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Mineralogy and crystal chemistry of a low grade nickel laterite ore
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Abstract: To acquire understanding of Ni enrichment from laterite ore, the mineralogy and crystal chemistry of a low grade limonite
type nickel laterite ore sample assaying 0.97% Ni from Indonesia were studied using optical microscopy, X-ray diffraction (XRD),
scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). According to EPMA results, the mineral includes
80% goethite ((Fe, Ni, A)O(OH)) with 0.87% Ni, 15% silicate minerals with lizardite (Mg, Fe, Ni);Si,05(OH)) and olivine (Mg,
Fe, Ni),Si0,), and 1.19% Ni, and other minor phases, such as hematite, maghemite, chromite and quartz, and no Ni was detected.
The mineralogy of the laterite ore indicates that due to the complicated association of the various phases and the variable distribution

of Ni, this refractory laterite ore can not be upgraded by traditional physical beneficiation processes.
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1 Introduction

As an important metal, nickel is widely used in
stainless steel and new material industries. According to
marketing observations, 66.2% of the total metal nickel
is consumed by the stainless steel industry [1]. Rapid
expansion of these industries, especially stainless steel
manufacture, dramatically has increased the demand for
nickel in recent years [2]. Of all the land nickel reserves,
30% exists as sulfide ores with the balance comprised of
oxide ores. The oxide ores are typically referred to as
nickel laterite ores [3]. In traditional nickel industries,
about 60% of the metal nickel was produced from sulfide
ores about ten years ago [4]. However, miners of nickel
sulfide ores have been confronted with increasing
challenges due to much deeper drilling requirements,
higher production costs and more depleting reserves.
Therefore, nickel laterite ore has attracted greater
attention in recent years, leading to about 50% of metal
nickel being produced from laterite currently [5,6]. China
has become the largest nickel consumer in the world due
to soaring production of stainless steel. More nickel

laterite ores are imported into China because of the
depletion of domestic nickel sulfide
Consequently, it is of great importance to the Chinese
economy to effectively utilize low grade nickel laterite
ore [7].

Nickel laterite ores are formed by the weathering of
olivine bedrock in tropical to sub-tropical climates [8,9].
There are some previous studies on the mineralogy of
nickel laterite ores from New Caledonian, Cuba, Greece,
Turkey, Africa, India and Australia, but little work is
found on Indonesia laterite ores. The association of
metals such as Mg, Ni, Mn and Co with goethite has
been rigorously studied by previous researchers [10], but
fewer studies have been completed on the metals
association within low grade laterite ore. In this work,
low grade nickel laterite sample from Indonesia for a
subsequent Ni enrichment mechanism was studied to
understand the association of Ni.

resources.

2 Experimental

2.1 Nickel laterite ore sample
A low grade nickel laterite ore sample from
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Indonesia was selected for the study. The chemical
composition is listed in Table 1 and the loss on ignition is
13.23%. Polished blocks were prepared from
representative sub-samples of the ore using the analytical
techniques. Due to the soft and friable nature of the ore,
the sample was crushed to size of 4 mm to ensure the
adequate quality of polished blocks.

Table 1 Chemical composition of nickel laterite ore sample
(mass fraction, %)

Fe FeO Ni Co Cr,0; MnO

40.09 1.14 0.97 0.089 2.86 0.82

SiO, Al,O4 CaO MgO S P
12.55 6.52 0.3 4.65 0.035 0.0063
2.2 Method

A Zeiss Axiophot optical microscope at CSIRO
Process Science and Engineering’s Brisbane laboratory,
Australia was used to observe the microstructure and an
Axio Vision 4.6 was used for image acquitting. XRD
analysis was carried out on a D/MAX2500X X-ray
diffractometer at Changsha Research Institute of Mining
and Metallurgy, China. Scanning electron microscopy
and electron probe micro analysis tests were carried out
at University of Queensland, Australia. Scanning
electron microscopy (SEM) including backscatter
electron imaging (BSE), energy dispersive X-ray
spectrometry (EDAX) and micro beam spot chemical
analyses were carried out for several representative ore
samples. The analyses were carried out using a JEOL
superprobe microanalyser, model JXA—8200L.

For the analyses, representative particles of the ore
material were set in an epoxy resin mount, which was
then sectioned to expose the sample before being
polished using successively finer diamond paste, down to
a final cutting size of 1 pm. The sample was then coated
with a 25—30 nm thick carbon film prior to analysis. All
the polished resin mounts were examined under the
optical microscope equipped with a digital image
acquiring system and connected to a personal computer.
The image acquiring software AXIO Vision was used to
optimize and save the digital images. Different ore
minerals and associated gangue minerals present were
identified under the optical microscope. These optical
images were used as basic guide maps for electron probe
micro-analyzer (EPMA). The EPMA analyses were
carried out in the Centre for Microscopy and
Microanalysis (CMM) at the University of Queensland,
using a JEOL Super Probe 8800L equipped with
wavelength-dispersive spectrometer. The micro-probe
was operated with an accelerating voltage of 15 kV,

current of 15 nA and spot size from 0 to 5 um, and
counting time was 30 s for major elements and 40 s for
trace elements. The analysis of standard samples was
conducted first to calibrate the results.

3 Results and discussion

3.1 Mineral composition

The XRD pattern of the laterite ore sample is shown
in Fig. 1 and the result indicates that goethite ((Fe, Ni,
ADO(OH)) accounts for 80%, silicate minerals (lizardite
(Mg, Fe, Ni);Si)05(OH)) and olivine ((Mg, Fe,
Ni),Si04)) account for about 15% of the total phases in
the sample. Other trace minerals include chromite ((Fe,
Mg)O(Cr, Fe, Al),0O;3), hematite (Fe,O;), maghemite,
quartz and asbolane. According to all of the analytical
results, no independent nickel minerals were observed,
which is consistent with other researchers [11]. The
porous structure of goethite and silicates during the
weathering and leaching process absorbs nickel
randomly, so nickel could not be upgraded effectively by
traditional beneficiation processes due to the low Ni

grade.

4+ — Lizardite
= — Goethite
» — Hematite

10 20 30 40 50 60
20/(°)

Fig. 1 XRD pattern of laterite ore sample

3.2 Goethite

As the dominant phase, most goethite particles are
closely associated with silicate minerals, chromite,
quartz and maghemite, as shown in Fig. 2. Two types of
goethite structures are observed in this study, earthy
goethite and vitreous goethite. Earthy goethite is
recognized for its fine grained and friable nature, and
vitreous goethite is recognized due to its hard and
compact nature. In Fig. 2(a), earthy goethite with
minor hematite is the main phase, whilst in Fig. 2 (c)
hematite (point 1), silicate (point 3), chromite (point 4)
and quartz (point 5) are observed embedded in earthy
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Fig. 2 OM images showing complex structure of goethite in laterite sample including earthy goethite associated with hematite (a),
lizardite (b), chromite (c) and vitreous goethite (d) (1—Hematite; 2—Lizardite; 3—Silicate; 4—Chromite; 5—Quartz; 6—Magnetite)

Vitreous
structures with hematite, chromite, silicate minerals and
magnemite inclusions, as shown in Fig. 2(d).

Figure 3 illustrates the earthy goethite structure
using optical microscopy and SEM backscatter
image-BSE, respectively. Areas (I) and (II) in Fig. 3(b)
are selected for minerals spectroscopic analysis due to

goethite. goethite occurs in rectangular

the representative structure. The results are shown in
Figs. 3(e)—(j). It is observed in the high magnification
image (Fig. 3(c)) that the earthy goethite matrix is
densely populated with fine grained inclusions of
hematite, lizardite and other minerals down to a size of
approximately 10 pum. This highlights the requirement
for very fine grinding to achieve nickel enrichment
through physical separation. In the earthy goethite matrix
(point 8), Al and Mg are detected in Fig. 3(e), as well as
Fe and O. However, no obvious Ni peak is detected. As
shown in Fig. 3(c), goethite (point 3) with size of 20 um
is detected. This goethite particle is associated with
strong peaks of Fe, O, Al and Si; and even a weak Ni
peak is evident (Fig. 3(h)). Quartz shows high purity in

Fig. 3(i) because of the dense structure. According to
other work [12,13], on the limonitic laterite ore, nickel
is rich in goethite accompanied by intergrowth of silicate
minerals. This is also evident in SEM analysis resulted
from Fig. 3(h), wherein Ni and Si both show weak peaks
compared with Fig. 3(e).

The EPMA analysis results are shown in Fig. 4 and
Table 2. The analyzed areas are marked by the numbers
and the line indicates the linear probe analysis trajectory.
Silicates and goethite are the two Ni host phases
containing 1.19% and 0.82% Ni, respectively. Hematite
and quartz components are of high purity. Organic
minerals are found in goethite particles at a trace level.

To study the relationship among the inclusion
elements in goethite phase, linear elemental analysis was
conducted. The results are shown in Figs. 5 and 6. The
lines in Figs. 5(a) and (b) and Figs. 6(a) and (b) illustrate
the analysis path. Earthy goethite particles in the
analyzed areas contain high Ni in association with high
Si concentration. Fe wvaries antithetically with Al
concentration, which is consistent with previous research
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Fig. 3 SEM analyses of earthy goethite particles: (a) Optical image; (b) BSE image in low magnification; (c), (d) BSE image in high

magnification; (e)—(j) EDAX spectra
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Fig. 4 BSE image of complicated earthy goethite particles
under EPMA (16, 18, 27, 28—silicates; 14, 36—hematite; 43—
goethite; 26—organic mineral)
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work and shows that Al is common to substitute Fe in
goethite [14,15]. The common substitution is due to the
same valence and comparable ironic radius. All these
findings are consistent with previous research on reaction
(1) during laterite ore mineralization [11]:

Nickel rich nontronite—s>goethite+quartz+Si> +Ni** (1)

This process occurs under acid conditions that Si**
and Ni*" might deposit in porous goethite, resulting in
the similar distribution of Ni and Si which could explain
the association behaviors of Ni within earthy goethite.

3.3 Silicate minerals

The microstructure of lizardite particles is
illustrated in Fig. 7. Long lizardite particles with a
tabular geometry are observed, as shown in Figs. 7(a),

Table 2 Mineral compositions of complicated earthy goethite particles measured by EPMA

Mineral w(0)/% wiNi)/%  w(Co)% wMg)/% wFe)%  wAD/% wMn)/%  w(Si)/% Total/%
Silicate 28.44 1.19 0.02 5.29 14.10 0.36 0.02 19.47 69.50
Earthy goethite 23.78 0.82 0.05 0.17 42.19 4.54 0.23 2.08 75.65
29.44 0.07 0.13 0.20 70.31 0.00 0.18 0.25 98.75
Hematite
. 52.47 0.07 0.03 0.01 0.93 0.01 0.01 41.14 94.79
quartz organic
9.16 0.04 0.00 0.66 0.52 0.03 0.04 0.00 12.58
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Fig. 5 EPMA analyses of vitreous goethite: (a), (b) BSE image and corresponding elemental analysis of particle 1#; (c), (d) BSE

image and corresponding elemental analysis of particle 2#
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Fig. 6 EPMA analyses of earthy goethite: (a), (b) BSE image and corresponding elemental analysis of particle 3#; (c), (d) BSE

images and corresponding elemental analysis of particle 4#

(b), (d), (f) and (g), in contrast to the erratic geometry
commonly associated with vein textures in Figs. 7(c), (e)
and (h). Lizardite is evident as an independent phase
associated with goethite as shown in Figs. 7(f) and (g)
and chromite as shown in Fig. 7(h).

Optical and BSE images with associated
spectroscopic analyses of lizardite and associated vein
quartz are shown in Fig. 8. The detected lizardite appears
as dark area in Figs. 8(a) and (b); however, there is
associated vein quartz, as shown in Fig. 8(c). Ni is
detected at concentration as high as 9% in the lizardite
phase, as shown in Fig .8(d).

The EPMA analysis of lizardite is presented in
Fig. 9, in which Fig. 9(b) is taken from the rectangular
area in Fig. 9(a) analyzed by EPMA along the line, and
the BSE image is shown in Fig. 9(c). Lizardite contains
2.23% Ni and 30% combined water. According to
previous studies [11], during the dissolution of serpentine
or olivine, reaction (2) occurs:

Mg serpentine+Ni*"—>Ni serpentine+Mg>" 2

This reaction illustrates that Ni-bearing silicates in
laterite ore are formed due to the ionic exchange

reactions, which is agreed with this study. It is shown in
Fig. 9(d) that the silicates broadly possess reverse
concentrations of Ni with Mg.

3.4 Other phases
3.4.1 Asbolane

Asbolane could be occasionally found to contain
more Ni and Co compared with other Ni-bearing
minerals (Fig. 10). Porous asbolane is embedded in
earthy goethite, similarly to goethite and lizardite.
However, from the optical and BEI images, the asbolane
and goethite form aggregates and the obvious interlinkge
of the two phases contributes to complex chemical
results during the EPMA tests. This is evident from the
high iron compositions from asbolane analysis. In
contrast to the other mineral components discussed,
asbolane contains Co as high as 3.06%. Mn, Fe, Co, Ni,
Al and Si contents are plotted in Fig. 10(d). Asbolane is
the main Co-bearing phase from this study, and the same
results are found from the nickel laterite deposited in
Moa Bay area, Cuba. Nickel, cobalt and aluminum are
detected accumulating in asbolane [16].
3.4.2 Maghemite, chromite and quartz

Maghemite, chromite and quartz possess a dense
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Fig. 7 Optical images of various lizardite of laterite sample: (a), (b) Independent particles; (c), (d), (e), (), (g) Lizardite associated
with goethite; (h) Lizardite associated with chromite (L—lizardite, G—goethite, C—chromite)
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Fig. 8 Microstructures and EDX analyses of lizardite particles: (a) Optical image; (b) BSE image; (c), (d) EDAX spectra
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Fig. 9 EPMA analyses of lizardite particles: (a) Optical image in low magnification; (b) Optical image in high magnification; (c) BSE
image; (d) Elemental analysis
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Fig. 10 EPMA analyses of asbolane: (a) Optical image in low magnification; (b) Optical image in high magnification; (c) BSE image;
(d) Elemental analysis (Mn—Asbolane)
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Table 3 Average compositions of minerals (mass fraction, %)

915

. Mineral . .
Mineral . (¢ Ni Co Mg Cr Fe Al Mn Si Total
proportion

Goethite 77.54 24.55 0.87 0.06 0.28 0.74 4423 3.79 0.25 1.80 77.06

Asbolane - 17.14 2.31 3.06 0.33 0.07 12.30 1.08 19.95 0.38 57.46

Silicates 13.43 36.93 1.19 0.02 11.77 0.19 10.55 0.52 0.06 21.12 82.94

Chromite 3.14 33.00 0.06 0.07 5.00 34.43 19.72 6.63 0.41 0.11 99.48

Quartz 0.92 51.24 0.13 0.02 0.20 0.08 2.51 0.06 0.02 41.23 95.53

Hematite 2.96 28.59 0.14 0.11 0.61 0.21 66.55 0.61 0.23 0.18 98.5
structure with smooth surface when polished and could 70(1-4): 23-39.
be either observed in close association with goethite and [5] PICKLES C A. Microwave heating behaviour of nickeliferous
lizardite, or exhibit as independent phases. However, limonitic laterite ores [J]. Minerals Engineering, 2004, 17: 775-784.
according to SEM and EPMA, no Ni is detected in these [6] MCDONALD R G, WHITTINGTON B 1. Atmospheric acid leaching
phases of nickel laterites review Part II. Chloride and bio-technologies [J].

' Hydrometallurgy, 2008, 91: 56—69.
- . [77 ZHU D Q, CUL Y, PAN J, QIU G Z, LI Q H. Investigation on
3.5 Compositions of minerals A . =
. manufacture of ferronickel from low grade nickel laterite by
The EPMA analyses of least 30 points from each A . A A ‘

. pre-reducing—magnetic separation-smelting process [C]//Science
main phase measured for element contents and the Press. Proceedings of XXIV International Mineral Processing
average results are summarized in Table 3. Asbolane, Congress. Beijing: Beijing General Research institute of Mining &
quartz, hematite and maghemite compositions are at Metallurgy, 2008: 1622—1633.
trace levels, and asbolane is listed because it contains [8] THORNE R, HERRINGTON R, ROBERTS S. Composition and
hlgh Co. origin of the Caldag oxide nickel laterite W Turkey [J]. Mineralium

Deposita, 2009, 44(3): 581-595.
4 Conclusions [9] YONGUE R, YEMEFACK M, WOUATONG A S L, NDJIGUI P D,
BILONG P. Contrasted mineralogical composition of the laterite
1) The studied laterite sarnple consists of 80% cover on serpentinites of Nkamouna-Kongo, southeast Cameroon [J].
. . . Clay Minerals, 2009, 44(2): 221-237.
goethite with porous and soft structure, 15% silicate Y ) ) ) )

. . . .. . [10] LANDERS M, GILKES R J. Dehydroxylation and dissolution of
minerals (lizardite and olivine) and other minor phases, o L . o .
eludi h X hemi h K nickeliferous goethite in New Caledonian lateritic Ni ore [J]. Applied
1nc’ud1ng c romltfe, glag emltc?, ematite and quartz, but Clay Science, 2007, 35(3—4): 162-172.
no independent Ni minerals exist. [11] ELIAS M, DONALDSON M J, GIORGETTA N. Geology,

2) Goethite and silicates phases are the Ni host mineralogy and chemistry of lateritie nickel-cobalt deposits near
PhaSCS which contain 0.87% and 1.19% Ni; reSpeCtiVely- Kalgoorlie western australia [J]. Economic Geology, 1981, 76(4):
Because of the low Ni concentration and variable 1775-1783.
distribution in these phases, effectively upgrading by [12] OLIVERIRA S M B, PARTITI C S M, ENZWEILER J. Ochreous
physical beneficiation processes would be Challenging. laterite: A nickel ore from Punta Gorda, Cuba [J]. Journal of South
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