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ABSTRACT 8 

Nickel is typically distributed across a number of fine-grained minerals in nickel laterites, 9 

formed by intense tropical weathering of ultramafic rocks. Indonesia accounts for approximately 10 

16% of the world’s lateritic nickel reserves, which play an increasing role in global nickel 11 

production. However, relatively few geochemical studies of Indonesian laterites have been 12 

undertaken and quantification of Ni speciation is unclear. In this study the Ni geochemistry of an 13 

Indonesian laterite composed of limonite and saprolite has been examined using synchrotron 14 

microprobe analysis (microprobe X-ray fluorescence microscopy, µ-XFM; microprobe X-ray 15 

diffraction, µ-XRD; microprobe X-ray absorption spectroscopy; µ-XAS) and bulk XAS. This 16 

approach provides semi-quantitative species specific information not readily obtainable using 17 

traditional laboratory methods which are hampered by the fine grained heterogeneous nature of 18 

laterites. In the limonite 16 ± 4 % of the Ni was found to be substituted for Al in lithiophorite 19 

with 26 ± 7 % being associated with lizardite (a serpentine) substituted for Mg. A minor 20 
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proportion of the Ni is adsorbed onto the Mn layers of phyllomanganate (e.g. lithiophorite). 21 

However the majority of the Ni, 58 ± 15 % is substituted for Fe in goethite. The majority of the 22 

Ni (85 ± 21 %) within the saprolite is found to be associated with lizardite, the predominant 23 

mineral. A few relatively large Ni asbolane grains are also observed which account for 14 ± 3 % 24 

of the Ni with the remaining 1 ± 0.3 % of the Ni replacing Fe within goethite. 25 

 26 
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 29 

INTRODUCTION 30 

 Nickel laterites are formed by intense tropical weathering of ultramafic rocks, such as 31 

peridotites and serpentinites (Golightly 1981). The resulting profiles can be highly variable due 32 

to factors such as climate, topography, drainage and other hydrological influences, mineralogy 33 

and bedrock structure (Gleeson et al. 2003). Despite the diversity of lateritic profiles, some 34 

common features can be found enabling laterite types to be classified as oxide, clay or silicate 35 

laterites (Brand et al. 1998). 36 

 On prolonged weathering ultramafic strata decompose releasing mobile elements such as 37 

Fe, Ni, Mg and Si. Fe and Al are less soluble than Mg and Si and hence are enriched in the upper 38 

zone forming the oxide limonite layer which is rich in goethite, hematite and Mn oxides. Ni and 39 

Co are also strongly incorporated and co-precipitated into Mn oxides such as lithiophorite and 40 

asbolane (Elias 2001). Some Ni percolates from the overlying limonite layer and is incorporated 41 

into the underlying hydrous silicate saprolite layer which is rich in serpentine minerals (Elias 42 
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2001). Silicate laterites are formed after a long period of aggressive weathering. The saprolite 43 

zone may also occasionally be composed of clay minerals, predominantly the smectite clay 44 

nontronite. Clay laterites are formed in less severe weathering conditions (Gaudin et al. 2005). 45 

 Ni speciation within a wide variety of mineral samples, such as goethite (de Carvalho-e-46 

Silva et al. 2003; Manceau et al. 2000; Singh et al. 2002), phyllomanganate (Manceau et al. 1987; 47 

Manceau et al. 2002b; Peacock and Sherman 2007; Peña et al. 2010; Roqué-Rosell et al. 2010) 48 

and phyllosilicates (Dähn et al. 2006; Kiczka et al. 2010; Manceau and Calas 1985; Manceau and 49 

Calas 1986) has been extensively investigated. However, these studies have mostly focused on 50 

individual mineral rather than natural laterites where Ni is typically distributed across a number 51 

of fine-grained minerals. 52 

 Traditional mineralogical measurements of such fine grained and heterogeneous samples, 53 

such as powder X-ray diffraction and selective chemical extraction, provide bulk, volume-54 

averaged data that obscure important spatially variable information. Bulk XAS also provides 55 

volume-averaged information regarding the local environments of the metal of interest. The 56 

interpretation of bulk XAS data for a material containing multiple species, as is frequently the 57 

case in an ore or soil sample, requires a complete database of reference spectra. Microprobe XAS 58 

probes individual grains at a micron scale, offering selective local information that can be 59 

utilised in the interpretation of bulk XAS data. Synchrotron-based µ-XFM (microprobe X-ray 60 

fluorescence microscopy), µ-XRD (microprobe X-ray diffraction) and µ-XAS (microprobe X-61 

ray absorption spectroscopy), together with bulk XAS analysis, provide a powerful tool to 62 

examine both lateritic samples at micron scale and also semi-quantitative analysis of the 63 

predominant Ni associations within the bulk materials. 64 
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 Indonesia accounts for approximately 16 % of the world’s lateritic nickel reserves, which 65 

play an increasing role in global nickel production (Berger et al. 2011). As for Philippine’s 66 

laterites, and due to the similar climatic conditions, Indonesian nickel laterites generally contain 67 

only upper oxide and lower silicate zones, e.g. limonite and saprolite respectively (Dalvi et al. 68 

2004). However, relatively few geochemical studies of Indonesian laterites have been undertaken 69 

and quantification of Ni speciation is unclear.  70 

 Synchrotron-based XAS methods have recently been applied in nickel laterites of 71 

Philippine (Fan and Gerson 2011) and New Caledonia (Dublet et al. 2012), providing 72 

comprehensive details of Ni speciation in these two types of nickel laterites. The study presented 73 

here focuses on the speciation and distribution of Ni within the complex fine grained mineral 74 

assemblage present in an Indonesian limonite and saprolite laterite indicating a significantly 75 

different profile of Ni distributions compared to those in Philippine and New Caledonia. 76 

 77 

MATERIALS AND METHODS 78 

Samples and reference materials 79 

 The ore samples were obtained from Raja Ampat, West Papua, Indonesia (Fan and 80 

Gerson 2013). The limonite ore was selected from the upper Fe-rich laterite fraction (2 – 3 m) 81 

and the saprolite ore from the lower Mg-rich laterite fraction (5 – 6 m). Both ore samples 82 

collected (≈20 kg each) were dried and homogenised, and 1 kg representative sample for each 83 

ore was crushed and ground to obtain fine grains. The paste pH of the ore samples was measured 84 

in suspensions with a solid/liquid weight ratio of 1:2, after 10 min shaking and overnight settling. 85 

The pH values are 5.5 and 7.7 for limonite and saprolite ores, respectively. Particle size analysis 86 
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(Matersizer 2000) suggests the iron-rich limonite ore contained around 80 % of particles less 87 

than 30 µm in size. In contrast, the particle size of the saprolite ore is not as fine with 40 % of the 88 

saprolite particles being less than 30 µm in size, and around 35 % of the saprolite particles being 89 

larger than 100 µm. Large rocks of diameter greater than 5 cm are also found in the saprolite ore. 90 

 The ores were embedded in resin, mounted onto a silicon backing plate (0.5 mm thick, 91 

Sigma Aldrich) and then polished to a thickness of ≈40 μm for synchrotron microprobe 92 

measurements. For bulk XAS, the ores were ground by hand with an agate mortar and pestle. 93 

 A synthetic goethite sample containing 1.9 mol% Ni, referred to hereafter as Goet, was 94 

used as a XAS reference. Its synthesis and characterisation are detailed elsewhere (Fan and 95 

Gerson 2011). Lizardite sample was obtained commercially from GEO Discoveries Australia Co. 96 

The phase purity of these materials was confirmed by bulk XRD. EXAFS spectra of asbolane 97 

and lithiophorite (referred to hereafter as Asb and Lith) were provided by Alain Manceau 98 

(ISTerre, CNRS and Université Joseph Fourier) with description and characterisation of these 99 

two standards being provided in Manceau et al. (1987) and Manceau et al. (2002), respectively. 100 

An EXAFS spectrum of Ni-sorbed birnessite, referred to hereafter as NiBi, was provided by 101 

Caroline Peacock (University of Leeds). The synthesis methodology and characterisation of the 102 

resultant solid are provided in Peacock and Sherman (2007). 103 

 104 

Analytical methods 105 

 Mineralogical analysis. 106 
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 The samples were dry ground to a fine powder in an agate mortar and pestle for elemental 107 

composition analysis. Metal concentrations in the solids were determined using inductively 108 

coupled plasma-atomic emission spectrometry (ICP-AES, Table 1). 109 

 Lab-based mineralogical studies of the ore samples were performed and are described in 110 

(Fan and Gerson 2013). Rietveld analysis of the XRD data indicated that the limonite ore is 111 

composed of 78 ± 5 wt% goethite, 2 ± 1 wt% lizardite (serpentine group mineral), 1 ± 1 wt% 112 

maghemite (spinel), 2 ± 1 wt% gibbsite, 3 ± 1 wt% quartz, 6 ± 2 wt% clinopyroxene, 6 ± 2 wt% 113 

talc, 1 ± 1 wt% hercynite (spinel), 0.5 ± 0.8 wt% enstatite and a small component of (approx, 1 114 

wt%) unidentified material. It is estimated that the limonite ore contains approximately 5 wt% 115 

phyllomanganate based on the assumption that all the 1.6 wt% Mn is associated within 116 

phyllomanganate. This assumption is supported by SEM analyse which did not show Mn to be 117 

present in detectable concentrations in goethite grains selected from the limonite ore (Fan and 118 

Gerson 2013).   119 

 For the saprolite ore, Rietveld XRD analysis indicated that it contains 27 ± 3 wt% 120 

lizardite, 21 ± 3 wt% goethite, 10 ± 2 wt% enstatite, 3 ± 1 wt% diopside, 5 ± 2 wt% olivine, and 121 

5 ± 2 wt% montmorillonite. 122 

 123 

Synchrotron microprobe analysis. 124 

 Bulk Ni K-edge XAS spectra of the ores and synthetic Ni containing goethite were 125 

collected in fluorescence mode at the Australian National Beamline Facility (ANBF), Beamline 126 

20B (bend magnet) at the Photon Factory synchrotron (2.5 GeV) KEK, Tsukuba, Japan. A water-127 

cooled Si(111) channel cut double crystal monochromator was used to select the incident beam 128 

energy and the incident beam size was 2 × 1 mm in the horizontal and vertical directions, 129 
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respectively. A Canberra 36 element Ge-detector was positioned at 90° to the incident beam for 130 

fluorescence XAS measurement. The energy was calibrated simultaneously to the XAS 131 

measurement using a Ni foil positioned after the sample stage between the second and the third 132 

ion chambers (Foran et al. 2007). The first ion chamber is located before the sample stage and is 133 

used to record the incident beam intensity. The energy grid used was: 20 eV over the pre-edge 134 

region from 8120 to 8320 eV; 2 eV over the edge region from 8320 to 8380 eV followed by k 135 

increments of 0.05 until k equalled 13. Dwell time per step was 2 s. Various numbers of scans 136 

(from 4 to 7) were recorded depending on the signal-to-noise ratio. Deadtime corrections were 137 

not necessary as the intensity of the photon flux received by the detector was adjusted to insure a 138 

linear response (typically total counts per detector per second less than 10,000 at deadtime above 139 

0.7 ns) either by moving the detector away from the sample or placing Al foils between the 140 

sample and detector to attenuate the signal arising from concentrated samples. 141 

 µ-XFM, µ-XRD and µ-XAS measurements were conducted at beamline 10.3.2 of the 142 

Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, Berkeley, USA 143 

(Marcus et al. 2004). The beamline is equipped with a fixed exit Si(111) double-crystal 144 

monochromator and a Kirkpatrick-Baez mirror pair to focus the beam to a spot size adjustable 145 

from 5 × 5 μm to 16 × 7 μm. The chemical associations of Mn, Fe, Ni, Cr, Co, Zn and Cu in the 146 

laterite samples were imaged by scanning the sample stage using incident beam energy of 17 147 

keV. The step count time for fine scans was 200 ms, and the beam dimension was adjusted to be 148 

5 × 5 μm while the step size was 5 μm. Characteristic elemental fluorescence emission intensities 149 

were measured with a Canberra seven-element Ge solid-state detector mounted at 90° to the 150 

incident beam and were normalised relative to the intensity of the incident beam. 151 
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 X-ray fluorescence spectra of each ‘hotspot’ chosen from the µ-XFM maps was collected 152 

for 240 s with excitation energy of 17 keV, enabling, in principle, the detection of the K-lines of 153 

all the elements of interest. The spectra were quantified using PyMCA software (Solé et al. 154 

2007). 155 

 µ-XRD was performed on selected representative regions of interest using incident beam 156 

energy of 17 keV with a Bruker SMART6000 CCD detector in transmission geometry. Exposure 157 

times ranged from 60 s to 360 s. Diffraction parameters, such as sample-to-detector distance, 158 

wavelength, and detector orientation parameters, etc., were calibrated using corundum. XRD 159 

profiles were extracted from the CCD image using the Fit2d software (Hammersley 1999). 160 

Background removal and subsequent phase identification were performed using DiffracPlus 161 

EVA software (Bruker) with the ICDD-PDF2 database (International Center for Diffraction Data 162 

2000). 163 

 Multiple µ-XAS spectra were collected in fluorescence mode using the same seven-164 

element Ge detector as for µ-XFM measurements. The energy grid for the Ni K XAS scan 165 

employed 5 eV increments over the pre-edge region from 8231 to 8311 eV; 0.5 eV increments 166 

over the edge region from 8311 to 8361 eV followed by a k increment 0.04 until a k of 13 was 167 

reached. The dwell time was set to 2 s for the pre-edge region, 3 s for the edge region and 3 to 8 168 

s for the post-edge region. 169 

 To obtain spectra of adequate quality for both bulk and µ-XAS, it was necessary to 170 

average multiple datasets for each sample. EXAFS data reduction was carried out using the 171 

software packages ATHENA and ARTEMIS (Ravel and Newville 2005). For EXAFS data 172 

analysis the k range was fixed at 2.5 to 11, the r range was fixed at 1 to 3.5 and the kw weighting 173 

was fixed at 3. The amplitude reduction factor S02 was fixed at 1 and the accuracy of this value 174 



 

9 

 

was verified by EXAFS fitting of the synthetic goethite samples. Linear least-squares 175 

combination fitting (LCF) analyses in k space for the bulk limonite and saprolite were performed 176 

to provide quantitative Ni compositions using ATHENA. LCF identified components should be 177 

considered accurate to ± 25% of their stated values (Kim et al. 2000; Ostergren et al. 1999). 178 

 179 

RESULTS AND DISCUSSION 180 

Limonite μ-XFM 181 

 Figure 1 shows a synchrotron µ-XFM elemental distribution map of Ni, Mn and Fe of the 182 

limonite ore. It is clear that Fe is dominant over the region with some Fe-rich particles being up 183 

to 100 μm in size which are likely to be agglomerates of fine-grained goethite particles. The red 184 

and green coloured particles (Ni-rich and Mn-rich, respectively) are also highly variable in size, 185 

being up to approximately 50 μm. 186 

 The spatial distributions of Ni demonstrate significant fine-scale heterogeneity which is 187 

consistent with previous SEM/EDS observations (Fan and Gerson 2013). Ni association with Mn 188 

can be seen as yellow coloured regions within the limonite ore μ-XFM map (Figure 1a) and this 189 

association is further demonstrated by the strong statistical correlation in the scatter plot shown 190 

in Figure 1b. Each spot in the scatter plot represents a pixel in the μ-XFM map and the x and y 191 

coordinates are Mn and Ni counts, respectively. The Pearson function, ρ, has been applied to 192 

assess the correlations quantitatively (Manceau et al. 2002a). A ρ value of 1 indicates a perfect 193 

positive correlation whereas -1 demonstrates a perfect negative correlation. The ρ value of the 194 

scatter plot in Figure 1b is equal to 0.81 indicating significant correlation of Ni with Mn. 195 

However, there is also a significant amount of Ni that is not associated with Mn as demonstrated 196 

by the vertical grouping of spots next to the y-axis of Figure 1b. In this case, the ρ function 197 
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approach can be misleading because clearly Ni and Mn are from a small fraction of the sample 198 

and are present in a few isolated grains. Hence the rest of the sample is devoid of one of the two 199 

elements (Manceau et al. 2002a). Two Ni-Mn hotspots were chosen for further analyses (Spot 1 200 

and 2, Figure 1a). 201 

 Significant Ni is also found associated with non-Mn containing grains (such as Spots 3 - 202 

6, Figure 1). Ni is found to be also associated with Fe, which is demonstrated in the scatter plot 203 

(Figure 2c) indicating a smaller degree of correlation of Ni and Fe than with Mn, with ρ value of 204 

0.21. This may suggest that a significant amount of the Ni is not associated with Fe rich grains. 205 

Spots 5 and 6 were chosen for Ni-Fe association examination while Spots 3 and 4 show no 206 

significant Ni-Mn or Ni-Fe associations. 207 

 208 

Saprolite μ-XFM 209 

 The synchrotron XRF map of the saprolite ore is provided in Figure 2a. As for the 210 

limonite ore, the Ni within the saprolite ore is distributed heterogeneously. Again, the yellow 211 

coloured regions represent Ni-Mn association while the purple regions demonstrate Ni-Fe 212 

association. The Pearson function, ρ, for the Ni-Mn correlation map (Figure 2b) is equal to 0.51, 213 

which is significantly smaller than the 0.84 for the Ni-Mn correlation map (Figure 1b) for the 214 

limonite ore. This smaller correlation is likely to be due to the small fraction of phyllomangante 215 

in the saprolite ore, suggested by the smaller concentration of Mn in the saprolite (0.1 wt%) 216 

compared to that in the limonite (1.6 wt%). Some large Fe-rich particles were found by µ-XFM 217 

of the saprolite. In contrast to the Fe (42.3 wt%) and Ni concentrations (1.2 wt%) in the limonite, 218 

there is smaller concentration of Fe in the saprolite (10.4 wt%) and relatively greater Ni 219 

concentration (2.6 wt%). This suggests that a significant amount of the Ni in the saprolite is 220 
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probably not associated with Fe. A relatively high ρ value (0.61) for the Ni-Fe correlation map 221 

(Figure 2c) is still observed, probably due to the ubiquitous distribution of Fe oxyhydroxides. 222 

Four Ni-containing locations (Spot 1 for Ni-Mn association, Spots 2 and 3 for non Ni-Mn or Ni-223 

Fe associations, Spot 4 for Ni-Fe association) were selected for µ-XRD and µ-XAS analyses 224 

(Figure 2a). 225 

 226 

Synchrotron microprobe characterisation of Ni-containing minerals 227 

 Phyllomanganate. 228 

 Figure 3 presents the μ-XRD patterns of the three Ni-Mn spots chosen from the μ-XRF 229 

maps of the limonite and saprolite ores. Spots 1 and 2 of the limonite show similar diffraction 230 

peaks at the d-spacings of 9.40, 4.70, 2.36, 1.88, 1.45 and 1.38 Å (Figure 3), which are similar to 231 

d-spacings of lithiophorite ((Al,Li)(MnO2)2(OH)2·nH2O, PDF card number 41-1378). The first 232 

two d-spacings, 9.40 and 4.70 Å, correspond to the 003 and 006 reflections. The lithiophorite 233 

structure consists of a stack of sheets of MnO6 octahedra alternating with sheets of (Li,Al)(OH)6 234 

octahedra and transition metals such as Ni and Co commonly substitute into the structure 235 

(Ostwald 1984). The stronger intensities and narrower widths of the diffraction peaks for Spot 2 236 

suggest lithiophorite in Spot 2 may have a greater degree of crystallinity compared to that at Spot 237 

1 but differences in peak intensities may also be due to factors such as variations in texture and 238 

number of diffracting crystallites. XRD phase identification at limonite Spots 1 and 2 indicates 239 

that goethite is present as well as lithiophorite (Figure 3). 240 

 Asbolane, another important phyllomanganate mineral, has a similar crystal structure as 241 

lithiophorite but the Li-Al layers are replaced by Ni-Co layers (Manceau et al. 1987). At 242 

saprolite Spot 1, diffraction peaks occur at d-spacings 9.54 4.77, 2.40, 1.71 and 1.41 Å, which is 243 
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similar to the d-spacings of asbolane of 9.6, 4.8, 2.4 and 1.4 Å (Chukhrov et al. 1982). Asbolane 244 

may contain irregular mixed-layer stacking of Li-Al and Ni-Co layers and consequently displays 245 

variable composition and a range of XRD features (Becquer et al. 2006; Ostwald 1984).  246 

 µ-XANES of the limonite and saprolite Ni-Mn spots are presented in Figure 4a as 247 

compared to those of phyllomanganate references (NiBi, Lith and Asb). Data of the goethite 248 

standard is also shown. Comparison of the data from the Ni-Mn spots (limonite Spot 1 and 2, 249 

saprolite Spot 1) indicates a considerable degree of similarity to those of NiBi, Lith and Asb but 250 

dissimilarity to the data from goethite. Although both phyllomanganate and goethite are 251 

observed by µ-XRD for limonite Spot 1 and 2 it appears more likely that Ni is associated with 252 

phyllomanganate. 253 

 EXAFS fitting has been conducted for the locations of limonite Spot 1 and 2 (Table 2 and 254 

Figure 5). The peaks of the Fourier transform of the normalised background subtracted EXAFS 255 

data from Spot 1 (Figure 1a) have similar positions and amplitude to those arising from TCNi 256 

complexes (Manceau et al. 2007). This has also been observed for a phyllomanganate within a 257 

Philippine limonite (Fan and Gerson 2011). The least-squares fit of the data confirms this and 258 

indicates that 6.2(2.5) Mn atoms are present at the Ni to Mn distance of 3.49(5) Å (Table 2 and 259 

Figure 5), suggesting that the Ni in limonite Spot 1 is probably absorbed on the Mn octahedral 260 

layer rather than substituting for Mn within the Mn layer which gives rise to a Ni-Mn distance of 261 

typically 2.91 Å (Manceau et al. 2002b).  262 

 For limonite Spot 2, both Ni K-edge XANES and EXAFS spectra (Figure 5) are almost 263 

identical to that of Lith (lithiophorite reference where Ni replaces Al, Manceau et al. (2002b)). 264 

Both spectra have a unique peak split at k of 4 Å-1 (pointed to by the arrow in Figure 5a), which 265 

has not been observed in any other Ni phyllomanganate spectra. Further analysis reveals that the 266 
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Ni-O and Ni-Al distances are equal to 2.04(1) and 2.97(3) Å, respectively, which is similar to the 267 

values of Ni substituting for Al in lithiophorite found previously (Manceau et al. 1987; Manceau 268 

et al. 2002b). 269 

 Analysis of the μ-XRD patterns indicates asbolane (phyllomanganate) is present within 270 

saprolite Spot 1. Comparison of the XANES of these hotspots (Figure 4a) suggests a clear 271 

similarity between saprolite Spot 1 and asbolane, implying that the Ni at saprolite Spot 1 is 272 

associated with asbolane. It is difficult for EXAFS to distinguish between elements of nearly the 273 

same atomic number, such as Ni and Co. However, in this case only a Ni-Ni distance is 274 

considered for the second shell as previous studies have suggested that Co in asbolane is within 275 

the layers of either (Mn,Co)(OH)2 or possibly CoOOH or Co(OH)3 (Manceau et al. 1987; 276 

Manceau et al. 1992). EXAFS analysis suggests Ni is surrounded by 6 O at 2.05(1) Å and 1.9(8) 277 

Ni at 3.07(4) Å (Table 2). Ni K-edge EXAFS spectra of asbolane and lithiophorite are clearly 278 

distinct. Furthermore, the Ni-Al distance in lithiophorite has been found to be equal to 2.94 Å 279 

whereas Ni-Ni the distance in asbolane equal to 3.03 Å (Manceau et al. 1986; Manceau et al. 280 

2002b). The Ni-Ni distance derived of 3.07(4) Å also implies that the Ni is more likely to be 281 

present in the Ni(OH)2 layers in asbolane than substituted for Al in lithiophorite. 282 

 283 

 Lizardite. 284 

 Ni is also found at some locations (limonite Spots 3 and 4, saprolite Spots 2 and 3), 285 

where Mn is not found and Fe concentrations are small compared to Fe rich particles, such as 286 

limonite Spot 5 and saprolite Spot 4. μ-XRD analyses of these spots indicate that serpentine 287 

(lizardite) is present at all of them (Figure 6). As for phyllomanganate, differences in intensities 288 
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and widths of μ-XRD peaks cannot be directly related to crystallites as there are other factors 289 

such as texture that may also contribute. XRF spectra suggest that Ni within these spots (data not 290 

shown) is less concentrated than in the Mn enriched grains, such as limonite Spot 1, but 291 

considerably more concentrated than that in goethite (e.g. limonite Spot 5). 292 

 The XANES profiles (Figure 4) for limonite Spots 3 and 4, saprolite Spots 2 and 3 and 293 

lizardite, are very similar (Manceau and Calas 1985; Manceau and Calas 1986). A shoulder just 294 

below the absorption edge (Figure 4a) is observed for all these spots as well as lizardite. This is 295 

due to a small distortion of the octahedral environment, indicating the existence of Ni 296 

phyllosilicate. 297 

 EXAFS analysis for Spots 3 and 4 of the limonite ore and Spots 2 and 3 of the saprolite 298 

ore (Figure 7) using the structure of lizardite 1T as a starting model reveals Ni has a similar local 299 

structure to the Mg site, which implies Ni replaces Mg in the lizardite structure. The fitted 300 

parameters for all these spots are provided in Table 3. The Ni-O distance is equal to 2.06(1) Å 301 

for all the spots. The Ni-Ni distances ranges from 3.06(4) to 3.10(4) Å while the Ni-Si distances 302 

are 3.23(4) to 3.33(4) Å for the first and second cationic shells respectively, which are consistent 303 

with known Ni-lizardite structural parameters (Manceau 1990). The same structure was also 304 

found for the Philippine saprolite ore (Fan and Gerson 2011). 305 

 306 

 Goethite. 307 

 μ-XRD analyses (Figure 8) suggest that goethite is the predominant mineral present in the 308 

Fe enriched grains (limonite Spots 5 and 6, saprolite Spot 4). μ-XRF spectra for limonite Spot 5 309 

suggested the presence of Ni in association with Fe. 310 
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 It is difficult to measure Ni EXAFS for these Fe containing grains due to the strong Fe 311 

fluorescence occurring at the Ni K-edge and a large number of scans were needed to obtain 312 

reasonable data. Figure 9 provides a comparison of the experimental and fitted Ni K-edge 313 

EXAFS and Fourier transforms for limonite Spot 5 and goethite. 314 

 EXAFS analysis of the synthetic Ni containing goethite reveals a Ni-O distance of 2.04(1) 315 

Å and three Ni-Fe distances of 3.03(3), 3.31(4) and 3.52(4) Å (Table 4, Figure 9). The three Ni-316 

Fe shells corresponds to the edge-sharing linkage along the c direction, the edge-sharing linkage 317 

along the b direction and the double-corner linkage along the a direction, respectively. In the 318 

goethite crystal structure, the three respective Fe-Fe distances are 3.01, 3.28 and 3.50 Å 319 

(Sampson 1969). Our results (3.08(3), 3.32(4) and 3.53(4) Å for limonite Spot 5 and 3.03(3), 320 

3.31(4) and 3.52(4) Å for the synthetic goethite, Table 4, Figure 9) are slightly longer than the 321 

Fe-Fe distances in goethite, probably due to the larger ionic radius of Ni2+ (0.69 Å) as compared 322 

to Fe3+ (0.65 Å) (Shannon and Prewitt 1969). The second Ni-Fe distance has been reported 323 

previously to be 3.18 Å (Manceau et al. 2000) and 3.21 Å (de Carvalho-e-Silva et al. 2003). Both 324 

of which are significantly smaller than our Ni-Fe values (3.32(4) Å for limonite Spot 5 and 325 

3.31(4) Å for the synthetic goethite) and the Fe-Fe value from goethite crystal structure (3.28 Å). 326 

The authors attribute this reduced distance to the contraction of octahedra in the bc plane and 327 

expansion in the ab plane. It has also been demonstrated previously in many studies that Ni is 328 

present within the goethite lattice rather than being surface adsorbed (Dublet et al. 2012; 329 

Georgiou and Papangelakis 1998). Our results also confirm the Ni is in the form of Fe 330 

replacement within goethite structure. 331 

 332 

  333 
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Bulk EXAFS analysis 334 

 A comparison of the XANES and EXAFS data arising from the bulk limonite and 335 

saprolite, standards and spots is shown in Figure 4. There is clear similarity of the XANES data 336 

between the bulk limonite and goethite, which is confirmed by LCF analysis. LCF of the EXAFS 337 

spectra (in k-space) of goethite, lithiophorite (Ni replaces Al), birnessite, and lizardite was 338 

utilised to fit the spectra of the limonite bulk sample. Ni association with birnessite in the form of 339 

the TC configuration is observed from µ-XAS, but the fraction of this form is small as is 340 

apparent from inspection of the Fourier transform data in Figure 4 and is also confirmed by LCF 341 

(Figure10a and b). The best fit is obtained using three spectra (goethite, lizardite and 342 

lithiophorite) which suggests that 58 ± 15 % of the Ni in the limonite replaces Fe within goethite; 343 

26 ± 7 % of the Ni in the bulk limonite is associated with lizardite as replacement of Mg and the 344 

remaining Ni is associated with lithiophorite where Ni replaces Al.  345 

 There is a clear similarity of the XANES and EXAFS data among the bulk saprolite, 346 

lizardite and lizardite-containing hotspots in both the limonite and saprolite (Figure 4), implying 347 

that the Ni association with lizardite is dominant in the saprolite ore. LCF of the bulk Ni EXAFS 348 

(Figure 10c and d) of the saprolite suggest that 85 ± 21 % Ni in the saprolite replaces Mg in 349 

lizardite, only about 14 ± 3 % of the Ni is within the Ni(OH)2 layer within asbolane and only 1 ± 350 

0.3 % of the Ni is associated with goethite through replacement of Fe. Ni in saprolite is mainly 351 

associated with lizardite which has been quantitatively confirmed by previous studies (Dublet et 352 

al. 2012; Fan and Gerson 2011). This is also observed by SEM examinations of an Indonesian 353 

saprolite containing 2 wt% Ni suggest a diverse Ni distribution with Ni mainly being associated 354 
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with Mg silicate and Mg-Fe silicate (mainly serpentine, olivine, chlorite and amphibole) and in 355 

smaller concentrations with goehite, Mn oxide and magnetite (Chen et al. 2004). 356 

 357 

IMPLICATIONS 358 

  359 

Comparison to other nickel laterites 360 

 The dominance of Ni in goethite (58 ± 15 % Ni) within the limonite ore examined here is 361 

significantly different in comparison to a Philippine limonite examined previously where 60 ± 362 

15 % of the Ni was found to be associated with phyllomanganate, with the remaining 40 ± 10 % 363 

incorporated into goethite through replacement of the Fe (Fan and Gerson 2011). However, there 364 

is similarity to a New Caledonian laterite from 34 m depth where 65 % of the Ni was found to be 365 

present in goethite with 21 % in phyllomanganate and 14 % in lizardite (Dublet et al. 2012). This 366 

New Caledonian sample represents a transition zone from saprolite to limonite, which is marked 367 

by a sharp increase of Fe to 47.8 wt% and a sharp decrease of Si to 3.2 wt%. This is very similar 368 

to the Fe and Si contents, 42.3 wt% and 3.4 wt% respectively, in the Indonesian limonite. The 369 

New Caledonian transition laterite was found to be mainly composed of forsterite, enstatite and 370 

serpentine. The Ni-containing serpentine mineral lizardite is found in both the Indonesian and the 371 

New Caledonian limonites. Moreover, there is significant Ni concentration within the Indonesian 372 

limonite lizardite (26 ± 7 % Ni) considering the low concentration of lizardite (2 ± 1 wt%) in the 373 

ore. In contrast for the Philippine limonite mineralogical analyses by XRD and SEM suggested 374 

the absence of serpentine minerals (Fan and Gerson 2011). The similarity of the New Caledonian 375 

transition laterite and Indonesian limonite in terms of Ni speciation and concentrations of major 376 
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elements suggests that they may result from similar weathering processes of ultramafic rock. 377 

 The paste pH values of the Indonesian limonite and saprolite were found to be pH 5.5 (2 378 

– 3 m depth) and pH 7.7 (5 – 6 m depth), respectively, compared to pH 6.3 for the Philippine 379 

limonite (7 – 9 m depth) and pH 7.3 for the Philippine saprolite (21 – 23 m depth). The pH 380 

profile of the New Caledonian lateritic samples was found to vary from pH 9 in the bedrock to 381 

pH 6 in the upper-most sample (Fandeur et al. 2009). More acidic conditions are found in the 382 

upper limonite horizon due to humic acids generated by decay of organic material (Geophysics 383 

Research Board, 1981). The geochemical conditions (e.g. pH) and hydrogeological conditions 384 

(e.g. permeability) may have a significant impact on Ni speciation and distributions within the 385 

lateritic profile. It has been reported that Ni tends to absorb above the Mn octahedral layer within 386 

phyllomanganate at low pH, whereas substitution of Ni for Mn in Mn layer occurs on pH 387 

increase (Manceau et al. 2007; Peacock and Sherman, 2007). The bulk and µ-EXAFS studies 388 

described here suggest that Ni is adsorbed onto the Mn layers of phyllomanganate in the acidic 389 

limonite, implying pH may be a controlling parameter for Ni association and formation of the 390 

phyllomanganate. 391 

 The concentration of Ni in serpentines (85 ± 21 %) for the Indonesian saprolite examined 392 

here is greater than any of the New Caledonian saprolites (Dublet et al. 2012) where typically 393 

less than 70 % of the Ni was found to be associated with serpentine with the remaining Ni being 394 

located within goethite. However, it is similar to that of the Philippine saprolite ore where 90 % 395 

of the Ni is associated with serpentine with the remaining located within phyllomanganate (Fan 396 

and Gerson 2011). The sampling depths are apparently different: 5 – 6 m for Indonesian saprolite, 397 

21 – 23 m for the Philippine saprolite and a variety of depths below 37 m for the New 398 
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Caledonian saprolites. Ni association within phyllomanganate was not found in most of the New 399 

Caledonian saprolites with the exception of the 52.5 m sample where Ni phyllomanganate 400 

accounts for 13 %. The presence of Ni phyllomanganate in both the Philippine and Indonesian 401 

saprolites may be related to the relatively shallower sampling depth. It has been suggested that 402 

Ni-containing phyllomanganate occurs as generally veins and coatings particularly at the lowest 403 

part of the upper limonite horizon (Dalvi et al. 2004).  404 

 405 

Implications for hydrometallurgy of nickel laterites 406 

Improved knowledge of the forms of Ni present in nickel laterites is essential for better 407 

understanding of industrial leaching mechanism and thus the design of cost-effective nickel 408 

concentration and leaching strategies. A reducing reagent, e.g. sulfur dioxide, may be used to 409 

adjust redox potential for the dissolution of phyllomanganates (Vanbrabant et al. 2013) but is not 410 

required for the dissolution of other major Ni-containing minerals, e.g. goethite and lizardite. 411 

The application of reducing reagents may not be economic if Ni concentration in 412 

phyllomanganates is not significant. For instance, 60 ± 15 % of the Ni is associated with 413 

phyllomanganates in the Philippine limonite (Fan and Gerson 2011), compared to 16 ± 4 % in 414 

the Indonesian limonite. It may therefore be essential to use reducing reagents for 415 

hydrometallurgical process of the Philippine limonite in order to dissolve phyllomanganates and 416 

release most of the Ni. This demonstrates that a good understanding of the mineralogy of an ore, 417 

particularly full definition of multiple sources of valuable metals, is important in mineral 418 

processing with optimum extractive efficiency. 419 

 420 
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Table 1 Elemental composition of the limonite and saprolite (wt%). 568 

Sample Al Co Cr Fe Mg Mn Ni S Si 

Limonite  5.4 0.3 1.0 42.3 0.2 1.6 1.2 0.3 3.4 

Saprolite 1.1 0.0 0.2 10.4 14.0 0.1 2.6 0.0 19.0 

 569 

 570 

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

three phyllomanganate-containing hotspots. 572 

Location Bond R CN σ ∆E Res 

limonite Spot 1 
Ni-O 2.07(1) 6a 0.006(1) -3.7 24 

Ni-Mn 3.49(5) 6.2(2.5) 0.020(4)   

limonite Spot 2 
Ni-O 2.04(1) 6a 0.006(1) -4.6 21 

Ni-Al 2.97(3) 2.2(9) 0.005(1)   

saprolite Spot 1 
Ni-O 2.05(1) 6a 0.007(1) -1.9 26 

Ni-Ni 3.07(4) 1.9(8) 0.007(1)   

R - interatomic distance; CN - coordination number; σ - Debye-Waller factor; ∆E -inner potential 573 

correction in eV; Res - reduced χ2; interval of the inverse Fourier transform: 1.0–3.5 Å; a Fixed 574 

value. 575 

 576 

 577 

  578 



 

28 

 

Table 3 Structural parameters R (Å), CN and σ (Å) derived from the EXAFS data analysis of 579 

lizardite. 580 

Location Bond R CN Σ ∆E Res 

limonite Spot 3 

Ni-O 2.06(1) 6a 0.007(1) -4.1 8.0 

Ni-Ni 3.10(4) 2.8(1.1) 0.006(1)   

Ni-Si 3.26(4) 3.8(1.5) 0.013(3)   

limonite Spot 4 

Ni-O 2.06(1) 6a 0.007(1) -2.8 10.6 

Ni-Ni 3.06(4) 3.3(1.3) 0.004(1)   

Ni-Si 3.33(4) 3.3(1.3) 0.003(1)   

saprolite Spot 2 

Ni-O 2.06(1) 6a 0.006(1) -3.3 6.0 

Ni-Ni 3.09(4) 5.2(2.1) 0.010(2)   

Ni-Si 3.25(4) 2.9(1.1) 0.003(1)   

saprolite Spot 3 

Ni-O 2.06(1) 6a 0.008(1) -3.9 7.3 

Ni-Ni 3.08(4) 7.2(2.9) 0.010(2)   

Ni-Si 3.23(4) 3.4(1.4) 0.008(2)   

R - interatomic distance; CN - coordination number; σ - Debye-Waller factor; ∆E -inner potential 581 

correction in eV; Res - reduced χ2; interval of the inverse Fourier transform: 1.0–3.5 Å; a Fixed value. 582 

  583 
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Table 4 Structural parameters R (Å), CN and σ (Å) derived from the EXAFS data analysis of 584 

synthetic Ni goethite and limonite Spot 5. 585 

Location Bond R CN Σ ∆E Res 

Goethite 

Ni-O 2.04(1) 6a 0.005(1) -5.0 24.1 

Ni-Fe 3.03(3) 2.7(1.1) 0.010(3)   

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

Ni-Fe 3.52(4) 3.3(1.3) 0.010(3)b   

limonite Spot 5 

Ni-O 2.04(1) 6a 0.006(1) -5.3 4.0 

Ni-Fe 3.08(3) 1.4(8) 0.005(1)   

Ni-Fe 3.32(4) 2.1(9) 0.005(1)c   

Ni-Fe 3.53(4) 2.5(1.2) 0.005(1)c   

R - interatomic distance; CN - coordination number; σ - Debye-Waller factor; ∆E -inner potential 586 

correction in eV; Res - reduced χ2; interval of the inverse Fourier transform: 1.0–3.5 Å; a Fixed value; b,c 587 

Fixed to the value determined for Ni-Fe. 588 

  589 
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 590 

 591 

 Figure 1. (a) 600 × 750 µm synchrotron µ-XFM map of a selected region of the 592 

limonite sample. This tri-coloured map shows the elemental distributions of Ni (red), Mn 593 

(green) and Fe (blue). Two scatter plots for Ni-Mn correlation (b), and Ni-Fe correlation (c), 594 

are given for the same region. Six locations on (a) (Spots 1 - 6) were chosen for further µ-595 

XRF, µ-XRD and µ-XAS analyses. Spot 1 and 2 are rich in both Mn and Ni. Spot 3 and 4 are 596 

rich in Ni only while Spot 5 and 6 are rich in Ni and Fe. 597 
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 599 

 Figure 2. 1200 × 1000 µm synchrotron µ-XFM map of a selected region of the 600 

saprolite sample (a), and scatter plots for the Ni-Mn correlation (b), and the Ni-Fe correlation 601 

(c), for the same region. 602 
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 604 

 Figure 3. µ-XRD patterns collected at the X-ray energy of 17 keV for two locations 605 

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

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

  608 
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 609 

 Figure 4. Comparison of normalised XANES (a), and EXAFS (b), at the Ni K-edge 610 

of selected locations from the µ-XFM map of limonite and saprolite (limonite Spots 1 – 5 611 

from Figure 1a, saprolite Spots 1 – 3 from Figure 2a), bulk limonite and saprolite samples 612 

and the spectra of a series of references, Goet (Ni goethite), NiBi (birnessite), Liz (Ni 613 

lizardite), Lith (lithiophorite, Ni replaces Al) and Asb (asbolane). 614 
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 616 

 Figure 5. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and 617 

imaginary part of their Fourier transforms (b), for limonite Spots 1 and 2 and saprolite Spot 1. 618 

  619 
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 620 

 Figure 6. µ-XRD patterns collected at X-ray energy of 17 keV for two locations 621 

selected from the limonite µ-XFM map (Spots 3 and 4, Figure 1a) and two locations selected 622 

from the saprolite µ-XFM map (Spots 2 and 3, Figure2a). Bulk XRD of lizardite collected 623 

using Co Kα radiation is also presented to compare with the µ-XRD results. 624 
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 626 

 Figure 7. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and 627 

imaginary part of their Fourier transforms (b), for limonite Spots 3 and 4 and saprolite Spots 628 

2 and 3.  629 
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 631 

 Figure 8. µ-XRD patterns collected at X-ray energy of 17 keV for two locations 632 

selected from the limonite µ-XFM map (limonite Spots 5 and 6, Figure 1a) and one location 633 

selected from the saprolite µ-XFM map (saprolite Spot 4, Figure 2a). Bulk XRD of synthetic 634 

goethite collected using Co Kα radiation is also presented to compare with the µ-XRD 635 

results. 636 
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 638 

Figure 9. Experimental and fitted Ni K-edge EXAFS spectra (a), and magnitude and 639 

imaginary part of their Fourier transforms (b), for limonite Spot 5 and goethite. 640 
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 642 

 Figure 10. LCF of the EXAFS data (a), and Fourier transform (b), for the bulk 643 

limonite as a combination of the spectra derived from goethite, lizardite and lithiophorite; and 644 

the EXAFS data (c), and Fourier transform (d), for the bulk saprolite as a combination of the 645 

spectra derived from lizardite, asbolane and goethite. 646 
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