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ABSTRACT: Different techniques have been combined to determine the crystallography
and the chemical composition of serpentinized harzburgite sampled in a drill core coming
from the lower part of the New Caledonia ophiolite. Specifically, this serpentinized
harzburgite is the common bedrock of most of the nickel laterite mines in New Caledonia.
Most of the minerals present in serpentinized harzburgite were analyzed by Raman
spectroscopy and XRD. In this study, Raman spectroscopy has been applied for the first
time to estimate the nickel content in lizardite, forsterite, talc, and goethite. The analyses
confirm that the major serpentine minerals show two varieties: (1) Ni-bearing lizardite and
(2) Ni-free lizardite. Furthermore, Ni-rich forsterite, enstatite, Ni-rich talc, sepiolite,
periclase (MgO), and quartz were detected. Additionally, Raman spectroscopy evidence
minor phases not detected by XRD: anatase, rutile, pyrite, hematite, chromite,
magnesiochromite, and Ni-rich goethite. Our results show that the Ni substitution is
only present in lizardite exhibiting turbostratic-stacking disorder. This finding has potential
for being used as an exploration tool using short-wave-infrared spectroscopy online or as a
portable instrument, and for defining geometallurgical parameters for processing these complex ores.
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1. INTRODUCTION

There is a growing demand for combined phase and chemical
analyses from different industries (e.g., for quality control of
drugs, chemical products, mining, and metallurgical process-
ing).1,2 Instruments combining, e.g., X-ray diffraction (XRD)
and X-ray fluorescence (XRF) are offered at present by
Thermo Fisher Scientific, Bruker, Malvern-Panalytical. Fur-
thermore, in the frame of the EU H2020 SOLSA project
(http://www.solsa-mining.eu), a prototype instrument was
developed by Thermo Fisher Scientific for coupling simulta-
neous XRD experiments, XRF, and Raman spectroscopy
measurements. Combining XRD and XRF techniques on the
same sample volume allows simultaneous crystallographical,
mineralogical, and chemical material characterization. Micro-
Raman spectroscopy (MRS) is a complementary technique for
phase identification at a micrometer scale, as XRD does not
detect small amounts of phases (<2 vol %). All three devices
can probe a flat surface sample within approximately the same

sampled volume of a few mm. The SOLSA expert system will
allow the definition of geometallurgical parameters, improve
geomodels, and increase mining and processing efficiency
based on real time data evaluation. Reference samples from
nickel laterite deposits have been analyzed in order to define,
validate, and calibrate the final instrumental configuration of
the benchtop system. In this study, the combined analytical
approach was carried out on a serpentinized harzburgite, the
bedrock of nickel laterite deposits in New Caledonia. This
sample was studied earlier by portable XRF and infrared (IR)
on different surface states. Laboratory analyses were carried out
to back-up and evaluate the results obtained by portable
instruments.3 The objective of this study was to demonstrate

Received: January 11, 2019
Revised: August 7, 2019
Accepted: August 8, 2019
Published: August 8, 2019

Article

http://pubs.acs.org/journal/aesccqCite This: ACS Earth Space Chem. 2019, 3, 2237−2249

© 2019 American Chemical Society 2237 DOI: 10.1021/acsearthspacechem.9b00014
ACS Earth Space Chem. 2019, 3, 2237−2249

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 C

A
E

N
 N

O
R

M
A

N
D

IE
 o

n 
N

ov
em

be
r 

26
, 2

01
9 

at
 1

6:
05

:0
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

http://www.solsa-mining.eu
http://pubs.acs.org/journal/aesccq
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.9b00014
http://dx.doi.org/10.1021/acsearthspacechem.9b00014


that the location of the nickel rich phases can be identified and
the nickel content quantified by combined analyses, thus
allowing an early definition of geometallurgical parameters at
exploration stage by online-real-time analytical systems. The
contribution of each technique will be discussed, giving
important hints for developing exploration tools for online-
on-mine-real-time analyses.

2. EXPERIMENTAL SECTION
2.1. Geological Setting and the Sample Material.

Nickel laterites are residual ore deposits that represent about
60 to 70% of the global Ni resource4,5 and about 60% of the
world’s nickel production.6 They develop in tropical climate
and represent weathering products of serpentinized peridotite.
While the bedrock hosts about 0.3 to 0.5 wt % of nickel, the
laterite horizons, saprolite at the bottom, and limonite at the
top may host about 1−3% of nickel.6 The enrichment is mainly
related to the serpentinization of mainly olivine, hosting about
0.3% of nickel. In the saprolite horizon, nickel substitutes
magnesium in secondary or tertiary serpentine minerals. Veins
may be filled with garnierite, a mixture of variable hydrous
silicates hosting up to 20% Ni.7−10 The limonite horizon
toward the top of the profile is composed of oxy-hydroxides,
containing low amounts of Ni associated with goethite.11,12

Nickel production from garnierite ore is decreasing, and at
present, nickel is mainly mined from saprolites with multiple
nickel carrying minerals11,12 (several generations of serpentine
and smectite13). These complex ores are characterized by
variable Ni grades at vertical and horizontal scale in the mining
areas. Processing these ore types is cost intensive and any loss
of quality and quantity weakens the mining to high costs of
extracting and processing these ores.
The current study was performed on a serpentinized

harzburgite (HN0; SOLSA label: ER-MN00-0003) that was
provided by SLN (Societ́e ́ de Nickel- ERAMET, Neṕoui, New
Caledonia) as a reference sample of highly serpentized
harzburgite, which constitutes a common protolith of New
Caledonia Nickel laterite deposits. They belong to the upper
mantle part of the ophiolite, which was emplaced in the Lower
Tertiary (oligocene, ∼25 ± 5 Ma)14 and were subjected to
several episodes of serpentinization (at seafloor, during
obduction and weathering).
The sample studied here belongs to the normal facies

without visible weathering, as defined by SLN. It is a greenish-
yellow fine-grained massive rock (Figure 1). Dark green-black
millimetric veins composed of serpentine crosscut the sample.3

Clusters of gray/white minerals are serpentinized orthopyrox-
enes.3 Serpentine minerals are the major compounds of the
rock. Olivine and pyroxene relicts as well as chromite,
magnetite, and hematite occur as minor phases.3 The samples
were prepared at BRGM (Orleáns, France) from drill cores as
squares of 20 mm × 20 mm × 6 mm size.3

2.2. Analytical Methods. All analyses were performed at
CRISMAT laboratory (ENSICAEN- University of Caen
Normandie, Caen, France). X-ray fluorescence spectra were
acquired using an Inel Equinox 3500 spectrometer, equipped
with a Cu microfocus source, parabolic multilayer mirror on
the primary beam, and an Amptek X-123SDD Silicon Drift
Detector placed vertically 10 mm over the sample to ensure
high sensitivity even with low-atomic number elements. XRF
data were collected with an integration time of 600 s.
Imaging, mapping, and elemental analyses were performed

using a scanning electron microscope (SEM; SUPRA 55

SAPPHIRE; Carl Zeiss, Jena, Germany) equipped with an
energy dispersive spectrometer (EDS). The samples were
carbon coated prior to measurements operating at a voltage of
20 kV.
High resolution X-ray powder diffraction data was

performed on a D8 Advance Vario 1 Bruker two-circle
diffractometer (θ−2θ Bragg−Brentano mode) using a pure Cu
Kα radiation (λ = 1.54059 Å) selected by an incident beam
Ge(111) monochromator (Johansson type) and equipped with
a Lynx Eye detector. Data were collected at room temperature
for 2θ varying from 10° to 120° for 2 s per 0.0105° step (6 h/
scan). LaB6 srmb standard powder from NIST was used to
calibrate the instrumental contribution in the diffraction
patterns.15 Phase identification and quantification were
performed using the Crystallography Open Database
(COD)16 and the Rietveld MAUD software.17 The Raman
spectra were recorded at room temperature using the DXR
Raman microscope (Thermo Fisher Scientific, Inc., USA)
equipped with a 900 grooves/mm diffraction grating. A fast 2D
(X,Y) Raman imaging (0.5 s per point, using 3 mW) was first
used to characterize the distribution of major components
within our sample. The maps (504 × 632 μm2 with steps of 8
μm) were recorded using a 20× (N.A. 0.4) objective in order
to reduce the Raman signal modulation effect from the local
variation of the topography. The 100× (N.A. 0.9) magnifica-
tion long working distance objective was then used to focus the
laser onto the sample with a spot size estimated at 0.6 μm and
to collect the scattered light with high spatial resolution. The
highest quality spectra (highest signal-to-noise) were obtained
using green excitation (532 nm, Nd:YAG laser). Raman
measurements were carried out at low laser power (approx-
imately 1 mW at the sample surface) to avoid unintentional
heating alteration, structural modifications, or phase tran-
sitions.18 Raw data was collected over a range of 80−2200
cm−1. The spectral regions from 3200 to 4000 cm−1 were
investigated for some mineral species in order to reveal the OH
stretching mode region. Raman spectra were systematically
recorded twice with an integration time of 60 s. For each

Figure 1. (a) Photographs of the serpentinized harzburgite drill core
showing the serpentine network, orthopyroxene, and black cross-
cutting serpentine veins. (b) Binocular images of harzburgite squares
studied here. Left: Green-brown serpentine matrix with black
pyroxene relicts (serpentine + pyroxene). Right: White-gray large
patches are most likely partly serpentinized orthopyroxenes
(orthopyroxene-lizardite) with chromite (black) and/or iron oxides
(brown). A black serpentine network crosscuts the serpentine matrix.
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mineral, five spectra were recorded and averaged. Peak
deconvolution and integration were performed with the Origin
software. The low-frequency range (60−1600 cm−1) and high-
frequency range (3400−3800 cm−1) were treated independ-
ently. The wavenumbers of the vibration modes were
determined using the Pseudo−Voigt function.
For the Raman band attribution, all vibrational bands for

lizardite are presented as Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Sample Composition. XRF analyses of squares show

the presence of silicon, magnesium, iron, and other elements as
traces (Table 1). EDS measurements, not shown here, gave
similar, but semiqualitative results.

Figure 2 shows EDS elemental mapping of the serpentinized
harzburgite. Si and Mg hosting phases are dominant. Ni and Fe
rich phases occur interstitially.
3.2. Quantitative Phase Analysis by XRD. The

diffraction pattern (Figure 3) for the studied sample exhibits
several phases. Most of them are of low crystal symmetry.
Therefore, in order to be able to assign all phases of such a
pattern, knowledge of the chemical composition is important.
Therefore, XRF and EDS elemental analyses were performed.
After this first chemical analysis, a rapid phase analysis using
the online Full Profile Search Match fitting procedure (http://

nanoair.dii.unitn.it:8080/sfpm/) was launched to estimate the
average crystallite sizes for each phase. The Crystallography
Open Database (COD) provides the necessary crystal
structure information. The basis of these quantifications is
the automatic identification of the crystal phases as a first list. A
more complete list of potential phase candidates is then
obtained using Micro-Raman because of its much larger
sensitivity at the grain scale. The XRD pattern of the
harzburgite sample is then Rietveld-fitted, taking account the
previous identification and quantification stages (Figure 3 and
Table 2).
The general agreement R-factors are Rw = 6.3% and Rb =

3.4%. In general, R-factors smaller than 15% demonstrate a
very good refinement using experimental data and result here
in a goodness of fit between the model and the experimental
data.
The quantification of mineralogical composition is challeng-

ing using XRD and Rietveld refinement approaches in a
serpentinized peridotite.19 This is because serpentine minerals
may show turbostratic stacking formed during crystallization,20

which produces broad asymmetric and anisotropic peaks. This
can be seen in Figure 3 for the peak (00l) of lizardite. These
asymmetric peaks are difficult to model. Here we applied the
following Rietveld refinement strategy:
The turbostratic stacking disorder can be described with the

Ufer single layer model.21 The model is very effective in
reproducing the asymmetric broadening caused by the
turbostratic disorder and can be coupled with a texture
analysis model.22 We only need to define the faulting direction
(00l) for the lizardite and the supercell dimension to
approximate the disordered structure. We chose 20 times the
c axis (b-setting) as a sufficient value to model the disorder.
The XRD pattern shows the presence of narrow (00l) and

(hk0) peaks mixed with the asymmetric peaks. This means that
lizardite occurs in two polytype structures: (1) highly
crystalline lizardite and (2) turbostratic lizardite. Indeed, in
nature two different polytypes of lizardite can coexist,23 called
truncated trigonal pyramids “1T” and truncated hexagonal
pyramids or hexagonal plates “2H” lizardite. The turbostratic
lizardite is probably the precursor for highly crystalline and
end-member lizardite.23 Dissolution reprecipitation processes
could be systematically involved in the transformation from
turbostratic lizardite (disorder along stacking) into crystalline
varieties.

Table 1. Elemental Composition of Harzburgite (wt.%)
Obtained from XRF Measurementsa

element XRF (wt.%)

O 45.2 ± 1.1
Si 24.0 ± 0.7
Mg 23.6 ± 0.6
Fe 5.1 ± 0.3
Cr 1.10 ± 0.06
Ca 0.5 ± 0.4
Ti 0.2 ± 0.1
Ni 0.2 ± 0.1
Zn 0.05 ± 0.02
Na <dl
Mn 0.04 ± 0.01
Total 100

adl: detection limit.

Figure 2. (a) SEM image with combined EDS-elemental mapping Mg−Si (b), Mg−Si−Fe (c), and Ni−O (d) and element mapping Si (e), Mg (f),
Fe (g), and Ni (h).
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Rietveld refinement analysis was then performed using the
trigonal lizardite 1T model of space group P31m and the

turbostratic disorder model of Ufer coupled with texture
analysis. For lizardite 1T with a well-defined orientation, we

Figure 3. X-ray diffraction pattern of serpentinized harzburgite sample refined using the MAUD software with the lizardite (001) peak in top right.
The calculated pattern (red line) is superimposed on the observed profile (coarse line). The difference curve (Iobs − Icalc) is shown at the bottom.

Table 2. Refined Values of Lattice Parameters, Unit Cell Volume, Average Diameter, Microstrain ⟨ε2⟩1/2, Model Used and the
Atom Occupancies

phases
COD

reference V (%)
symmetry + space

group
lattice parameters (Å) and

(deg) ⟨D⟩ (nm) ⟨ε2⟩1/2 model atoms

forsterite 9000319 25. 9 orthorhombic
Pbnm:cab

a = 4.74 ± 0.01 514 ± 20 2.3 × 10−4 texture: harmonic occupancies:
b = 10.19 ± 0.01 Mg1: 98.1%
c = 5.95 ± 0.02 Ni1: 1.9%

Mg2: 99.7%
Ni2: 0.3%

lizardite 9004513 14.1 hexagonal P63cm a = 5.34 ± 0.01 442 ± 15 3 × 10−3 Delft model
c = 14.66 ± 0.01

turbostratic
lizardite

9000848 32.4 trigonal P31m a = 5.30 ± 0.03 60 ± 8 2.2 × 10−4 planar defect
model:

occupancies:

c = 7.23 ± 0.02 Ufer single layer Mg1: 98,7%
Texture: Ni1: 1.3%
standard functions

enstatite 9014117 11.6 orthorhombic Pbca a = 18.32 ± 0.01 914 ± 13 0 texture: harmonic
b = 8.85 ± 0.01
c = 5.18 ± 0.01

talc 1011152 4.2 monoclinic Pbca a = 5.42 ± 0.01 104 ± 12 1.3 × 10−4 Delft model occupancies:
b = 9.16 ± 0.01 Mg1: 78%
c = 18.28 ± 0.01 Ni1: 22%
β = 108.61 ± 0.09 Mg2: 96%

Ni2: 4%
sepiolite 9010148 5.6 orthorhombic

Pncn:bca
a = 13.42 ± 0.01 115 ± 10 1.5 × 10−4 Delft model
b = 26.81 ± 0.01
c = 5.23 ± 0.01

periclase 9006468 3.8 cubic Fm3̅m a = 4.21 ± 0.01 132 ± 10 1.4 × 10−2 Delft model
quartz 9000775 2.4 trigonal P3221 a = 4.92 ± 0.01 250 ± 7 2.5 × 10−4 Delft model

c = 5.04 ± 0.01
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used the standard functions model with a fiber component to
model the texture.24 The advantage of this approach is that we
can describe preferred orientation with some well-defined
functions with only a few parameters. MAUD implements
Gaussian fiber components. For this type of components, we
refine their position in the orientation space, full width at half-
maximum in degrees, and Gaussian character. The fiber
component is defined with the fiber aligned with the sample
normal,21 corresponding to the center of the pole figures.

The Rietveld refinement suggested a random distribution of
Ni cations in the octahedral sheet of the turbostratic lizardite.
Indeed, the best fit was obtained with a random distribution of
Ni. Ni substitution in the lizardite structure induces a small
decrease of the cell parameters compared to those of pure
lizardite.25 The refinement indicates that 1.3% of Mg2+ is
replaced by Ni2+ in the octahedral M1 site (Table 2). The
calculated unit cell parameters of this high crystalline lizardite
are in agreement with those reported in the literature.26 The
lizardite 1T has broader orientation distribution than 2H, with

Figure 4. Pole figures of (a) 1T turbostratic lizardite, (b) 2H well-crystallized lizardite, (c) forsterite, and (d) enstatite.

Figure 5. (a) Optical image with the area analyzed by mapping in a Raman spectrometer, (b) Raman spectra corresponding to lizardite, enstatite,
and forsterite, (c,d,e) Raman scattering maps (504 × 632 μm with steps of 8 μm) reconstructed on the height of the bands located at about 3675
cm−1 (blue), 1000 cm−1 (green), and 842 cm−1 (red), and (f) Raman map showing three superposed images.
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a maximum of the {00l} pole figure of 13 m.r.d. vs 10 m.r.d. for
2T (Figure 4). In order to correctly reproduce diffracted
intensities of the two other phases, enstatite and forsterite, it
was necessary to use a texture model for these phases despite
the fact that their respective texture strengths are very low. For
the second lizardite, the refinement was performed with
hexagonal symmetry based on the space group P63cm using a
simple Delft model with a harmonic model for texture. Table 2
lists refined weight fractions for the two polytype lizardite
phases and gives information about the textured 1T lizardite
and the partial occupancy of Ni in the octahedral sheet.
In summary, the XRD lines of the serpentinized harzburgite

are dominated by lizardite (46.5%), forsterite (25.9%), and
enstatite (11.6%), associated with talc, sepiolite, and quartz.
The iron content of around 5 wt % measured by XRF and EDS
is related to (phyllo-) silicates and/or micrometric iron oxides
and hydroxides, which are formed during serpentinization.
XRD shows that this harzburgite not only experienced
serpentinization but also incipient weathering indicated by
the presence of sepiolite and iron hydroxides.

3.3. Raman Measurements. In order to get an idea of the
distribution of each main phase in our sample, a 2D (X,Y)
Raman imaging was recorded. In Figure 5, Raman spectra of
lizardite, enstatite, and forsterite structures were clearly
identified. Such maps were reconstructed from a spectral
intensity value (height of the peak) of a characteristic band,
OH band for the lizardite, Si−O stretching mode for the
enstatite, and the ν3 asymmetric vibrations of SiO4 groups for
the forsterite.
These analyses confirmed the XRD results and that the

major minerals are lizardite, forsterite (Mg2SiO4), and enstatite
(MgSiO3). However, the Ni quantification was not possible
under these conditions. As one of the most typical 2D material
characterization methods, however, the conventional Raman
mapping only works within a few micrometers range at a time
due to the focus depth constraint and the character and
variability of surface morphology. For that reason we have
carried out long backscattering measurement times to better
characterize our sample.

Figure 6. Raman spectra of (a,b) lizardite at low and at high-wavenumber ranges (OH stretching region) illustrating the peaks used for a signal
deconvolution; (a) corresponds to the well crystallized lizardite and (b) corresponds to the turbostratic lizardite. Raman spectrum of (c) forsterite
and (d) enstatite.
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3.3.1. Major Phases. Serpentine Group: Lizardite. As the
XRD analysis showed the presence of two types of lizardite
(well crystallized and turbostratic), we aimed to confirm this
result by Raman spectroscopy, by collecting different spectra
for this mineral phase (Figure 6a,b).
Well Crystallized Lizardite. The three principal minerals of

the serpentine group, chrysotile, antigorite, and lizardite, have a
similar chemical composition (OH)3Mg3[Si2O5(OH)] but
significantly different structures.
The number, the positions, and the shape of the OH

stretching bands allow a good discrimination of the three
serpentine polymorphs.27,28 Lizardite shows two intense peaks
located at 3685 ± 2 cm−1 and 3701 ± 3 cm−1, while chrysotile
displays one main intense peak at 3697 cm−1, with a shoulder
at 3691 cm−1. Finally, the spectrum of antigorite shows a
doublet with a broad band located at 3670 and a sharp band at
3700 cm−1, in addition to a weak peak at 3619 cm−1. The
spectrum obtained in the OH stretching mode region (Figure
6a) shows unambiguously that the mineral present in the
harzburgite sample is lizardite.
The Raman spectrum at low wavenumbers is in good

agreement with those presented in the literature for
lizardite.28−32 The weak bands observed between 1060 and
1102 cm−1 are attributed to asymmetric stretching modes (νas)
of the Si−Onb groups. The presence of these two bands is a
characteristic of lizardite since, for chrysolite and antigorite, a
single band is expected at 1100 and 1045 cm−1, respectively.
For further details, see the Supporting Information.
Turbostatic Lizardite. The spectrum of turbostratic lizardite

(Figure 6b) shows broad and asymmetric bands accompanied
by an increase of the spectral baseline in the low-wavenumbers
compared to well-crystallized lizardite. This phenomenon may
be due to the presence of defects in the lizardite structure, their
small grain sizes, or cation substitution but also to the presence
of turbostratic disorder along the stacking direction as
suggested by XRD analyses.32 In addition, three new broad
bands at 543, 935, and 975 cm−1 could be observed in the
spectrum. These bands are assigned to asymmetric bending
modes of the SiO4 tetrahedra. The presence of these bands is
due then to a turbostratic structure and the rotation of the
SiO4 tetrahedra in an octahedral cell.
For a deconvolution of the overlapping OH stretching

modes, five bands were required to fit the Raman spectrum of
turbostratic lizardite. This high number of bands is not
compatible with theoretical data of the serpentine polymorph
lizardite by Rinaudo et al.,28 who indicated the presence of
only two Raman active OH stretching frequencies. The
additional band at 3710 cm−1 may be due to the presence of
turbostratic stacking defects in lizardite.32 These defects have
been suggested as an explanation for additional OH bands in
micas,33 kaolinites, and dickites.34

The XRD analysis shows the substitution of Ni2+ for Mg2+.
Thus, the four overlapping ν (MxOH, where x sums to 3)
linked to four combinations of the octahedral cations (3Ni,
2Ni−Mg, Ni−2Mg, and 3Mg) were observed at 3698, 3686,
3670, and 3662 cm−1.
The Raman measurements showed the importance of the

spectral region of the OH stretching region, fundamental for
the identification of the different serpentine phases. Our results
also show that Ni is substituted only in nanocrystalline state
lizardite or turbostratic lizardite, but not in well-crystallized
lizardite.

Olivine Group: Forsterite. The obtained Raman spectrum
shows the typical vibration modes of olivine35−40 (Figure 6b).
In our case, the Raman spectrum is slightly different, with all
Raman vibration modes slightly shifted toward lower wave-
numbers (Table 3) compared to pure forsterite. The observed

peak shift is in agreement with the tendency observed in Ni-
forsterite for a small amount of Ni substituting Mg. This result
is consistent with the one obtained by XRD with 2.2% of Mg2+

replaced by Ni2+ in octahedral site.
The attributions of all vibrational bands for enstatite are

described in detail in the Supporting Information.
3.3.2. Minor Phases Detected by XRD. Clay Minerals: Talc

and Sepiolite. The Raman spectrum shown in Figure 7a can
be attributed to phyllosilicate type magnesium silicate
(talc).44,45 The blue shift of the vibration mode toward
lower wavenumbers in our mineral compared to Ni-free talc is
probably due to the Ni substitution in Mg-talc.
Talc spectrum in the OH region shows three Ni2+ additional

vibrations at 3654, 3636, and 3569 cm−1. These bands
correspond to OH bonded to 2Mg + 1Ni, 1Mg + 2Ni, and
3Ni, respectively. The intensity of the vibration is proportional
to the amount of the particular cation configuration (in our
case 3Mg (75.55%), 2Mg + 1Ni (0.66%), 1Mg + 2Ni (0.68%),
and 3Ni (23.11%). These results confirmed those obtained
with XRD, which also shows the substitution of Ni in Mg-talc
and that 26% of Mg2+ is replaced by Ni2+ in the octahedral site.
The attributions of all vibrational bands for Ni-talc are
described in detail in the Supporting Information.
For sepiolite (Mg4Si6O15(OH)26H2O), no study has been

conducted to attribute all the vibration modes. However,
McKeown et al.47 used factor group analysis (FGA) to

Table 3. Raman Vibration Modes in cm−1 of Ni-forsterite
(in This Study) Compared to those of Forsterite and Ni-
olivine (Liebenbergite) and their Symmetries and
Assignmentsa

symmetries and
assignments41 forsterite36,43 Ni-olivine42

Ni-forsterite (this
study)

Ag T(MO6, SiO4:x) 183 135 ± 4 180 ± 3 vw
B1g T(SiO4, MO6:y) 192 165 ± 2 sh
Ag T(SiO4, MO6:y) 226 ± 2 - 222 ± 2 m
B2g T(SiO4:z) 243 ± 1 - sh
Ag T(MO6, SiO4:x) 305 ± 2 248 ± 2 300 ± 2 w
B2g R(SiO4:x) 324 ± 2 - 320 ± 3 vw
Ag T(MO6:y) 330 ± 1 - 327 ± 3 vw
B2g R(SiO4:y) 366 ± 3 295 sh
B3g R(SiO4:z) 375 ± 1 328 370 ± 2 w
B1g T(MO6) 383 336 sh
B1g ν2 435 ± 3 387 433 ± 2 w
B1g ν4 545 ± 2 516 ± 1 541 ± 2 w
B3g ν4 593 ± 3 552 ± 3 586 ± 2 m
B1g ν4 632 573 603 ± 3 vw
Ag ν1 825 ± 1 811 ± 1 821 ± 1 vs
Ag ν3 856 ± 1 837 ± 1 852 ± 1 vs
B1g ν3 882 ± 3 - 879 ± 2 m
B1g ν3 921 ± 1 885 ± 3 917 ± 1 s
Ag ν3 966 ± 2 928 ± 2 958 ± 1 s

aThe symmetries and assignments are based on those reported in the
literature for forsterite and liebenbergite. T, translation; R, rotation;
ν1, symmetric stretching; ν2, symmetric deformation; ν3, asymmetric
stretching; ν4, asymmetric deformation.
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interpret the experimental Raman spectra of sepiolite from
Durango in Mexico; and Rietveld refinements using powder X-
ray data revealed that it is exceptionally well crystalline for

sepiolite and free of impurity phases. A total of 348 modes
have been predicted for the sepiolite structure, among which
174 modes are Raman-active Ag, B1g, B2g, and B3g species. The

Figure 7. Raman spectrum of (a) talc at low-wavenumbers and at high-wavenumber range (OH stretching region) illustrating the peaks used for a
signal deconvolution; (b) sepiolite with some general vibrational assignment from FGA calculated mode wavenumbers model;46 (c) quartz.

Figure 8. Raman spectra of (a) hematite, (b) pyrite, (c) anatase, and (d) rutile.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00014
ACS Earth Space Chem. 2019, 3, 2237−2249

2244

http://dx.doi.org/10.1021/acsearthspacechem.9b00014


Raman spectrum obtained in this study (Figure 7b) shows a
similar spectral feature to those previously reported for
sepiolite.46,47 The Raman spectrum of sepiolite can be divided
into two regions: above 750 cm−1 dominated by atomic
displacements within the silicate SiO4 and below 750 cm−1 by
motions between the MgO6 and SiO4.
Quartz. Figure 7c shows also the Raman spectrum of

quartz.48 The presence of some grains of quartz confirms the
XRD observation.
3.3.3. Phases Only Detected by Raman Spectroscopy. The

Raman spectrum of hematite exhibits all seven of the expected
spectral signatures49,50 (Figure 8a). The Raman spectrum of
pyrite is shown in Figure 8b. High intensity bands at 343 cm−1

(Eg) and at 379 cm−1 (Ag) and a small shoulder at 430 cm−1

corresponding to the Tg vibrational mode are observed.51

Raman modes present in Figure 8c can be assigned to the
Raman spectra of the anatase:52 ∼144 (Eg), 197 (Eg), 399
(B1g), 513 (A1g), 519 (B1g), and 639 cm−1 (Eg). In natural
environments, anatase is the low temperature polymorph of
rutile. Its formation is due to serpentinization. Raman
spectrum in Figure 8d exhibits dominant peaks at 140, 235,
445, 610, and 680 cm−1, which are assigned to the five Raman
active modes (B1g, multiphoton process, Eg, A1g, and B2g) of
rutile.53

Goethite and Ferrihydrite. The Raman spectrum shown in
Figure 9a shows different bands at 205, 240, 296, 388, 420, 475
cm−1 and 547, 685, 1000, 1109 cm−1, which correspond to
Raman bands for different bonding wavenumbers of
goethite.54−58

The first five Raman bands are attributed to the Fe−O
symmetric stretching, the Fe−O asymmetric stretching, Fe−
OH symmetric bending, Fe−O−Fe/−OH symmetric stretch-
ing, and Fe−O symmetric stretching, respectively.58−60 The

Raman bands at 478, 550, and 684 cm−1 are attributed to Fe−
O symmetric stretching (A1g), to Fe−OH asymmetric
stretching (A1g), and to Fe−O symmetric stretching (A1g).
The bands at 1001 and 1109 are related to symmetric −OH
intermolecular stretching vibrations.58

In addition to these bands, the spectrum shows the presence
of a large band at 662 cm−1, which is not expected for pure
goethite.59 This additional band is probably due to an
amorphous phase, precursor of goethite. Ferrihydrite is a
poorly ordered and thermodynamically unstable iron oxide
phase. It is usually the first phase to precipitate from the rapid
hydrolysis of Fe(III) solutions before recrystallizing to form
the more stable goethite.59,60 Thus, the mode at 662 cm−1 is
expected to be the amount of ferrihydrite associated with a
goethite.
The positions of the vibration modes are shifted to lower

wavenumbers compared to those reported in the litera-
ture.54−56 In order to understand the reason for this overall
shifting in wavenumber, we have marked the zone where the
goethite is located. Then we quantified the element
composition of the goethite crystal zone by EDX (not shown
here). The result shows the presence of 4.6 ± 0.3 wt.% of Ni.
However, hydrogen is not quantified. It is established that the
substitution of nickel into the goethite structure in New
Caledonia was found to be associated with the poorly
crystalline ferrihydrite phase.61,62 Our observations in the
Raman spectrum corroborate the presence of ferrihydrite with
Ni in it.
No report on the effect of Ni substitution for Fe in the

structure of natural goethite using Raman spectroscopy could
be found in the literature. Therefore, we decided to compare
our spectrum with that of Ni-free goethite originating from the
same serpentinized harzburgite formation (Figure 9b). EDS

Figure 9. Raman spectra with optical images of (a) Ni-bearing goethite and (b) Ni-free goethite with the peaks used for a signal deconvolution.
The blue peaks at 662 and 669 cm−1 are related to ferrihydrite.
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analyses confirmed the absence of nickel. It is important to
note that the goethite containing Ni is formed close to the
serpentines (Figure 9a).
The structure of goethite is orthorhombic and consists of

hexagonal close packing arrays O2
− and OH− anions stacked

along the [001] direction with Fe3+ ions occupying 1/2 of
octahedral sites. Goethite consists of double chains of FeO6-
octahedra cross-linked by corner linkages. The [110] and the
[021] are the dominant crystal planes of goethite.63

Previous studies have confirmed that goethite is the major
Ni-species in Ni laterite deposits from New Caledonia.64 The
mechanism suggested to explain nickel incorporation in
goethite from New Caledonia is a simple isomorphous
substitution of Ni for Fe64 or nickel adsorption on goethite
surfaces.63 In this study, Raman analysis does not indicate the
presence of separate Ni-phases, supporting the structural
incorporation of nickel into goethite. In addition the
ferrihydrite band is still visible, alongside the bands attributed
to goethite. However, the intensity and the bandwidth of
ferrihydrite vibration mode decrease in the presence of nickel.
Ni substitution in the goethite structure induces a small change
in the cell parameters. This phenomenon is due to the
difference between the ionic radius of Fe3+ (0.645 Å) and Ni2+

(0.69 Å),62 which causes the shift of the Raman bands to lower
wavenumbers. The substitution of Fe3+ by Ni2+ creates one
negative excess charge, which has to be compensated.
Hydroxylation seems to be the most likely balance reaction
to compensate this excess and reduce the number of edge-
sharing Fe-octahedra with Ni2+. We notice that the bands
related to symmetric −OH intermolecular stretching vibrations
remain nearly in the same position, but their intensities
increase significantly, indicating that hydroxylation occurs.
This hydroxylation induces a local distortion of the goethite
lattice. These changes have been explained by charge and size
mismatch compensation effects.64 Generally, red shifts in

Raman spectrum are due to residual stress, disorder, and
crystal defects present in the sample.65

Chromite−Magnesiochromite. Optical microscopy re-
vealed the presence of chromite matrix with some blue crystals
of magnesiochromite in the harzburgite surface. In Figure 10a,
the Raman spectrum of chromite shows four bands associated
with the CrO bond-stretching region at 730, 650, 560, and 445
cm−1.66 The very intense and broad band at 730 cm−1 is
assigned to symmetric stretching vibrational mode, A1g(ν1).
The two peaks at 650 and 560 cm−1 are attributed to F2g(ν4)
and Fg(ν3) modes, respectively, and the small band at 445
cm−1 to the Eg(ν2) mode.
Raman spectra of the blue crystals formed in our samples

correspond to chromium spinel magnesiochromite
(MgCr2O4). Indeed, the spectrum (Figure 10b) shows well-
defined peaks at 445, 540, 609, and 683 cm−1 in agreement
with the values reported in the literature67 and can be assigned
to F2g(1), F2g(2), F2g(3), and A1g modes, respectively.
Chromite in New Caledonia deposits is present in most

peridotites as chromite-rich layers of large lateral extension.68

Chromium spinels represent accessory phases, but they are
widely considered to be important petrogenetic indicators
because their chemical composition depends on the
petrogenetic and physical conditions of the host forma-
tion.67−71 Magnesiochromite with variable compositions is a
common accessory mineral in upper mantle peridotites. In our
study, it is the only chromium carrier.72

Periclase shows no first order Raman effect,73,74 which
explains the absence of a Raman spectrum for this phase.
However, periclase is present in the XRD diffractogram. This
shows the importance of XRD to detect this phase.
Micro-Raman spectroscopy specifies that the major

serpentine mineral is lizardite, confirms the presence of Ni-
forsterite, enstatite, Ni-talc, sepiolite, and quartz, and addi-
tionally detects anatase, rutile, pyrite, hematite, magnesiochro-
mite, and Ni-goethite.

Figure 10. (a) Raman spectrum of chromite with optical image of chromite matrix. (b) Raman spectrum of one blue crystal of magnesiochromite
present in harzburgite with its corresponding optical microscope image.
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Implication of This Study for the Mining Industries. For
the processing of nickel ore and efficient recovery rates, it is
important to quantify the partitioning of nickel among the
different phases. With the help of XRD and Raman studies, the
nickel bearing phases were first qualitatively defined and could
then be further quantified. Serpentinization was deciphered by
the finding of turbostratic and well-crystallized lizardite. Only
turbostratic lizardite is significantly enriched in nickel. Poorly
ordered lizardite is interpreted to be a precursor of well-
crystallized lizardite.20 The serpentinized harzburgite studied
here hosts at least two generations of serpentine: (i) the
serpentine network replacing forsterite and (ii) dark green
serpentine veins crosscutting this network, thus being clearly
later. Villanova et al.14 showed that such crosscutting
serpentine veins are nickel richest. Furthermore, they
illustrated through thermodynamic calculations that these Ni-
rich serpentines were formed during weathering at 25 °C. The
turbostratic lizardite studied here is nickel richest and most
likely occurs in veins. We therefore suggest that this lizardite
was formed after the serpentine matrix under surface
conditions. The amount of nickel in these Ni-rich serpentines
is up to 4 wt.%. Goethite, present in minor amounts, is
enriched in nickel by 4.6 ± 0.3 wt.%, indicating a
remobilization and resequestration of Ni during weathering.
Other low temperature nickel bearing phases are talc (about 8
wt.% of Ni) and sepiolite. High temperature phases with
considerable nickel contents are Ni-rich forsterite (liebenber-
gite).
Serpentinization produces large amounts of silica during the

transformation of olivine into serpentine.75 This silica
(aqueous) migrates into higher levels and precipitates as
cherts or siliceous breccia.3 This process may lead, even at
lower temperatures, to MgO formation (related to serpenti-
nization) additionally to the high temperature formation of
periclase and may explain the coexistence of quartz and
periclase in the samples.
The finding that Ni-rich lizardite can be distinguished by its

structure from Ni-poor lizardite can be used by mining
companies as a geometallurgical parameter. Similar observa-
tions were made by Cudahy et al.,76 describing turbostratic and
well-crystallized kaolinite from regolith on gold deposits in
ultramafic and mafic rocks and the use of turbostratic kaolinite
as a tool for gold exploration. Disordering of the kaolinite is
related to Fe and Mg incorporation. In an earlier study,77 the
distinction between well-formed and disordered (low crystal-
linity) kaolinite was used as a gauge for parent rock
composition and an indicator for porphyry copper deposits.
Similarly, the distinction between disordered nickel-rich
serpentines and well-crystallized nickel-poor serpentine is a
valuable information for vectoring nickel-rich zones during
exploration and defining geometallurgical parameters.

4. CONCLUSIONS
XRD, XRF, SEM and micro-Raman spectroscopy were
combined to characterize the structure and the chemical
composition of minerals originating from New Caledonian
serpentinized harzburgite, the common protolith of nickel
laterite deposits. Rare minerals, not detectable by XRD, were
detected by Raman spectroscopy (iron sulfides, titanium
dioxide, magnesiochromite, chromite). For the studied
serpentinized harzburgite, the analyses showed that the
serpentines formed are disordered Ni-rich lizardite and well-
crystallized Ni-free lizardite. In addition, Ni-bearing forsterite,

Ni-rich talc, Ni-rich goethite, sepiolite, periclase, and quartz
were also detected. These findings indicate that these
serpentinized harzburgites already experienced incipient weath-
ering (lateritization)
Our study highlights the importance of coupling chemical

and mineralogical analytical technologies to obtain the most
complete information on samples and shows the importance of
Raman spectroscopy to characterize the structural properties of
materials, particularly for Ni detection at low substitution
levels. Combined analyses are the appropriate tool to decipher
and evaluate serpentinization and weathering processes and
degrees. This is particularly important for the nickel mining
and processing industries. The structural information obtained
from these studies, such as the recognition of turbostratic Ni-
rich serpentine, can be used as an exploration tool and
geometallurgical parameter definition, already during portable
or online-real-time infrared or Raman analyses technologies
that are being increasingly implemented on mine sites.
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