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Revision 1: Synchrotron micro-spectroscopic examination of

Indonesian nickel laterites
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Mawson Lakes, SA 5095, Australia

ABSTRACT
Nickel is typically distributed across a number of fine-grained minerals in nickel laterites,
formed by intense tropical weathering of ultramafic rocks. Indonesia accounts for approximately
16% of the world’s lateritic nickel reserves, which play an increasing role in global nickel
production. However, relatively few geochemical studies of Indonesian laterites have been
undertaken and quantification of Ni speciation is unclear. In this study the Ni geochemistry of an
Indonesian laterite composed of limonite and saprolite has been examined using synchrotron
microprobe analysis (microprobe X-ray fluorescence microscopy, u-XFM; microprobe X-ray
diffraction, p-XRD; microprobe X-ray absorption spectroscopy; u-XAS) and bulk XAS. This
approach provides semi-quantitative species specific information not readily obtainable using
traditional laboratory methods which are hampered by the fine grained heterogeneous nature of

laterites. In the limonite 16 + 4 % of the Ni was found to be substituted for Al in lithiophorite

with 26 = 7 % being associated with lizardite (a serpentine) substituted for Mg. A minor

" Corresponding author. Fax: +61 8 83025545

Email address: Andrea.Gerson@unisa.edu.au (A.R. Gerson)

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5093 10/20

proportion of the Ni is adsorbed onto the Mn layers of phyllomanganate (e.g. lithiophorite).
However the majority of the Ni, 58 = 15 % is substituted for Fe in goethite. The majority of the
Ni (85 = 21 %) within the saprolite is found to be associated with lizardite, the predominant
mineral. A few relatively large Ni asbolane grains are also observed which account for 14 = 3 %

of the N1 with the remaining 1 £ 0.3 % of the Ni replacing Fe within goethite.

Keywords: Indonesian nickel laterite, limonite and saprolite, X-ray absorption spectroscopy,

synchrotron microprobe, pu-XRD, pu-XFM

INTRODUCTION

Nickel laterites are formed by intense tropical weathering of ultramafic rocks, such as
peridotites and serpentinites (Golightly 1981). The resulting profiles can be highly variable due
to factors such as climate, topography, drainage and other hydrological influences, mineralogy
and bedrock structure (Gleeson et al. 2003). Despite the diversity of lateritic profiles, some
common features can be found enabling laterite types to be classified as oxide, clay or silicate
laterites (Brand et al. 1998).

On prolonged weathering ultramafic strata decompose releasing mobile elements such as
Fe, Ni, Mg and Si. Fe and Al are less soluble than Mg and Si and hence are enriched in the upper
zone forming the oxide limonite layer which is rich in goethite, hematite and Mn oxides. Ni and
Co are also strongly incorporated and co-precipitated into Mn oxides such as lithiophorite and
asbolane (Elias 2001). Some Ni percolates from the overlying limonite layer and is incorporated

into the underlying hydrous silicate saprolite layer which is rich in serpentine minerals (Elias
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2001). Silicate laterites are formed after a long period of aggressive weathering. The saprolite
zone may also occasionally be composed of clay minerals, predominantly the smectite clay
nontronite. Clay laterites are formed in less severe weathering conditions (Gaudin et al. 2005).

Ni speciation within a wide variety of mineral samples, such as goethite (de Carvalho-e-
Silva et al. 2003; Manceau et al. 2000; Singh et al. 2002), phyllomanganate (Manceau et al. 1987;
Manceau et al. 2002b; Peacock and Sherman 2007; Pefia et al. 2010; Roqué-Rosell et al. 2010)
and phyllosilicates (Dédhn et al. 2006; Kiczka et al. 2010; Manceau and Calas 1985; Manceau and
Calas 1986) has been extensively investigated. However, these studies have mostly focused on
individual mineral rather than natural laterites where Ni is typically distributed across a number
of fine-grained minerals.

Traditional mineralogical measurements of such fine grained and heterogeneous samples,
such as powder X-ray diffraction and selective chemical extraction, provide bulk, volume-
averaged data that obscure important spatially variable information. Bulk XAS also provides
volume-averaged information regarding the local environments of the metal of interest. The
interpretation of bulk XAS data for a material containing multiple species, as is frequently the
case in an ore or soil sample, requires a complete database of reference spectra. Microprobe XAS
probes individual grains at a micron scale, offering selective local information that can be
utilised in the interpretation of bulk XAS data. Synchrotron-based pu-XFM (microprobe X-ray
fluorescence microscopy), u-XRD (microprobe X-ray diffraction) and pu-XAS (microprobe X-
ray absorption spectroscopy), together with bulk XAS analysis, provide a powerful tool to
examine both lateritic samples at micron scale and also semi-quantitative analysis of the

predominant Ni associations within the bulk materials.
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Indonesia accounts for approximately 16 % of the world’s lateritic nickel reserves, which
play an increasing role in global nickel production (Berger et al. 2011). As for Philippine’s
laterites, and due to the similar climatic conditions, Indonesian nickel laterites generally contain
only upper oxide and lower silicate zones, e.g. limonite and saprolite respectively (Dalvi et al.
2004). However, relatively few geochemical studies of Indonesian laterites have been undertaken
and quantification of Ni speciation is unclear.

Synchrotron-based XAS methods have recently been applied in nickel laterites of
Philippine (Fan and Gerson 2011) and New Caledonia (Dublet et al. 2012), providing
comprehensive details of Ni speciation in these two types of nickel laterites. The study presented
here focuses on the speciation and distribution of Ni within the complex fine grained mineral
assemblage present in an Indonesian limonite and saprolite laterite indicating a significantly

different profile of Ni distributions compared to those in Philippine and New Caledonia.

MATERIALS AND METHODS

Samples and reference materials

The ore samples were obtained from Raja Ampat, West Papua, Indonesia (Fan and
Gerson 2013). The limonite ore was selected from the upper Fe-rich laterite fraction (2 — 3 m)
and the saprolite ore from the lower Mg-rich laterite fraction (5 — 6 m). Both ore samples
collected (=20 kg each) were dried and homogenised, and 1 kg representative sample for each
ore was crushed and ground to obtain fine grains. The paste pH of the ore samples was measured
in suspensions with a solid/liquid weight ratio of 1:2, after 10 min shaking and overnight settling.

The pH values are 5.5 and 7.7 for limonite and saprolite ores, respectively. Particle size analysis
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(Matersizer 2000) suggests the iron-rich limonite ore contained around 80 % of particles less
than 30 um in size. In contrast, the particle size of the saprolite ore is not as fine with 40 % of the
saprolite particles being less than 30 um in size, and around 35 % of the saprolite particles being
larger than 100 pm. Large rocks of diameter greater than 5 cm are also found in the saprolite ore.

The ores were embedded in resin, mounted onto a silicon backing plate (0.5 mm thick,
Sigma Aldrich) and then polished to a thickness of =40 um for synchrotron microprobe
measurements. For bulk XAS, the ores were ground by hand with an agate mortar and pestle.

A synthetic goethite sample containing 1.9 mol% Ni, referred to hereafter as Goet, was
used as a XAS reference. Its synthesis and characterisation are detailed elsewhere (Fan and
Gerson 2011). Lizardite sample was obtained commercially from GEO Discoveries Australia Co.
The phase purity of these materials was confirmed by bulk XRD. EXAFS spectra of asbolane
and lithiophorite (referred to hereafter as Asb and Lith) were provided by Alain Manceau
(ISTerre, CNRS and Université Joseph Fourier) with description and characterisation of these
two standards being provided in Manceau et al. (1987) and Manceau et al. (2002), respectively.
An EXAFS spectrum of Ni-sorbed birnessite, referred to hereafter as NiBi, was provided by
Caroline Peacock (University of Leeds). The synthesis methodology and characterisation of the

resultant solid are provided in Peacock and Sherman (2007).

Analytical methods

Mineralogical analysis.
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The samples were dry ground to a fine powder in an agate mortar and pestle for elemental
composition analysis. Metal concentrations in the solids were determined using inductively
coupled plasma-atomic emission spectrometry (ICP-AES, Table 1).

Lab-based mineralogical studies of the ore samples were performed and are described in
(Fan and Gerson 2013). Rietveld analysis of the XRD data indicated that the limonite ore is
composed of 78 = 5 wt% goethite, 2 £ 1 wt% lizardite (serpentine group mineral), 1 £ 1 wt%
maghemite (spinel), 2 + 1 wt% gibbsite, 3 + 1 wt% quartz, 6 = 2 wt% clinopyroxene, 6 + 2 wt%
talc, 1 = 1 wt% hercynite (spinel), 0.5 + 0.8 wt% enstatite and a small component of (approx, 1
wt%) unidentified material. It is estimated that the limonite ore contains approximately 5 wt%
phyllomanganate based on the assumption that all the 1.6 wt% Mn is associated within
phyllomanganate. This assumption is supported by SEM analyse which did not show Mn to be
present in detectable concentrations in goethite grains selected from the limonite ore (Fan and
Gerson 2013).

For the saprolite ore, Rietveld XRD analysis indicated that it contains 27 + 3 wt%
lizardite, 21 + 3 wt% goethite, 10 + 2 wt% enstatite, 3 = 1 wt% diopside, 5 + 2 wt% olivine, and

5 + 2 wt% montmorillonite.

Synchrotron microprobe analysis.

Bulk Ni K-edge XAS spectra of the ores and synthetic Ni containing goethite were
collected in fluorescence mode at the Australian National Beamline Facility (ANBF), Beamline
20B (bend magnet) at the Photon Factory synchrotron (2.5 GeV) KEK, Tsukuba, Japan. A water-
cooled Si(111) channel cut double crystal monochromator was used to select the incident beam

energy and the incident beam size was 2 x 1 mm in the horizontal and vertical directions,
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respectively. A Canberra 36 element Ge-detector was positioned at 90° to the incident beam for
fluorescence XAS measurement. The energy was calibrated simultaneously to the XAS
measurement using a Ni foil positioned after the sample stage between the second and the third
ion chambers (Foran et al. 2007). The first ion chamber is located before the sample stage and is
used to record the incident beam intensity. The energy grid used was: 20 eV over the pre-edge
region from 8120 to 8320 eV; 2 eV over the edge region from 8320 to 8380 eV followed by £
increments of 0.05 until £ equalled 13. Dwell time per step was 2 s. Various numbers of scans
(from 4 to 7) were recorded depending on the signal-to-noise ratio. Deadtime corrections were
not necessary as the intensity of the photon flux received by the detector was adjusted to insure a
linear response (typically total counts per detector per second less than 10,000 at deadtime above
0.7 ns) either by moving the detector away from the sample or placing Al foils between the
sample and detector to attenuate the signal arising from concentrated samples.

p-XFM, p-XRD and p-XAS measurements were conducted at beamline 10.3.2 of the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, Berkeley, USA
(Marcus et al. 2004). The beamline is equipped with a fixed exit Si(111) double-crystal
monochromator and a Kirkpatrick-Baez mirror pair to focus the beam to a spot size adjustable
from 5 X 5 pm to 16 x 7 um. The chemical associations of Mn, Fe, Ni, Cr, Co, Zn and Cu in the
laterite samples were imaged by scanning the sample stage using incident beam energy of 17
keV. The step count time for fine scans was 200 ms, and the beam dimension was adjusted to be
5 x5 um while the step size was 5 pum. Characteristic elemental fluorescence emission intensities
were measured with a Canberra seven-element Ge solid-state detector mounted at 90° to the

incident beam and were normalised relative to the intensity of the incident beam.
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X-ray fluorescence spectra of each ‘hotspot’ chosen from the pu-XFM maps was collected
for 240 s with excitation energy of 17 keV, enabling, in principle, the detection of the K-lines of
all the elements of interest. The spectra were quantified using PyMCA software (Sol¢ et al.
2007).

pu-XRD was performed on selected representative regions of interest using incident beam
energy of 17 keV with a Bruker SMART6000 CCD detector in transmission geometry. Exposure
times ranged from 60 s to 360 s. Diffraction parameters, such as sample-to-detector distance,
wavelength, and detector orientation parameters, etc., were calibrated using corundum. XRD
profiles were extracted from the CCD image using the Fit2d software (Hammersley 1999).
Background removal and subsequent phase identification were performed using DiffracPlus
EVA software (Bruker) with the ICDD-PDF2 database (International Center for Diffraction Data
2000).

Multiple p-XAS spectra were collected in fluorescence mode using the same seven-
element Ge detector as for p-XFM measurements. The energy grid for the Ni K XAS scan
employed 5 eV increments over the pre-edge region from 8231 to 8311 eV; 0.5 eV increments
over the edge region from 8311 to 8361 eV followed by a k increment 0.04 until a k£ of 13 was
reached. The dwell time was set to 2 s for the pre-edge region, 3 s for the edge region and 3 to 8
s for the post-edge region.

To obtain spectra of adequate quality for both bulk and p-XAS, it was necessary to
average multiple datasets for each sample. EXAFS data reduction was carried out using the
software packages ATHENA and ARTEMIS (Ravel and Newville 2005). For EXAFS data
analysis the k range was fixed at 2.5 to 11, the » range was fixed at 1 to 3.5 and the Aw weighting

was fixed at 3. The amplitude reduction factor S02 was fixed at 1 and the accuracy of this value
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was verified by EXAFS fitting of the synthetic goethite samples. Linear least-squares
combination fitting (LCF) analyses in & space for the bulk limonite and saprolite were performed
to provide quantitative Ni compositions using ATHENA. LCF identified components should be

considered accurate to & 25% of their stated values (Kim et al. 2000; Ostergren et al. 1999).

RESULTS AND DISCUSSION
Limonite p-XFM

Figure 1 shows a synchrotron u-XFM elemental distribution map of Ni, Mn and Fe of the
limonite ore. It is clear that Fe is dominant over the region with some Fe-rich particles being up
to 100 um in size which are likely to be agglomerates of fine-grained goethite particles. The red
and green coloured particles (Ni-rich and Mn-rich, respectively) are also highly variable in size,
being up to approximately 50 um.

The spatial distributions of Ni demonstrate significant fine-scale heterogeneity which is
consistent with previous SEM/EDS observations (Fan and Gerson 2013). Ni association with Mn
can be seen as yellow coloured regions within the limonite ore p-XFM map (Figure 1a) and this
association is further demonstrated by the strong statistical correlation in the scatter plot shown
in Figure 1b. Each spot in the scatter plot represents a pixel in the u-XFM map and the x and y
coordinates are Mn and Ni counts, respectively. The Pearson function, p, has been applied to
assess the correlations quantitatively (Manceau et al. 2002a). A p value of 1 indicates a perfect
positive correlation whereas -1 demonstrates a perfect negative correlation. The p value of the
scatter plot in Figure 1b is equal to 0.81 indicating significant correlation of Ni with Mn.
However, there is also a significant amount of Ni that is not associated with Mn as demonstrated

by the vertical grouping of spots next to the y-axis of Figure 1b. In this case, the p function
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approach can be misleading because clearly Ni and Mn are from a small fraction of the sample
and are present in a few isolated grains. Hence the rest of the sample is devoid of one of the two
elements (Manceau et al. 2002a). Two Ni-Mn hotspots were chosen for further analyses (Spot 1
and 2, Figure 1a).

Significant Ni is also found associated with non-Mn containing grains (such as Spots 3 -
6, Figure 1). Ni is found to be also associated with Fe, which is demonstrated in the scatter plot
(Figure 2c¢) indicating a smaller degree of correlation of Ni and Fe than with Mn, with p value of
0.21. This may suggest that a significant amount of the Ni is not associated with Fe rich grains.
Spots 5 and 6 were chosen for Ni-Fe association examination while Spots 3 and 4 show no

significant Ni-Mn or Ni-Fe associations.

Saprolite p-XFM

The synchrotron XRF map of the saprolite ore is provided in Figure 2a. As for the
limonite ore, the Ni within the saprolite ore is distributed heterogeneously. Again, the yellow
coloured regions represent Ni-Mn association while the purple regions demonstrate Ni-Fe
association. The Pearson function, p, for the Ni-Mn correlation map (Figure 2b) is equal to 0.51,
which is significantly smaller than the 0.84 for the Ni-Mn correlation map (Figure 1b) for the
limonite ore. This smaller correlation is likely to be due to the small fraction of phyllomangante
in the saprolite ore, suggested by the smaller concentration of Mn in the saprolite (0.1 wt%)
compared to that in the limonite (1.6 wt%). Some large Fe-rich particles were found by pu-XFM
of the saprolite. In contrast to the Fe (42.3 wt%) and Ni concentrations (1.2 wt%) in the limonite,
there is smaller concentration of Fe in the saprolite (10.4 wt%) and relatively greater Ni

concentration (2.6 wt%). This suggests that a significant amount of the Ni in the saprolite is
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probably not associated with Fe. A relatively high p value (0.61) for the Ni-Fe correlation map
(Figure 2c) is still observed, probably due to the ubiquitous distribution of Fe oxyhydroxides.
Four Ni-containing locations (Spot 1 for Ni-Mn association, Spots 2 and 3 for non Ni-Mn or Ni-
Fe associations, Spot 4 for Ni-Fe association) were selected for p-XRD and pu-XAS analyses

(Figure 2a).

Synchrotron microprobe characterisation of Ni-containing minerals

Phyllomanganate.

Figure 3 presents the p-XRD patterns of the three Ni-Mn spots chosen from the u-XRF
maps of the limonite and saprolite ores. Spots 1 and 2 of the limonite show similar diffraction
peaks at the d-spacings of 9.40, 4.70, 2.36, 1.88, 1.45 and 1.38 A (Figure 3), which are similar to
d-spacings of lithiophorite ((Al,Li)(MnO,),(OH),'nH,O, PDF card number 41-1378). The first
two d-spacings, 9.40 and 4.70 A, correspond to the 003 and 006 reflections. The lithiophorite
structure consists of a stack of sheets of MnOg octahedra alternating with sheets of (Li,Al)(OH)s
octahedra and transition metals such as Ni and Co commonly substitute into the structure
(Ostwald 1984). The stronger intensities and narrower widths of the diffraction peaks for Spot 2
suggest lithiophorite in Spot 2 may have a greater degree of crystallinity compared to that at Spot
1 but differences in peak intensities may also be due to factors such as variations in texture and
number of diffracting crystallites. XRD phase identification at limonite Spots 1 and 2 indicates
that goethite is present as well as lithiophorite (Figure 3).

Asbolane, another important phyllomanganate mineral, has a similar crystal structure as
lithiophorite but the Li-Al layers are replaced by Ni-Co layers (Manceau et al. 1987). At

saprolite Spot 1, diffraction peaks occur at d-spacings 9.54 4.77, 2.40, 1.71 and 1.41 A, which is
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similar to the d-spacings of asbolane of 9.6, 4.8, 2.4 and 1.4 A (Chukhrov et al. 1982). Asbolane
may contain irregular mixed-layer stacking of Li-Al and Ni-Co layers and consequently displays
variable composition and a range of XRD features (Becquer et al. 2006; Ostwald 1984).

u-XANES of the limonite and saprolite Ni-Mn spots are presented in Figure 4a as
compared to those of phyllomanganate references (NiBi, Lith and Asb). Data of the goethite
standard is also shown. Comparison of the data from the Ni-Mn spots (limonite Spot 1 and 2,
saprolite Spot 1) indicates a considerable degree of similarity to those of NiBi, Lith and Asb but
dissimilarity to the data from goethite. Although both phyllomanganate and goethite are
observed by pu-XRD for limonite Spot 1 and 2 it appears more likely that Ni is associated with
phyllomanganate.

EXAFS fitting has been conducted for the locations of limonite Spot 1 and 2 (Table 2 and
Figure 5). The peaks of the Fourier transform of the normalised background subtracted EXAFS
data from Spot 1 (Figure la) have similar positions and amplitude to those arising from "“Ni
complexes (Manceau et al. 2007). This has also been observed for a phyllomanganate within a
Philippine limonite (Fan and Gerson 2011). The least-squares fit of the data confirms this and
indicates that 6.2(2.5) Mn atoms are present at the Ni to Mn distance of 3.49(5) A (Table 2 and
Figure 5), suggesting that the Ni in limonite Spot 1 is probably absorbed on the Mn octahedral
layer rather than substituting for Mn within the Mn layer which gives rise to a Ni-Mn distance of
typically 2.91 A (Manceau et al. 2002b).

For limonite Spot 2, both Ni K-edge XANES and EXAFS spectra (Figure 5) are almost
identical to that of Lith (lithiophorite reference where Ni replaces Al, Manceau et al. (2002b)).
Both spectra have a unique peak split at k& of 4 A™" (pointed to by the arrow in Figure 5a), which

has not been observed in any other Ni phyllomanganate spectra. Further analysis reveals that the
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Ni-O and Ni-Al distances are equal to 2.04(1) and 2.97(3) A, respectively, which is similar to the
values of Ni substituting for Al in lithiophorite found previously (Manceau et al. 1987; Manceau

et al. 2002b).

Analysis of the p-XRD patterns indicates asbolane (phyllomanganate) is present within
saprolite Spot 1. Comparison of the XANES of these hotspots (Figure 4a) suggests a clear
similarity between saprolite Spot 1 and asbolane, implying that the Ni at saprolite Spot 1 is
associated with asbolane. It is difficult for EXAFS to distinguish between elements of nearly the
same atomic number, such as Ni and Co. However, in this case only a Ni-Ni distance is
considered for the second shell as previous studies have suggested that Co in asbolane is within
the layers of either (Mn,Co)(OH), or possibly CoOOH or Co(OH); (Manceau et al. 1987,
Manceau et al. 1992). EXAFS analysis suggests Ni is surrounded by 6 O at 2.05(1) A and 1.9(8)
Ni at 3.07(4) A (Table 2). Ni K-edge EXAFS spectra of asbolane and lithiophorite are clearly
distinct. Furthermore, the Ni-Al distance in lithiophorite has been found to be equal to 2.94 A
whereas Ni-Ni the distance in asbolane equal to 3.03 A (Manceau et al. 1986; Manceau et al.
2002b). The Ni-Ni distance derived of 3.07(4) A also implies that the Ni is more likely to be

present in the Ni(OH); layers in asbolane than substituted for Al in lithiophorite.

Lizardite.

Ni is also found at some locations (limonite Spots 3 and 4, saprolite Spots 2 and 3),
where Mn is not found and Fe concentrations are small compared to Fe rich particles, such as
limonite Spot 5 and saprolite Spot 4. u-XRD analyses of these spots indicate that serpentine

(lizardite) is present at all of them (Figure 6). As for phyllomanganate, differences in intensities
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and widths of p-XRD peaks cannot be directly related to crystallites as there are other factors
such as texture that may also contribute. XRF spectra suggest that Ni within these spots (data not
shown) is less concentrated than in the Mn enriched grains, such as limonite Spot 1, but
considerably more concentrated than that in goethite (e.g. limonite Spot 5).

The XANES profiles (Figure 4) for limonite Spots 3 and 4, saprolite Spots 2 and 3 and
lizardite, are very similar (Manceau and Calas 1985; Manceau and Calas 1986). A shoulder just
below the absorption edge (Figure 4a) is observed for all these spots as well as lizardite. This is
due to a small distortion of the octahedral environment, indicating the existence of Ni
phyllosilicate.

EXAFS analysis for Spots 3 and 4 of the limonite ore and Spots 2 and 3 of the saprolite
ore (Figure 7) using the structure of lizardite 1T as a starting model reveals Ni has a similar local
structure to the Mg site, which implies Ni replaces Mg in the lizardite structure. The fitted
parameters for all these spots are provided in Table 3. The Ni-O distance is equal to 2.06(1) A
for all the spots. The Ni-Ni distances ranges from 3.06(4) to 3.10(4) A while the Ni-Si distances
are 3.23(4) to 3.33(4) A for the first and second cationic shells respectively, which are consistent
with known Ni-lizardite structural parameters (Manceau 1990). The same structure was also

found for the Philippine saprolite ore (Fan and Gerson 2011).

Goethite.
pu-XRD analyses (Figure 8) suggest that goethite is the predominant mineral present in the
Fe enriched grains (limonite Spots 5 and 6, saprolite Spot 4). u-XRF spectra for limonite Spot 5

suggested the presence of Ni in association with Fe.
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It is difficult to measure Ni EXAFS for these Fe containing grains due to the strong Fe
fluorescence occurring at the Ni K-edge and a large number of scans were needed to obtain
reasonable data. Figure 9 provides a comparison of the experimental and fitted Ni K-edge
EXAFS and Fourier transforms for limonite Spot 5 and goethite.

EXAFS analysis of the synthetic Ni containing goethite reveals a Ni-O distance of 2.04(1)
A and three Ni-Fe distances of 3.03(3), 3.31(4) and 3.52(4) A (Table 4, Figure 9). The three Ni-
Fe shells corresponds to the edge-sharing linkage along the ¢ direction, the edge-sharing linkage
along the b direction and the double-corner linkage along the a direction, respectively. In the
goethite crystal structure, the three respective Fe-Fe distances are 3.01, 3.28 and 3.50 A
(Sampson 1969). Our results (3.08(3), 3.32(4) and 3.53(4) A for limonite Spot 5 and 3.03(3),
3.31(4) and 3.52(4) A for the synthetic goethite, Table 4, Figure 9) are slightly longer than the
Fe-Fe distances in goethite, probably due to the larger ionic radius of Ni*" (0.69 A) as compared
to Fe*" (0.65 A) (Shannon and Prewitt 1969). The second Ni-Fe distance has been reported
previously to be 3.18 A (Manceau et al. 2000) and 3.21 A (de Carvalho-e-Silva et al. 2003). Both
of which are significantly smaller than our Ni-Fe values (3.32(4) A for limonite Spot 5 and
3.31(4) A for the synthetic goethite) and the Fe-Fe value from goethite crystal structure (3.28 A).
The authors attribute this reduced distance to the contraction of octahedra in the bc plane and
expansion in the ab plane. It has also been demonstrated previously in many studies that Ni is
present within the goethite lattice rather than being surface adsorbed (Dublet et al. 2012;
Georgiou and Papangelakis 1998). Our results also confirm the Ni is in the form of Fe

replacement within goethite structure.
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Bulk EXAFS analysis

A comparison of the XANES and EXAFS data arising from the bulk limonite and
saprolite, standards and spots is shown in Figure 4. There is clear similarity of the XANES data
between the bulk limonite and goethite, which is confirmed by LCF analysis. LCF of the EXAFS
spectra (in k-space) of goethite, lithiophorite (Ni replaces Al), birnessite, and lizardite was
utilised to fit the spectra of the limonite bulk sample. Ni association with birnessite in the form of
the TC configuration is observed from p-XAS, but the fraction of this form is small as is
apparent from inspection of the Fourier transform data in Figure 4 and is also confirmed by LCF
(Figurel0a and b). The best fit is obtained using three spectra (goethite, lizardite and
lithiophorite) which suggests that 58 = 15 % of the Ni in the limonite replaces Fe within goethite;
26 = 7 % of the Ni in the bulk limonite is associated with lizardite as replacement of Mg and the
remaining Ni is associated with lithiophorite where Ni replaces Al.

There is a clear similarity of the XANES and EXAFS data among the bulk saprolite,
lizardite and lizardite-containing hotspots in both the limonite and saprolite (Figure 4), implying
that the Ni association with lizardite is dominant in the saprolite ore. LCF of the bulk Ni EXAFS
(Figure 10c and d) of the saprolite suggest that 85 + 21 % Ni in the saprolite replaces Mg in
lizardite, only about 14 + 3 % of the Ni is within the Ni(OH), layer within asbolane and only 1 +
0.3 % of the Ni is associated with goethite through replacement of Fe. Ni in saprolite is mainly
associated with lizardite which has been quantitatively confirmed by previous studies (Dublet et
al. 2012; Fan and Gerson 2011). This is also observed by SEM examinations of an Indonesian

saprolite containing 2 wt% Ni suggest a diverse Ni distribution with Ni mainly being associated
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with Mg silicate and Mg-Fe silicate (mainly serpentine, olivine, chlorite and amphibole) and in

smaller concentrations with goehite, Mn oxide and magnetite (Chen et al. 2004).

IMPLICATIONS

Comparison to other nickel laterites

The dominance of Ni in goethite (58 = 15 % Ni) within the limonite ore examined here is
significantly different in comparison to a Philippine limonite examined previously where 60 *
15 % of the Ni was found to be associated with phyllomanganate, with the remaining 40 + 10 %
incorporated into goethite through replacement of the Fe (Fan and Gerson 2011). However, there
is similarity to a New Caledonian laterite from 34 m depth where 65 % of the Ni was found to be
present in goethite with 21 % in phyllomanganate and 14 % in lizardite (Dublet et al. 2012). This
New Caledonian sample represents a transition zone from saprolite to limonite, which is marked
by a sharp increase of Fe to 47.8 wt% and a sharp decrease of Si to 3.2 wt%. This is very similar
to the Fe and Si contents, 42.3 wt% and 3.4 wt% respectively, in the Indonesian limonite. The
New Caledonian transition laterite was found to be mainly composed of forsterite, enstatite and
serpentine. The Ni-containing serpentine mineral lizardite is found in both the Indonesian and the
New Caledonian limonites. Moreover, there is significant Ni concentration within the Indonesian
limonite lizardite (26 = 7 % Ni) considering the low concentration of lizardite (2 = 1 wt%) in the
ore. In contrast for the Philippine limonite mineralogical analyses by XRD and SEM suggested
the absence of serpentine minerals (Fan and Gerson 2011). The similarity of the New Caledonian

transition laterite and Indonesian limonite in terms of Ni speciation and concentrations of major
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elements suggests that they may result from similar weathering processes of ultramafic rock.

The paste pH values of the Indonesian limonite and saprolite were found to be pH 5.5 (2
— 3 m depth) and pH 7.7 (5 — 6 m depth), respectively, compared to pH 6.3 for the Philippine
limonite (7 — 9 m depth) and pH 7.3 for the Philippine saprolite (21 — 23 m depth). The pH
profile of the New Caledonian lateritic samples was found to vary from pH 9 in the bedrock to
pH 6 in the upper-most sample (Fandeur et al. 2009). More acidic conditions are found in the
upper limonite horizon due to humic acids generated by decay of organic material (Geophysics
Research Board, 1981). The geochemical conditions (e.g. pH) and hydrogeological conditions
(e.g. permeability) may have a significant impact on Ni speciation and distributions within the
lateritic profile. It has been reported that Ni tends to absorb above the Mn octahedral layer within
phyllomanganate at low pH, whereas substitution of Ni for Mn in Mn layer occurs on pH
increase (Manceau et al. 2007; Peacock and Sherman, 2007). The bulk and u-EXAFS studies
described here suggest that Ni is adsorbed onto the Mn layers of phyllomanganate in the acidic
limonite, implying pH may be a controlling parameter for Ni association and formation of the
phyllomanganate.

The concentration of Ni in serpentines (85 £ 21 %) for the Indonesian saprolite examined
here is greater than any of the New Caledonian saprolites (Dublet et al. 2012) where typically
less than 70 % of the Ni was found to be associated with serpentine with the remaining Ni being
located within goethite. However, it is similar to that of the Philippine saprolite ore where 90 %
of the Ni is associated with serpentine with the remaining located within phyllomanganate (Fan
and Gerson 2011). The sampling depths are apparently different: 5 — 6 m for Indonesian saprolite,

21 — 23 m for the Philippine saprolite and a variety of depths below 37 m for the New
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Caledonian saprolites. Ni association within phyllomanganate was not found in most of the New
Caledonian saprolites with the exception of the 52.5 m sample where Ni phyllomanganate
accounts for 13 %. The presence of Ni phyllomanganate in both the Philippine and Indonesian
saprolites may be related to the relatively shallower sampling depth. It has been suggested that
Ni-containing phyllomanganate occurs as generally veins and coatings particularly at the lowest

part of the upper limonite horizon (Dalvi et al. 2004).

Implications for hydrometallurgy of nickel laterites

Improved knowledge of the forms of Ni present in nickel laterites is essential for better
understanding of industrial leaching mechanism and thus the design of cost-effective nickel
concentration and leaching strategies. A reducing reagent, e.g. sulfur dioxide, may be used to
adjust redox potential for the dissolution of phyllomanganates (Vanbrabant et al. 2013) but is not
required for the dissolution of other major Ni-containing minerals, e.g. goethite and lizardite.
The application of reducing reagents may not be economic if Ni concentration in
phyllomanganates is not significant. For instance, 60 = 15 % of the Ni is associated with
phyllomanganates in the Philippine limonite (Fan and Gerson 2011), compared to 16 £ 4 % in
the Indonesian limonite. It may therefore be essential to use reducing reagents for
hydrometallurgical process of the Philippine limonite in order to dissolve phyllomanganates and
release most of the Ni. This demonstrates that a good understanding of the mineralogy of an ore,
particularly full definition of multiple sources of valuable metals, is important in mineral

processing with optimum extractive efficiency.
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568  Table 1 Elemental composition of the limonite and saprolite (wt%).

Sample Al Co Cr Fe Mg Mn Ni S Si

Limonite 5.4 0.3 1.0 423 02 1.6 1.2 0.3 3.4

Saprolite 1.1 0.0 0.2 104 140 0.1 2.6 0.0 19.0

569

570

571  Table 2 Structural parameters R (A), CN and o (A) derived from the EXAFS data analysis of

572 three phyllomanganate-containing hotspots.

Location Bond R CN o AE Res

Ni-O 2.07(1) 6° 0.006(1) -3.7 24
limonite Spot 1
Ni-Mn 3.49(5) 6.2(2.5) 0.020(4)

Ni-O 2.04(1) 6° 0.006(1) -4.6 21
limonite Spot 2
Ni-Al 297(3) 2.2(9) 0.005(1)

Ni-O 2.05(1) 6° 0.007(1) -19 26
saprolite Spot 1
Ni-Ni 3.07(4) 1.98) 0.007(1)

573 R - interatomic distance; CN - coordination number; ¢ - Debye-Waller factor; AE -inner potential
574 correction in eV; Res - reduced Xz; interval of the inverse Fourier transform: 1.0-3.5 A; ® Fixed
575 value.
576
577
578
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579  Table 3 Structural parameters R (A), CN and o (A) derived from the EXAFS data analysis of
580 lizardite.
Location Bond R CN pX AE Res
Ni-O 2.06(1) 6 0.007(1) -4.1 8.0
limonite Spot 3 Ni-Ni 3.10(4) 2.8(1.1) 0.006(1)
Ni-Si 3.26(4) 3.8(1.5) 0.013(3)
Ni-O 2.06(1) 6° 0.007(1) -2.8 10.6
limonite Spot 4  Ni-Ni 3.06(4) 3.3(1.3) 0.004(1)
Ni-Si 3.33(4) 3.3(1.3) 0.003(1)
Ni-O 2.06(1) 6 0.006(1) -3.3 6.0
saprolite Spot 2 Ni-Ni 3.09(4) 5.2(2.1) 0.010(2)
Ni-Si 3.25(4) 2.9(1.1) 0.003(1)
Ni-O 2.06(1) 6° 0.008(1) -3.9 7.3
saprolite Spot 3 Ni-Ni 3.08(4) 7.2(2.9) 0.010(2)
Ni-Si 3.23(4) 3.4(1.4) 0.008(2)
581 R - interatomic distance; CN - coordination number; ¢ - Debye-Waller factor; AE -inner potential
582 correction in eV; Res - reduced ’; interval of the inverse Fourier transform: 1.0-3.5 A; * Fixed value.
583
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584  Table 4 Structural parameters R (A), CN and ¢ (A) derived from the EXAFS data analysis of

585  synthetic Ni goethite and limonite Spot 5.

Location Bond R CN X AE Res

Ni-O 2.04(1) 6° 0.005(1) -5.0 24.1
Ni-Fe 3.03(3) 2.7(1.1) 0.010(3)

Goethite
Ni-Fe 3.31(4) 1.9(8) 0.010(3)b

Ni-Fe  3.52(4) 3.3(1.3) 0.0103)"

Ni-O 2.04(1) 6° 0.006(1) -5.3 4.0
Ni-Fe 3.08(3) 1.4(8)  0.005(1)

limonite Spot 5
Ni-Fe 3.32(4) 2.1(9)  0.005(1)°

Ni-Fe  3.53(4) 2.5(1.2) 0.005(1)°

586 R - interatomic distance; CN - coordination number; ¢ - Debye-Waller factor; AE -inner potential
587 correction in eV; Res - reduced *; interval of the inverse Fourier transform: 1.0-3.5 A; *Fixed value; ™
588 Fixed to the value determined for Ni-Fe.
589
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591

592 Figure 1. (a) 600 x 750 um synchrotron u-XFM map of a selected region of the
593  limonite sample. This tri-coloured map shows the elemental distributions of Ni (red), Mn
594  (green) and Fe (blue). Two scatter plots for Ni-Mn correlation (b), and Ni-Fe correlation (c),
595  are given for the same region. Six locations on (a) (Spots 1 - 6) were chosen for further p-
596  XRF, u-XRD and p-XAS analyses. Spot 1 and 2 are rich in both Mn and Ni. Spot 3 and 4 are

597  rich in Ni only while Spot 5 and 6 are rich in Ni and Fe.

598
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Figure 2. 1200 x 1000 pm synchrotron pu-XFM map of a selected region of the

saprolite sample (a), and scatter plots for the Ni-Mn correlation (b), and the Ni-Fe correlation

(c), for the same region.
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605 Figure 3. p-XRD patterns collected at the X-ray energy of 17 keV for two locations

606  selected from the limonite pu-XFM map (limonite Spot 1 and 2, see Figure la) and one

607  location selected from the saprolite u-XFM map (saprolite Spot 1, see Figure 2a).

608
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Figure 4. Comparison of normalised XANES (a), and EXAFS (b), at the Ni K-edge

of selected locations from the pu-XFM map of limonite and saprolite (limonite Spots 1 — 5

from Figure 1a, saprolite Spots 1 — 3 from Figure 2a), bulk limonite and saprolite samples

and the spectra of a series of references, Goet (Ni goethite), NiBi (birnessite), Liz (Ni

lizardite), Lith (lithiophorite, Ni replaces Al) and Asb (asbolane).
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Figure 5. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and

imaginary part of their Fourier transforms (b), for limonite Spots 1 and 2 and saprolite Spot 1.
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Figure 6. u-XRD patterns collected at X-ray energy of 17 keV for two locations
selected from the limonite u-XFM map (Spots 3 and 4, Figure 1a) and two locations selected
from the saprolite u-XFM map (Spots 2 and 3, Figure2a). Bulk XRD of lizardite collected

using Co Ka radiation is also presented to compare with the p-XRD results.
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Figure 7. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and

imaginary part of their Fourier transforms (b), for limonite Spots 3 and 4 and saprolite Spots

2 and 3.
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Figure 8. u-XRD patterns collected at X-ray energy of 17 keV for two locations
selected from the limonite p-XFM map (limonite Spots 5 and 6, Figure 1a) and one location
selected from the saprolite u-XFM map (saprolite Spot 4, Figure 2a). Bulk XRD of synthetic

goethite collected using Co Ko radiation is also presented to compare with the pu-XRD

results.
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Figure 9. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and

imaginary part of their Fourier transforms (b), for limonite Spot 5 and goethite.
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Figure 10. LCF of the EXAFS data (a), and Fourier transform (b), for the bulk

limonite as a combination of the spectra derived from goethite, lizardite and lithiophorite; and

the EXAFS data (c), and Fourier transform (d), for the bulk saprolite as a combination of the

spectra derived from lizardite, asbolane and goethite.
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