches the highest values of the core (average of 111 ppm). To-
ward the upper part of the profile, this element has a constant negative
trend, reaching very low values (average value: 50 ppm). In addition,
the Sc trend does not show any type of correlation to Fe,O3 wt%
(Fig. 5a), whereas a similarity between the Ni and the Sc trends has
been observed throughout the profile (Fig. 5a).

To better constrain the High-Tech (HT) metals geochemical de-
portment, and to infer about their possible mineralogical association, a
correlation matrix between the HT metals and the most representative
major oxides as well as Ni and Co has been calculated (Table 3). It must
be specified that during this analysis Ce, Eu and the other REE (i.e.
REE*) have been processed separately. In general, the correlation ma-
trix confirms that the REE* are chiefly associated with both MnO
(r = 0.54, p-value = 0.02) and Co (r = 0.50, p-value = 0.04). As ex-
pected, Ce and Eu behave differently from the other REEs. Firstly, al-
though the Ce-REE* (r = 0.56, p-value = 0.01) and Eu-REE* (r = 0.75,
p-value = 0.00) correlations are positively high, they are quite lower
than the unity. In addition, differently from the other REEs*, Ce is not
correlated to MnO (r = 0.05, p-value = 0.86). However, the most
striking feature of the Ce behavior is its positive correlation with Al,O3
(r = 0.49, p-value = 0.04). Eu displays a sharp positive correlation
with REE* (r = 0.75, p-value = 0.00), and similar to other REE¥, it is
correlated with Co (r = 0.78, p-value = 0.00) and MnO (r = 0.76, p-
value = 0.00). Finally, Sc shows remarkable positive correlations with
Ni (r = 0.68, p-value = 0.00) and SiO, (r = 0.50, p-value = 0.03),
whereas it does not show any correlations with Fe;O3 (r = —0.16, p-
value = 0.54).

4.2.2. Drillcore WPDD0019

Fig. 5b shows the REEs and Sc geochemical trends in WPDDO0019.
Also in this core La, Nd, and Ce are the main REEs with average values
of 13, 10 and 6 ppm. In this core, even though the local parent rock
displays a similar total REEs concentration (WPDD0019-14, 5 ppm) to
that of the WPDDO0012 core, the lateritic profile shows a general REEs-
depletion. In particular, the total REEs concentration remains very low
in the whole saprolite unit (WPDD0019-4 to WPDD0019-13, average
value: 4 ppm), whereas a significant increase is observed in the limonite
zone (WPDD0019-2 to WPDDO0019-3, average value: 247 ppm). REEs
sharply decrease in the duricust (WPDD0019-1, 13 ppm). In this core
the strong REEs enrichment within the limonite zone is positively
correlated with a Fe,O3 (Fig. 5b).

As shown by the REEs/cho diagram in Fig. 6¢, the highest REEs/cho
values occur in the limonite zone (WPDDO0019-2 to WPDD0019-3,
average REE/cho: 83 times), whereas very low REEs/cho enrichments

characterize the serpentinized parent rock (WPDDO0019-14, average
REEs/cho: 1.4 times), the saprolite zone (WPDD0019-4 to WPDD0019-
13, average REEs/cho: 1.5 times) and the duricrust (WPDD0019-1,
average REEs/cho: 4 times).

Cerium and Eu display several differences in their geochemical
behaviors in this core. In particular, Ce always shows negative
anomalies throughout the local weathering profile. In addition, the Ce/
Ce* index has a very irregular trend (Fig. 6d), and a narrow range of
values (0.01-0.77). Another remarkable difference in the geochemical
behavior of REEs in this core respect to the previous core, regards Eu.
The initial Eu/Eu* ratio of the serpentinized parent rock in this core
(WPDDO0019-14, 0.93) is higher than in the core WPDD0012. In addi-
tion, differently from the latter drillcore, Eu does not yield anomalies
(Fig. 6¢) and, as shown by Fig. 6d, the Eu/Eu* ratio is relatively more
constant, with values ranging between 0.80 and 1.15.

Fig. 5b shows the scandium trend in the core WPDD0019. Even
though in this core Sc has very low concentrations (5-27 ppm), its
geochemical trend is significantly different to that measured in the core
WPDDO0012. In particular, the geochemical behavior of Sc in
WPDDO0019 is very similar to the behavior of Fe,O3 and Ni (Fig. 5b).
Nevertheless, the highest Sc concentrations are detected in the limonite
sample WPDDO0019-2 and in the saprolite sample WPDD0019-6 (23 and
27 ppm respectively).

The correlation matrix of the core WPDD0019 (Table 4) confirms
that the High-Tech metals deportment in this core is different from
WPDDO0012. In particular, although the REE*-Co (r = 0.76, p-
value = 0.00) and the REE*-MnO (r = 0.70, p-value = 0.01) correla-
tions are high, a strong REE* correlation has been observed also with
Fe,0s3 (r = 0.71, p-value = 0.01). Furthermore, the REE*-Ce (r = 0.93,
p-value = 0.00) and REE*-Eu (r = 1.00, p-value = 0.00) associations
are remarkably higher, if compared to those of the previous core. As a
corollary, Eu and REE*, and less Ce, display variably similar positive
correlations with Fe,O3; (r = 0.68, p-value = 0.01; r =0.71, p-
value = 0.01; r = 0.79; p-value = 0.00, respectively), MnO (r = 0.75,
p-value = 0.00; r = 0.70, p-value = 0.01; r = 0.39, p-value = 0.19,
respectively) and Co (r=0.82, p-value =0.00; r=0.76, p-
value = 0.00; r = 0.48, p-value = 0.10, respectively). Finally, the
strong Ce-Al,O3 positive correlation observed in the WPDD0012 core is
not present in the WPDD0019 profile (r = 0.18, p-value = 0.55). Re-
garding Sc, although also in this drillcore positive correlations have
been observed with SiO5 and Ni (r = 0.46, p-value = 0.11; r = 0.75, p-
value = 0.00 respectively), the correlation matrix confirms its strongly
different deportment. In fact, remarkable positive correlations have
been detected also with Al,O3; and Fe,O3 (r = 0.85, p-value = 0.00;
r = 0.74, p-value = 0.00, respectively).

4.3. The ultramafic index of alteration (UMIA)

In order to assess the geochemical variations triggered by the
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Table 4
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Correlation matrix for drillcore WPDDO0019 (data expressed as Pearson Correlation Coefficient).

Si0, Al,03 Fe,03 MgO CaO MnO Ni Co Sc REE Ce Eu
SiO, 1.00 0.34 —-0.11 0.21 —0.68 -0.20 0.52 -0.21 0.46 —0.40 —-0.43 -0.39
Al,03 0.34 1.00 0.70 —-0.03 -0.70 -0.13 0.52 -0.07 0.85 0.10 0.18 0.08
Fe,;03 -0.11 0.70 1.00 -0.49 -0.51 0.25 0.30 0.34 0.74 0.71 0.79 0.68
MgO 0.21 —-0.03 —-0.49 1.00 0.10 -0.72 —0.04 -0.75 -0.17 -0.71 —-0.55 -0.73
CaO —-0.68 -0.70 —-0.51 0.10 1.00 —-0.25 -0.77 -0.29 -0.83 -0.23 —-0.14 —-0.24
MnO -0.20 -0.13 0.25 -0.72 -0.25 1.00 0.26 0.99 0.05 0.70 0.39 0.75
Ni 0.52 0.52 0.30 —0.04 -0.77 0.26 1.00 0.27 0.75 0.03 -0.11 0.06
Co -0.21 —-0.07 0.34 -0.75 -0.29 0.99 0.27 1.00 0.11 0.76 0.48 0.82
Sc 0.46 0.85 0.74 -0.17 -0.83 0.05 0.75 0.11 1.00 0.27 0.31 0.26
REE* —0.40 0.10 0.71 -0.71 -0.23 0.70 0.03 0.76 0.27 1.00 0.93 1.00
Ce —0.43 0.18 0.79 —0.55 -0.14 0.39 -0.11 0.48 0.31 0.93 1.00 0.90
Eu -0.39 0.08 0.68 -0.73 -0.24 0.75 0.06 0.82 0.26 1.00 0.90 1.00

REE* = total Rare Earth Elements expect for Ce and Eu.

chemical weathering, the ultramafic index of alteration (UMIA) has
been calculated in the considered profiles. This calculation has been
performed following the formula proposed by Babechuk et al. (2014)
and by Aiglsperger et al. (2016):

UMIA = 100 x [(A1203 + Fe203(t))/(A1203 + Fe,05 + SiO, + MgO)]

In the MgO-SiO,-(Al;03 + FeyO3() ternary plot (Fig. 7) the geo-
chemical trend of the profile intercepted by core WPDD0012 is char-
acterized by an initial loss of MgO in the transition between the gabbro
(WPDD0012-18, UMIA: 13.45) and the saprolite zone (WPDD0012-15
to WPDD0012-17, average UMIA value: 22.55). Afterwards, a strong
SiO, depletion has been observed in the limonite zone, where the UMIA
index reaches its highest values (UMIA range values in limonite:
47.24-89.68), with the exception of relatively low UMIA values de-
tected in the mottled clays-rich horizons (e.g. WPDDO0012-8 to
WPDDO0012-9, average UMIA value: 46.61). The duricrust (WPDD0012-
1) lies outside the “classic” lateritization trend, because it shows a
lower UMIA (27.22) and a relative gain in both MgO and SiO».

In the core WPDDO0019, the serpentinized protolith (WPDD0019-14)
has a low UMIA value (6.89) and, if compared to the gabbro of the core
WPDDO0012, it has a higher MgO content. Also in this case the saprolite
unit shows a progressive loss in MgO and, if compared to the losses
occurring in the WPDDO0012 drillcore, it results in a lower UMIA
average value (about 15). In general, the thin limonite zone of the core
WPDDO0019 shows a lower UMIA (WPDD0019-2 to WPDD0019-3,
average UMIA value: 46.05), if compared to the values calculated in the
previous core. In particular, the bottom specimen of the limonite zone
(WPDDO0019-3) falls within the saprolite field, whereas the limonite
sample WPDDO0019-2 has a similar UMIA value (74.24) to that calcu-
lated in limonite core samples from the core WPDD0012. Also in this
core, the duricrust (WPDD0019-1) is located outside the general trend,
with an UMIA value of 26.86.

5. Discussion
5.1. Ni- and Co-grades and geochemical evolution of the studied profiles

The results of the whole-rock chemical analysis have shown the
geochemical complexity of the Wingellina orebody. The laterite profiles
intercepted by the two studied drillcores show similar Ni-grades
(WPDDO0012: 1.42 wt% Ni; WPDD0019: 1.73 wt% Ni). The results ob-
tained indicate that, even though the Wingellina laterite is an oxide-
type deposit, the silicate zones (i.e. saprolite horizon) also display re-
markably high Ni-grades (WPDDO0012, average Ni-grade: 2.52 wt%;
WPDDO0019, average Ni-grade: 1.83 wt%). Therefore, as proposed by
many authors (e.g. Berger et al., 2011; Tauler et al., 2017), the classi-
fication of the Ni-laterites based on the dominant ore-bearing miner-
alogy (i.e. oxide-type, clay silicate-type and hydrous Mg silicate-type,
e.g. Freyssinet et al., 2005; Golightly, 2010) is an oversimplification,
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which must be applied with care. Cobalt displays high values in the core
WPDDO0012 (0.28 wt% Co), whereas it is less enriched in the core
WPDDO0019 (0.09 wt% Co); in general the highest Co concentrations are
found within the limonite zones (WPDDO0012, average Co-grade:
0.39 wt%; WPDDO0019 average Co-grade: 0.57 wt%).

The geochemical evolution of the Wingellina laterite profiles, to-
gether with the drillcore characteristics, have provided useful insights
about the influence of a range of external controlling factors (e.g.
bedrock lithology, drainage conditions, climate etc.) on the local ore-
forming processes. The two mineralized laterite profiles of WPDD0012
and WPDDO0O019 drillcores have both similar, as well as different fea-
tures.

As shown by the geochemical logs (Fig. 5a, b), exemplified in the
MgO0-SiO,-(Al,03 + Fe,03) ternary plot (Fig. 7), the transition zones
between the parent rocks and the saprolite units of the two laterite
profiles are both characterized by a sharp drop in the MgO concentra-
tion and by a gain of SiO, and Ni. Nevertheless, the genesis of the si-
licate-rich unit of the core WPDD0012 is marked by a significantly
higher Al,O3 gain (Al,O3 average values in the saprolite: 13.32 wt%), if
compared with that of the core WPDD0019 (Al,O3 average values in the
lower saprolite: 4.34 wt%). This remarkable geochemical difference
between the two laterite profiles suggests the occurrence of different
saprolitization processes, which are likely related to the variable bed-
rock mineralogy and geochemistry. Regarding the WPDDO0012 profile,
the above mentioned geochemical evolution suggests that the hydro-
lysis of the primary minerals of the local parent rock (clinopyroxenes,
orthopyroxenes, plagioclase and subordinate forsterite) has enhanced
the formation of a smectite-rich saprolite horizon (Putzolu, 2017). This
characteristic is consistent with the observations of other authors
(Nahon et al., 1982; Colin et al., 1990), who discovered that under
intense weathering conditions the incongruent dissolution of pyroxenes
is the main trigger for the neo-formation of Ni-bearing smectites. In
addition, the Al,O3 gain in the saprolite zone is consistent with the
direct precipitation (neo-formation) of smectite (e.g. montmorillonite)
from pyroxenes (Freyssinet et al., 2005).

In the silicate-dominant laterite of the WPDDO0019 profile, the un-
weathered bedrock is not intersected by the drillhole. However, the
geochemical characteristics of the deeply serpentinized protolith (i.e.
saprock), occurring within the local saprolite, suggest a potential var-
iation of the parent rock lithology. In particular, the Eu/Eu* ratio ob-
served in the WPDDO0019 saprock is slightly higher (Eu/Eu* = 0.93)
than that of the fresh parent rock intercepted by the core WPDD0012
(WPDD0012-18, Eu/Eu* = 0.88). This geochemical difference would
suggest that the WPDDO0O019 laterite profile is developed from a more
primitive lithology, likely corresponding to one of several peridotite
units occurring in the Wingellina Hill mafic to ultramafic layered in-
trusion (Ballhaus and Glikson, 1989). The primary components of the
Wingellina Hill magmatic sequence correspond mainly to websterite
and wehrlite (Ballhaus and Glikson, 1989). Therefore, the geochemical
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Fig. 7. MgO0-SiO,-(Al,03 + Fe,O3) molar ternary plot, showing the geochem-
ical variations during the chemical weathering of cores WPDDO0012 and
WPDDO0019 and the comparison to those of the mineralized laterites of Moa
Bay, Cuba (Aiglsperger et al., 2016) and Loma Ortega, Dominican Republic
(Tauler et al., 2017).

and mineralogical characteristics (Putzolu, 2017) observed in the lower
saprolite in the drillcore from this locality suggest a strong control of
the parent rock mineralogy (mostly ferromagnesian minerals) on the
ore-forming process, which was probably dominated by hydrothermal
alteration and serpentinization, rather than by neoformation of clays
after weathering (as in the case of drillcore WPDD0012). This fact is in
agreement with previous literature data, which consider the serpenti-
nization process to be commonly affecting the olivine- and pyroxene-
rich protoliths, i.e. prevailingly ultramafic rocks (McCollom and
Seewald, 2013).

Another characteristic of the saprolite horizon in the core
WPDDO0019 is the “zoned” geochemical trend of MgO. More in detail,
the MgO amount strongly increases in the lower saprolite, whereas it
decreases within the upper saprolite. The progressive MgO loss is coeval
with a significant increase in concentration of Fe,O3 and locally even
with a high Ni-grade. This particular feature suggests an instability
increase in the serpentines occurring in the lower saprolite, and hence
the neo-formation of secondary serpentines, and of clay minerals and
Fe-hydroxides (Golightly and Arancibia, 1979; Freyssinet et al., 2005),
according to the following reactions:

Mg,Si,05(OH), + Ni2* = (Mg, Ni);Si,05 (OH), + Mg+

primary serpentine Ni-serpentine

(€Y

2(Mg, Fe)3Si,0s(OH)4 + 3H,0 = Mg,Sis019(OH),#4H,0 + 2Mg?* + FeOOH + 30H

primary serpentine smectite goethite
(2)

(Mg, Fe)3Si,0s(OH), + 3H* = FeOOH + 2Si0, + 2Mg?** + 3H,0
primary serpentine goethite quartz 3)

The occurrence of secondary silica veins and boxworks within the
local upper saprolite zone (Fig. 4e) is consistent with the observations
carried out by other authors on other deposits (e.g. Golightly, 1981;
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Tauler et al., 2017), who affirmed that in poorly drained systems the
weathering of serpentines enhances the formation of quartz and clay
minerals. In the specific case of the profile intersected by the core
WPDDO0019, the occurrence of a thick, massive and poorly jointed
serpentinite could have prevented the complete leaching of silica, thus
explaining also the poor development of the local limonitic orebody and
the generally low UMIA values (Fig. 7).

Several analogies in the geochemistry of the limonite zones in the
two studied profiles have been detected. Firstly, the transition toward
the limonite zone in both profiles is marked by the complete leaching of
MgO (the “Mg-discontinuity”; Brand et al., 1998), SiO, and Al,O3 and
by a significant gain of Fe,O3 (Figs. 5a, b and 7). These geochemical
trends could reflect the progressive acidification of the soil solutions,
commonly occurring in the uppermost zone of the weathering profile
(Golightly, 2010), thus enhancing the instability of the silicate phases
(i.e. smectitic clay and/or serpentine) and the precipitation of late-stage
Fe-(hydr)oxides (Nahon et al., 1982). In this framework, it is known
that the vertical variation in pH strongly affects the paragenetic evo-
lution of the mineralogical association within the laterite profiles, thus
controlling the Ni deportment and its speciation (Golightly, 1981,
2010). This process is well displayed by the Ni geochemistry in both the
studied profiles. In particular, the Ni distribution (Fig. 5a and b) is
positively correlated with SiO, in the saprolite, whereas within the li-
monite zone it is correlated with MnO, Co and to a less extent to Fe,Os,
thus confirming that the highest-grade zones of the limonitic orebody
are characterized mainly by the occurrence of Mn-(hydr)oxides
(Putzolu et al., 2018). In this context, Co is found to be strictly asso-
ciated with MnO throughout the laterite profiles of both drillcores, with
the highest grade observed within the limonite units. This geochemical
affinity has been described by many authors (e.g. McKenzie, 1989),
who argued about the capability of the Mn-(hydr)oxides to uptake Co
due to their fine particle sizes, which offer a large surface area for metal
adsorption. During lateritization also the Mn distribution, and thus the
precipitation of Co(Ni)-bearing Mn-(hydr)oxides, is controlled by the
Eh-pH variation in the weathering profile. In both the studied profiles,
the first significant gain of MnO occurs in the lowermost part of the
limonite zones, at the transition with the saprolite sections. This MnO
behavior is quite common in Ni-Co laterite. In fact, as shown by Dublet
et al. (2017), the early stage weathering (i.e. saprolitization) of the
parent rock promotes the oxidation of Mn*>* to Mn®* and lastly to the
most stable ionic species, Mn**. This process stimulates an efficient
precipitation of Mn-(hydr)oxides at the transition from the saprolite
toward the limonite zone, along which higher humidity and a slightly
more alkaline pH enhance the stabilization of such phases (Dublet et al.,
2017).

The main geochemical difference between the two limonite units is
that the limonite orebody of the core WPDDO0012 is locally character-
ized by the occurrence of few Al,O3-rich and Fe,Os-poor zones, which
are mirrored by the kaolinite-rich mottled clay horizons. This difference
can be mainly ascribed to the higher input of Al,O3 provided by the
local gabbro/gabbronorite bedrock, which resulted in the neo-forma-
tion of kaolinite-rich zones within the limonitic body.

A significant enrichment of the mobile elements (i.e. Mg, Ca and Si)
and a decrease in Fe, Al, and Mn (together with the Ni- and Co-grades)
occurs at the boundary between the limonite and the duricrust in both
drillcores (Figs. 5a, b and 7). These geochemical trends can provide
interesting information about the post-formation process that affected
the geochemical evolution of the Wingellina orebody, because they can
reflect a significant climatic variation, leading to a decrease of the
weathering rate and to calcification and silicification processes in the
uppermost zone of the laterite profile (Golightly, 2010). In the Aus-
tralian Ni-Co laterite deposits of the Yilgarn craton, this post-formation
process was caused by the northeasterly drifting of the continent
starting in Tertiary (mid-Miocene), which consequently produced an
increased aridity during Late Miocene-Pliocene. Thus, both calcification
and silicification processes prevailed over ferruginization in the
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uppermost sections of the laterite profiles (Tardy and Roquin, 1998;
Anand and Paine, 2002).

5.2. Geochemical behavior of REEs and Sc

5.2.1. Rare Earth Elements

The geochemical behavior of REEs is very variable in the Wingellina
laterite. In the analyzed samples, these elements are preferentially
concentrated within the limonite zones of the studied profiles, where
their concentration reaches values up to 890 ppm. The REEs speciation
is strongly controlled by the mineralogical characteristics of the limo-
nitic ore. In particular, a positive correlation of the REEs with MnO
(Tables 3 and 4) could suggest that the remobilization of lanthanides
and their accumulation in Mn-(hydr)oxides was due to chemical
weathering, which is commonly enhanced by bacterial activity
(Davranche et al.,, 2005; Laskou and Economou-Eliopoulos, 2007;
Pourret et al.,, 2010; Vodyanitskii, 2012; Kalatha and Economou-
Eliopoulos, 2015; Aiglsperger et al., 2016). In addition, the correlation
of REEs with the most representative oxides, as well as with Ni and Co
in the core WPDDO0012 (Table 3) shows that a significant geochemical
and mineralogical decoupling occurred between Ce, Eu and the other
REE (i.e. REE¥). In particular, REE* and Eu are chiefly associated with
MnO and Co. As reported by Putzolu et al. (2018), the MnO- and Co-
rich horizons of the Wingellina limonitic orebody contain lithiophorite-
asbolane intermediates, which, as reported by Mongelli et al. (2015),
can scavenge REEs through sorption processes in supergene settings.

Cerium has a very different behavior, which is highlighted both by
the positive correlation with Al,O3 (Table 3), and by the REEs chondrite
normalized patterns (Fig. 6a and c), where several Ce positive and
negative anomalies can be observed. In general, these anomalies pro-
duced under a weathering regime, are mainly due to the oxidation of
cerium from trivalent (Ce®*) to tetravalent state (Ce*™). This process
could also trigger the precipitation of supergene REEs-bearing minerals
such as fluoro-carbonates, Ce-oxides and phosphates (Braun et al.,
1990), as already observed in other Ni-Co laterite deposits (e.g. Moa
Bay in Cuba and Falcondo in the Dominican Republic, Aiglsperger et al.,
2016). The higher Ce-Al,O; positive correlation occurs in the
WPDDO0012 drillcore. The local laterite profile also shows that the
highest Ce/Ce* values occur in the uppermost zone of the limonite unit,
whereas the negative values occur in the lower limonite zone. This
characteristic is consistent with a REEs redistribution within the ore-
body, and with Ce fractionation and concentration in the uppermost
zone of the deposit (Mongelli et al., 2014).

Another interesting feature of the REEs geochemistry of the
WPDDO0012 samples is the significant REE concentration (highest REEs-
amount 891 ppm) observed in the relatively MnO-poor (2.04 wt% MnO)
and Al,Os-rich mottled zone (sample WPDDO0012-8). As reported by
Putzolu et al. (2018), the mottled zone of the limonitic orebody mainly
consists of kaolinite, with only minor lithiophorite. The above quoted
sample lies outside the MnO-REEs correlation trend (Fig. 5a), thus
suggesting a different mode of REEs enrichment. Similar significant
REEs-enrichments in the MnO-poor zones of the lateritic profile have
been observed by Aiglsperger et al. (2016) in the mottled zones of the
limonitic orebody of the Moa Bay laterite deposit (Cuba), and have been
considered to be related to REE adsorption into clays, following a ion
adsorption-type concentration process. However, in our case, the mot-
tled clay sample (WPDDO0012-8) is also characterized by a significant
P,Os5 concentration (0.15wt% P50s), which together with positive
correlation of Ce with Al,03, could also suggest the occurrence of REEs
into LREE-Al-bearing phosphates. Nevertheless, both the occurrence
modes need to be verified through dedicated mineralogical investiga-
tions.

The REEs patterns of the core WPDD0012 display negative Eu
anomalies. As reported in the existing literature (McLennan et al.,
1993) Eu should have a refractory behavior during weathering, there-
fore the Eu/Eu* ratio of the many horizons of the laterite profile should
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reflect that of the local parent rock. In the Wingellina case, the Eu/Eu*
index not only varies broadly (0.21-0.83) through the laterite profile,
but it is also quite different from that measured in the gabbro/gab-
bronorite bedrock (0.88). This anomalous behavior of Eu could be re-
lated to the original deportment of REE in the different minerals of the
gabbro/gabbronorite protolith. As shown by Weill and Drake (1973),
the Eu enrichment or depletion in igneous rocks is mainly due to the Eu
tendency to be incorporated into plagioclases, preferentially over other
minerals. Therefore, in the Wingellina case, Eu could have been mostly
hosted in the plagioclases of the parent rock, whereas the other REEs
were mainly hosted by accessory minerals, such as sphene, zircon and
apatite (Frey et al., 1968). Therefore, the Eu/Eu* variation could be
attributed to the different response to chemical weathering of REE-
bearing accessory phases compared to plagioclase, which likely pro-
duced a preferential leaching of Eu in the supergene environment from
the highly unstable plagioclases of the protolith, whereas the other
REEs remained in the more stable REEs-bearing accessory minerals.
This is in agreement with previous literature (Babechuk et al., 2014),
which argued about the contribution of the occurrence of plagioclase-
bearing parent rocks on the loss of Eu in the weathering products. The
REEs geochemical deportment in the profile WPDD0019 is character-
ized by several differences, if compared to that of the WPDD0012
drillcore. Firstly, the REEs enrichment in the WPDD0019 limonite zone
(up to 377 ppm) is much lower if compared to the former drillcore. The
lower gain of REEs observed within core WPDD0019, together with the
higher Eu/Eu* ratio, is in agreement with the development of the local
laterite profile from a predominantly ultramafic protolith, depleted of
incompatible elements (such as REEs). In addition, according to the
correlation parameters (Table 4) and to the relatively flat REEs patterns
(Fig. 6¢) observed in WPDD0019, the REE*-Eu-Ce fractionation is lower
if compared to that of the core WPDD0012. Therefore, one the main
controlling factor of the lower REEs enrichment in the WPDDO0019 la-
terite profile could be the less significant LREE-HREE fractionation,
which prevented the neo-formation of LREE-bearing phases (Braun
et al., 1990; Mongelli, 1997; Mameli et al., 2007; Mondillo et al., 2011),
leading to REEs uptaking mainly in the Fe-oxyhydroxides and less in the
Mn-hydroxides.

Another important variation of the REEs deportment, and more
specifically of that of Ce, is their correlation with Fe,O3 (Fig. 5b and
Table 4) that confirms the observation of other authors (e.g.
Vodyanitskii, 2012), who suggested that lanthanides behave not only as
manganophilic but also as siderophilic elements. Other important
characteristics of the REEs geochemistry in core WPDDO0019 are the
absence of Eu anomalies (Fig. 6d) and the almost constant Eu/Eu* ratio
(0.80-1.15, Fig. 6¢), which support the absence of plagioclase from the
local protolith and, differently from core WPDD0012, a homogenous
leaching of REEs from the primary minerals of the protolith.

5.2.2. Scandium

The Sc content of the studied profiles of the Wingellina Ni-Co la-
terite deposit is significantly lower (WPDD0012, average Sc content:
54 ppm; WPDDO0019, average Sc content: 15 ppm) if compared to eco-
nomic deposits, where this element reaches concentration values up to
800 ppm (e.g. Syerston-Flemington, New South Wales, Australia;
Chassé et al., 2016). However, the current study can provide useful
information about its geochemical deportment. Firstly, the highest Sc
concentrations are found within the silicate-rich zones of the sets of
core samples from both WPDD0012 and WPDDO0019 (maximum Sc
values of 140 and 27 ppm respectively). This characteristic is in con-
trast with the observations carried out by Audet (2008) and Aiglsperger
et al. (2016), who observed a clear tendency of Sc to concentrate in the
uppermost horizons of the laterite profiles (i.e. limonite units). Sec-
ondly, the sharp difference of the Sc-grades in the two profiles con-
sidered could be interpreted in terms of a variation of the enrichment
modality, and hence of the nature of Sc-bearing minerals. In fact, the Sc
trend in core WPDDO0019 is positively correlated with that of Fe,O5
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(Fig. 5b and Table 4), this suggesting the uptaking of Sc>* into neo-
formed Fe-oxy-hydroxides (Chassé et al., 2016), which occur as sub-
ordinate minerals in the saprolite unit (Putzolu, 2017). Regarding to the
core WPDDO0012, the Sc-Fe,O3 geochemical affinity was not detected
and Sc is chiefly associated with and Si and Ni. This association can be
interpreted as a proxy of the Sc remobilization during the lateritization
process. However, the positive correlations of Sc with SiO, (cores
WPDDO0012 and WPDD0019) and with Al,O3 (core WPDDO0019) are
quite atypical. The Sc-Si association in the phyllosilicate-rich saprolite
sections could potentially reflect the Sc occurrence in clay minerals. In
fact, as reported by Birgu (1981), in the Fe**-bearing layered silicates
(such as montmorillonite and chlorite), Sc could be able to enter in the
crystal lattice as substituting for Fe®* in the (di)octahedral site. How-
ever, further and more detailed mineralogical investigations are needed
to better constrain the mineral deportment of this element in the
Wingellina deposit.

6. Conclusions

The study of the Wingellina Ni-Co laterite deposit (Western
Australia) has shown that the combination of geochemical and miner-
alogical data, together with a targeted analysis of the facies variability
can provide an useful tool to define the controlling factors affecting the
Ni and Co supergene enrichment and the main ore-forming processes
acting during lateritization. The geochemical evolution of the deposit,
the Ni-Co enrichment and the development of several different facies in
the laterite profile are strongly affected by the heterogeneity of the
parent rock lithology, which likely controlled the degree of hydro-
thermal serpentinization, the efficiency of the drainage system and thus
the dynamics of the lateritization process.

The High-Tech metals have a variable geochemical deportment at
Wingellina:

(i) REEs are remarkably concentrated within specific zones of the li-
monite units, which primarily correspond to Mn- and Fe-(hydr)
oxides rich horizons and locally to mottled clayey Al-rich units. A
significant geochemical decoupling of REEs has been also observed.
The Ce deportment suggests that its speciation was locally con-
trolled by its oxidation from Ce®** to Ce** and potentially by its
uptaking in Fe-(hydr)oxides at the top of the laterite profile. The
other REEs are enriched within the MnO- and Fe,Os-rich zones of
the orebody, which suggests their capture in Mn- and Fe-(hydr)
oxides.

Even though the Sc enrichment in the studied laterite profiles is
negligible, several geochemical proxies suggesting its remobilization
and enrichment during the weathering process have been identified.
The Sc geochemical behavior is variable and complex, with the
higher Sc-grades observed in the silicate zones of the deposit. This
feature is in contrast with previous studies carried out on other Ni-Co
laterite deposits and, therefore, more detailed mineralogical assess-
ments will be necessary to better constrain the mineralogical de-
portment of REEs and Sc within the Wingellina orebody.
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