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Abstract. This study presents and discusses infrared spectroscopic data of well characterised, naturally occur-
ring trioctahedral layer silicates of the serpentine (Srp), talc (Tlc), and sepiolite (Sep) mineral groups, which are
found in reactivated faults and sequences of white and green clay veins (deweylite and garnierite) of the New
Caledonian Ni-silicate ores. Bands assigned to the OH stretching vibrations of these 1 : 1 and 2 : 1 layer silicates
in both the fundamental and first overtone regions of mid- and near-infrared (MIR and NIR) spectra, respectively,
are compared to those reported in the literature for synthetic Mg–Ni series of the Srp and Tlc mineral groups.
They are also presented according to the sequences of infillings recognised in the white and green veins of the
Ni-silicate ores. The study reveals that serpentine-like (SL) minerals of the first sequences of clay infillings are
residues of larger crystals of serpentines (lizardite, chrysotile, and antigorite) and that the newly formed talc-like
(TL) minerals and Sep are the main Ni-bearing carriers of the Ni-silicate ores. Decreasing crystal size and order
in serpentine species have major effects on vibrational bands. They favour the broadening of the OH stretching
bands, the degradation of the signals assigned to the interlayer OH, and the enhancement of the signal related
to weakly bound water molecules. The replacement of Mg by Ni in octahedral sites of the 2 : 1 layer silicates
(TL, Sep) of the greenish clay infillings can be traced by specific OH stretching bands related to the Mg3OH,
Mg2NiOH, MgNi2OH, and Ni3OH configurations in the fundamental (MIR) and first overtone (NIR) regions of
the spectra. The dominance of the Mg3OH and Ni3OH configurations with respect to mixed configurations in
the Mg–Ni mineral series of the clay infillings (mostly in the dominant TL minerals) suggests that Mg and Ni
segregation is related to separate Mg-rich and Ni-rich mineral phases rather than to a cationic clustering within
the individual particles. This segregation of Mg and Ni in discrete mineral phases is related to Mg–Ni oscilla-
tory zoning patterns (banded patterns) and is reproduced at the scale of the Ni-silicate ores between the white
(deweylite) and greenish (garnierite) veins of the reactivated faults.
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1 Introduction

White and green (Mg-rich and Ni-rich) clay infillings
(deweylite and garnierite) of the New Caledonian Ni-silicate
ore deposits are commonly found at depth in crosscutting
veins (“minerai quadrillé”) from peridotite saprock of thick
lateritic profiles (Cluzel and Vigier, 2008; Wells et al., 2009;
Fritsch et al., 2016, 2019; Cathelineau et al., 2017; Muñoz
et al., 2019). They represent on average one-quarter of the
global nickel resources of the world (Elias, 2001). As re-
ported in other peridotitic formations, these clay infillings
mostly consist of ill-ordered hydrous 1 : 1 and 2 : 1 Mg−Ni
layer silicates of the serpentine (Srp) and talc (Tlc) mineral
groups, the so-called serpentine-like (SL) and talc-like (TL)
minerals (e.g. Brindley and Hang, 1973; Brindley and Mak-
simović, 1974; Bish and Brindley, 1978; Wiewiora et al.,
1981; Villanova-de-Benavent et al., 2011, 2014; Fritsch et
al., 2016; Maubec et al., 2021). In some veins, Mg−Ni sepi-
olite (Sep) partly or totally replaces the Mg−Ni TL minerals
(Wiewiora et al., 1981; Dunbinska et al., 2000; Tauler et al.,
2009; Fritsch et al., 2016).

In New Caledonia, two sequences of clay infillings have
been recognised in the crosscutting veins of the saprock
(Fritsch et al., 2016, 2019). They were attributed to two ma-
jor periods of tectonic activity, following the dismantling and
cooling of the ophiolite nappe and related to the early al-
teration of the serpentine (Srp) network of the peridotites
(Mg−Fe 1 : 1 layer silicates) into fine-grained and ill-ordered
SL and TL minerals (locally Sep) (Fritsch et al., 2016). This
transformation of 1 : 1 into 2 : 1 layer silicates has been lim-
ited during the first period of faulting producing mixtures
of SL and TL minerals (here referred to as STL infillings)
and almost achieved during the second (TL infillings). A
third period of tectonic activity has generated silica infillings
and enabled the crystallisation of druzy quartz. Detailed geo-
chemical investigations carried out on these serpentine veins
and associated clay infillings (Fritsch et al., 2019) have also
shown that the removal of Mg and Fe (or residual accumu-
lation of silica) and the massive redistribution of Ni along
the fault network have mostly occurred during the first pe-
riod of tectonic activity. This early redistribution of chemical
elements is considered the major driver of the differentiation
of the white (deweylite) and greenish (garnierite) coatings on
the fault walls.

Due to the diversity of alteration products (mostly SL,
TL, and Sep) and residual mineral phases (Srp) commonly
found in the mineralised veins of the Ni-silicate ores, their
identification by means of spectroscopic tools remains a dif-
ficult task. This is especially true for the first sequence of
clay infilling where mixed spectral patterns are commonly
the rule, rendering the identification of each mineral contri-
bution quite challenging, more specifically for the Srp min-
eral group. However, an identification of the 1 : 1 and 2 : 1
layer silicates successively found in the sequence of white
and green clay infillings is of major importance for a better

understanding of the mechanisms involved in the formation
of the Ni-silicate ores.

Fourier transformed infrared (FTIR) spectroscopy and Ra-
man spectroscopy in the OH stretching region (Brindley et
al., 1979; Wiewiora et al., 1981; Gerard and Herbillon, 1983;
Wilkins and Ito, 1967; Kloprogge et al., 2000; Petit et al.,
2004; Madejová et al., 2011; Cathelineau et al., 2015; Baron
and Petit, 2016; Blanchard et al., 2018; Capitani and Ventruti,
2018; Muñoz et al., 2019; Compagnoni et al., 2021) and lat-
tice region of vibrational spectra (Yariv and Heller-Kallai,
1975; Brindley et al., 1979; Gerard and Herbillon, 1983;
Villanova-de-Benavent et al., 2019; Muñoz et al., 2019) are
among the most frequently used methods in the characterisa-
tion of these 1 : 1 and 2 : 1 layer silicates. The characteristic
bands related to the OH stretching modes of FTIR and Ra-
man spectra are of particular interest as they have proven to
be sensitive probes to local perturbations in the structure and
chemical composition of the layer silicates. In this regard,
spectroscopic studies in both the fundamental and first over-
tone regions of OH stretching modes have been carried out
successfully to infer the distribution of cations in synthetic
Mg–Ni mineral series of the 1 : 1 and 2 : 1 layer silicates
(Wilkins and Ito, 1967; Petit et al., 2004; Baron and Petit,
2016; Blanchard et al., 2018).

These studies focused on the inner OH stretching modes
recognised in the 1 : 1 and 2 : 1 layer silicates, which are
sensitive to the octahedral occupancies of divalent cations,
such as Mg, Fe, and Ni. In these trioctahedral layer sili-
cates, the inner OH groups are linked to three octahedral
cations and stretched perpendicularly to the layers (Wilkins
and Ito, 1967). They behave as isolated oscillators leading to
well-defined absorption bands. The frequency at which these
bands are observed depends on the crystal structure of the
layer silicate and the relative proportions of octahedral co-
ordinated divalent cations such as Mg, Ni, and Fe. For each
mineral species, the frequency of the band decreases sequen-
tially with the gradual replacement of Mg by Ni (or Fe). This
leads to four types of chemical environments and frequen-
cies for the inner OH stretching bands: Mg3OH, Mg2ROH,
MgR2OH, and R3OH (with R = Ni or Fe).

In the 1 : 1 layer silicates of the serpentine mineral group,
the occurrence of a second category of OH groups compli-
cates the interpretation of the vibrational spectra. These OH
groups are present on the outer face of the trioctahedral layer
establishing an H bond with O atoms of the basal plane of
the next T–O layer. Such interlayer OH groups are closer to
each other than the inner OH groups are. The description of
their vibrational properties should include a moderate cou-
pling between adjacent interlayer OH oscillators and a col-
lective behaviour due to long-range electrostatic interactions
(e.g. Balan et al., 2002a; Prencipe et al., 2009). Structural
parameters (bond strength), as well as macroscopic parame-
ters (shape, size, and aggregation state of particles), affect the
vibrational properties and contribute to the diversity of OH
stretching spectra recognised in crystalline serpentines (e.g.
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Lz: lizardite; Ctl: chrysotile; Atg: antigorite) (Balan et al.,
2021a, b; Fritsch et al., 2021). Compared with the more sym-
metric Lz variety, the OH stretching modes in the tubular-
shaped Ctl (and also in the polygonal serpentine) display two
contributions, one being ascribed to a local OH environment
similar to that observed in Lz and the other reflecting a dis-
tribution of the OH bond lengths likely due to structural mis-
fits between adjacent T–O layers (Fritsch et al., 2021). In the
corrugated Atg, lower crystal symmetry and greater struc-
tural distortion reduce the frequency of the inner OH stretch-
ing modes in both the Mg3OH and Mg2ROH configurations
(with R= Ni or Fe) and develop broader signals for the inner
and interlayer OH stretching vibrations (Balan et al., 2021b;
Fritsch et al., 2021). In the present study, special attention
is given to the OH stretching modes reported in the first se-
quence of clay infillings from the Ni-silicate ores, where par-
ticles of crystalline serpentines (Lz, Ctl, Atg) are intimately
mixed with fine-grained and ill-ordered SL minerals.

In the first section of the paper, representative spectra of
SL minerals, TL minerals, and Sep recognised in some infill-
ings of the New Caledonian Ni-silicate ores are interpreted in
light of previous studies performed on synthetic Mg–Ni min-
eral series of 1 : 1 and 2 : 1 layer silicates (Wilkins and Ito,
1967; Petit et al., 2004; Blanchard et al., 2018; Baron and Pe-
tit, 2016). This comparison is established for the fundamen-
tal and first overtone vibrations in the mid-infrared (MIR)
and near-infrared (NIR) ranges, respectively. The efficiency
and limits of both spectroscopic techniques for differentiat-
ing the three major components of the clay infilling (SL, TL,
and Sep) are then established, as well as the aptitude of these
components to store Ni in their octahedral sites. In the sec-
ond section, the gradual changes reported for the inner and
interlayer OH vibrations of the clay minerals in their funda-
mental and overtone states are analysed in detail according to
the sequence of infillings reported by Fritsch et al. (2016) in
both the white and greenish patches of the reactivated faults.
Modification of the spectroscopic signals for each mineral
series and sequence of infillings is used to better decrypt the
mechanisms involved in the formation of the Ni-silicate ores.

2 Materials and methods

Bulk samples selected for this study belong to the large set
of serpentine veins and clay infillings collected by Fritsch et
al. (2016) in the saprock of thick Ni-laterite deposits of New
Caledonia (Fig. 1a, b). The samples were grouped accord-
ing to their mineralogical and chemical compositions and
their relative distribution from the outer to the inner parts
of the veins. For the white patches of the Ni-silicate ores
(deweylite), they comprise the following (Fig. 1c): (i) the
white SL infillings with dominant SL minerals and serpen-
tine (Srp) remains, and (ii) the white STL infillings with
mixed SL and TL minerals. For the greenish patches of the
same Ni-silicate ores (garnierite), they comprise the follow-

ing (Fig. 1d): (i) the olive green STL infillings with mixed SL
and TL minerals and (ii) the bluish green (turquoise) TL in-
fillings with dominant TL minerals. Infillings with dominant
sepiolite (Sep) rather than TL minerals were also analysed.
High-resolution transmission electron microscopy (HRTEM)
images of the coarse serpentine particles (i.e. Lz: lizardite;
Ctl: chrysotile; Atg: antigorite) and fine-grained SL and TL
minerals are displayed in Fritsch et al. (2016).

The samples were ground with an agate pestle and mor-
tar and air-dried prior to chemical and mineralogical investi-
gations. Chemical analyses of bulk samples were performed
using a Perkin Elmer 1100b atomic-absorption spectropho-
tometer (AAS) after acid digestion of 1000 mg of a finely
powdered aliquot in a high-pressure TFM Teflon vessel us-
ing an ETHOS 1600 Milestone microwave system. Chemical
compositions of these samples are displayed in Table 1.

X-ray diffraction (XRD) was performed on randomly ori-
ented powders of bulk samples, previously sieved at 50 µm,
using a Bruker D8 Advance diffractometer equipped with
a LynxEye detector (Cu Kα radiation, 40 kV, 30 mA). Data
were recorded in step-scan mode between 4 and 65◦2θ with
0.016◦ steps and counting 480 s per step.

Mid-infrared (MIR) spectroscopy was performed in the
transmission mode on pellets, 2 cm in diameter, prepared
with 1 mg of sample and 150 mg of KBr salt. The mixture
was pressed for 5 min and dried overnight in an oven at
110 ◦C. MIR spectra were collected with a Thermo Scien-
tific Nicolet 760 FTIR spectrometer equipped with an Ever-
Glo source, a KBr beam splitter, and a deuterated triglycine
sulfate DTGS-KBr detector. The spectra were recorded over
the 400–4000 cm−1 range with a resolution of 4 cm−1 and
co-additions of 100 scans.

Near-infrared (NIR) spectroscopy was performed on pow-
der samples without any dilution. NIR spectra were obtained
using a Thermo Scientific Nicolet 6700 FTIR spectrometer
equipped with a white light source, a CaF2 beam splitter, and
a Thermo Scientific Smart NIR integrating sphere equipped
with an internal InGaAs detector. Powder samples were anal-
ysed in diffuse-reflectance mode. The resulting NIR spec-
tra are the sum of the 100 scans collected over the 3850–
7500 cm−1 range at a resolution of 4 cm−1.

3 Results and discussion

3.1 OH stretching vibrations in representative natural
samples and comparison with synthetic mineral
series

Figure 2 displays the OH stretching spectra of representa-
tive SL, TL, and Sep samples from fracture infillings of the
New Caledonian Ni-silicate ores, while Table 2 compares the
average frequencies reported for the four inner OH stretch-
ing modes (Mg3OH, Mg2NiOH, MgNi2OH, Ni3OH) of the
natural samples with those given in the literature for syn-
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Figure 1. (a) Black serpentine veins (Srp) in the saprock of thick Ni-laterites showing central and radial crackings with thin white (Dew:
Deweylite) and green (Gar: Garnierite) infillings, (b) juxtaposition of white (Dew) and greenish (Gar) infillings in crosscutting veins of black
serpentines (Srp), (c) sequence of white (SL, STL, TL) and grey (Qz) infillings in the deweylite veins, and (d) sequence of olive green (STL),
turquoise (TL), and grey (Qz) infillings in the garnierite veins.

thetic Mg–Ni series of the Srp (Baron and Petit, 2016) and
Tlc (Wilkins and Ito, 1967; Petit et al., 2004; Blanchard et
al., 2018) mineral groups. As far as we know, frequencies of
synthetic Mg–Ni Sep series have not been reported in the lit-
erature. For the Srp mineral group, we will mostly rely on
the synthetic Mg–Ni series investigated by Baron and Pe-
tit (2016), as OH stretching modes involving Ni could not be
related to well-defined peaks from our set of samples con-
taining SL minerals (i.e. SL and STL infillings).

As illustrated by sample SL13, SL minerals commonly
display in the MIR range (Fig. 2a) a dominant band at
3694 cm−1 ascribed to interlayer OH and, in the NIR range
(Fig. 2b), a narrower inner OH band at 7232 cm−1 and a
broader interlayer OH band at 7200 cm−1. These vibrations
are similar to those reported by Baron and Petit (2016) for
the Mg end-member of their lizardite-nepouite mineral se-
ries and are therefore characteristic of an Mg3OH environ-
ment. Sample TL5 is representative of a Ni-rich TL infill-
ing (Table 1). It displays in both the MIR range (Fig. 2a)
and NIR range (Fig. 2b) four characteristic OH stretching
vibrations. These vibrations are similar to those determined
on synthetic Mg–Ni series of the Tlc mineral group (Wilkins
and Ito, 1967; Baron and Petit, 2016; Blanchard et al., 2018),
indicating that the four dominant bands in the MIR and NIR
spectra of the TL samples correspond to the occurrence of

the four Mg3OH, Mg2NiOH, MgNi2OH, and Ni3OH config-
urations. Note that the small magnitude of the shift of the
OH stretching bands towards lower frequencies (∼ 1 cm−1)
when Fe replaces Ni (see Mg–Fe series from Petit et al., 2004
in Table 2) makes a spectroscopic distinction of the two sub-
stitutions challenging. It is worth reporting that the anhar-
monicity parameters calculated between the fundamental and
first overtone vibrations of these TL minerals are similar for
the natural clay infillings and synthetic materials and are also
very close to those calculated by Baron and Petit (2016) for
the Mg–Ni series of the Srp mineral group (Table 2). The
last sample SF4 is representative of a Ni-rich Sep infilling
(Table 1). Its FTIR spectrum is consistent with that of natu-
ral Ni-bearing sepiolite reported by Villanova-de-Benavent et
al. (2019) and Maubec et al. (2021). As for the former TL in-
fillings, four characteristic Mg3OH, Mg2NiOH, MgNi2OH,
and Ni3OH bands occur in the MIR and NIR ranges (Fig. 2).
A splitting of the vibrations in two sets of OH stretching
transitions (Sep1 and Sep2 in Table 2) is also observed. The
splitting of these transitions is weakly detectable in the MIR
range (Fig. 2a) and more obvious in the NIR range (Fig. 2b),
more specifically at low frequencies for the MgNi2OH and
Ni3OH configurations. It is most likely related to varying
hydration states of the channel framework of these fibrous
minerals (Post et al., 2007; Bukas et al., 2013). The anhar-
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Table 1. Chemical composition of the clay samples with serpentine-like (SL) minerals, mixed serpentine-like and talc-like (STL) minerals,
talc-like (TL) minerals, and sepiolite (SF) from white (deweylite) and greenish (garnierite) infillings associated with serpentine veins of the
New Caledonian peridotite formations (BON: Bonini; LF: La Française; C2; BR; STA: Stanislas; ISA: Isabelle; FAT Fatma; MG: Menguen;
CS: Champs des sapins; GM: Grand Massif; GOR: Goro; 6R =Mg + Fe + Ni). Plot of the data in ternary diagrams in Figs. 4b, 5b, 6b, 7b,
and 8b.

Reference Sample Region SiO2 MgO NiO FeO Al2O3 Cr2O3 MnO CoO Total Si :6R Ni :6R

Klippe Wt oxide % Mole ratio

SL1 Bon-C2-1c Poro 40.01 36.13 1.80 4.27 0.43 0.45 0.07 0.02 83.18 0.68 0.03
SL8 LF-Sta17c Poro 42.93 37.68 4.31 0.52 0.00 0.00 0.08 0.01 85.52 0.71 0.06
SL10 LF-Sta17b Poro 42.76 34.34 3.51 3.30 0.00 0.02 0.09 0.01 84.02 0.75 0.05
SL13 Bon-Fat12e Poro 42.43 39.17 0.14 2.70 0.00 0.12 0.07 0.01 84.64 0.70 0.02

SL12 LF-StaG2 Poro 49.34 36.94 0.07 0.09 0.00 0.00 0.05 0.00 86.46 0.89 0.00
STL19 LF-Sta10b1 Poro 49.39 37.16 0.48 0.55 0.00 0.00 0.02 0.00 87.60 0.92 0.00
STL11 BON-BR2c Poro 53.62 34.50 0.02 0.64 0.00 0.12 0.00 0.00 88.90 1.03 0.00
STL7 BON-BR2b Poro 54.51 30.75 3.84 0.64 0.00 0.09 0.06 0.00 89.83 1.10 0.06

STL14 Mg5a Koniambo 41.94 26.29 13.69 2.63 0.34 0.28 0.07 0.12 85.35 0.80 0.21
STL3 Bon-BR2 Poro 49.94 17.28 23.17 0.69 0.00 0.12 0.00 0.07 91.27 1.11 0.41
TL8 LF-Sta5a2 Poro 48.97 14.34 27.59 0.64 0.00 0.13 0.00 0.08 91.76 1.11 0.50
TL9 Bon-Fat12f4 Poro 46.91 5.51 39.36 0.17 0.00 0.00 0.02 0.04 92.01 1.17 0.79

TL6 Nep-Lup3 Kopeto 62.84 24.66 5.21 0.34 0.00 0.01 0.00 0.00 93.06 1.52 0.10
TL4 Mg3aWil Koniambo 52.77 17.71 20.27 0.11 0.00 0.00 0.02 0.01 90.88 1.23 0.38
TL10 Bon-Fat12f Poro 50.05 11.44 30.28 0.08 0.00 0.00 0.02 0.05 91.91 1.21 0.59
TL5 Gor180-E3 Goro 48.74 11.91 30.40 0.07 0.00 0.08 0.02 0.05 91.27 1.15 0.58

SF1 Thio-CS1a Thio 61.70 27.08 0.37 0.34 0.00 0.02 0.00 0.00 89.50 1.50 0.01
SF6 Nep-Ka2a Kopeto 63.21 25.43 0.11 0.38 0.00 0.02 0.00 0.00 89.15 1.65 0.00
SF4 Mg4bWil Koniambo 58.22 13.19 18.06 0.06 0.00 0.00 0.01 0.00 89.54 1.70 0.42
SF7 Thio-GM1d Thio 55.09 12.43 22.84 0.16 0.00 0.00 0.02 0.03 90.57 1.49 0.50

Figure 2. Representative (a) mid-infrared and (b) near-infrared spectra of a SL infilling (sample SL13), TL infilling (sample TL5), and Sep
infilling (sample SF4) of the New Caledonian Ni-silicate ores. Dark green and pale and dark red vertical lines mark the positions of the four
inner OH stretching bands (Mg3OH, Mg2NiOH, MgNi2OH, Ni3OH) for TL minerals and Sep. For SL minerals, the pale green vertical lines
correspond to frequencies provided by Baron and Petit (2016). Plain lines correspond to inner OH vibrations and dashed lines to interlayer
OH vibrations. SL: serpentine-like; TL: talc-like; Sep: sepiolite.
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Table 2. Frequencies (W cm−1) of the four inner OH stretching bands (Mg3OH, Mg2ROH, MgR2OH, R3OH) from Mg–R series of three
mineral groups (Srp: serpentine; Tlc: talc; Sep: sepiolite) in the fundamental (vOH) and first overtone (2vOH) regions of MIR and NIR
spectra (synthetic minerals from literature and natural samples from this study). Lz: lizardite; Nep: nepouite; TL: talc-like minerals;X cm−1:
anharmonicity parameter (in italic); R=Ni except for the Mg–Fe Tlc series of Petit et al. (2004). The anharmonicity parameters are in italics.

Mg–R phyllosilicates (origin) W & X (cm−1) Mg3OH Mg2ROH MgR2OH R3OH

Mg–Ni Lz-Nep (Baron and Petit, 2016) WvOH (MIR) 3698 3686 3668 3648
W2vOH (NIR) 7226 7198 7164 7124
X –85.0 –87.0 –86.0 –86.0

Mg–Ni Tlc (Wilkins and Ito, 1967) WvOH (MIR) 3676–3677 3662–3663 3645–3647 3624–3627

Mg–Fe Tlc (Petit et al., 2004) WvOH (MIR) 3676 3662 3644 3623
W2vOH (NIR) 7185 7156 7118 7073
X –83.5 –84.0 –85.0 –86.5

Mg–Ni Tlc (Baron and Petit, 2016) WvOH (MIR) 3679 3664 3648 3628
W2vOH (NIR) 7186 7156 7122 7080
X –86.0 –86.0 –87.0 –88.0

Mg–Ni Tlc (Blanchard et al., 2018) WvOH (MIR) 3676–3677 3662 3646–3647 3625–3627
W2vOH (NIR) 7183–7185 7154–7157 7119–7123 7078–7080
X −83.5–85.0 −83.5–85.0 −85.5–86.5 −85.5–87.0

Mg–Ni TL (This study) WvOH (MIR) 3677 3662 3646 3628
W2vOH (NIR) 7185 7156 7122 7079
X –84.5 –84.0 –85.0 –88.5

Mg–Ni Sep (This study) Sep1 WvOH (MIR) 3685 3670 3652 3632
W2vOH (NIR) 7214 7182 7143 7098
X 78.0 79.0 80.5 83.0

Sep2 WvOH (MIR) 3682 3667 3649 3630
W2vOH (NIR) 7208 7172 7133 7085
X –78.0 –81.0 –82.5 –87.5

monicity parameters calculated between the fundamental and
first overtone vibrations of these Sep materials are slightly
smaller than those reported for the TL minerals (Table 2).

Figure 3 displays the amplitude of the shift with respect
to the pure Mg composition of the three characteristic OH
stretching bands (Mg2NiOH, MgNi2OH, Ni3OH) for the
three mineral series (SL, TL, and Sep) as a function of the
frequencies of the vibrations. It is noteworthy that although
the absolute OH stretching frequencies differ from one min-
eral to the other and from one type of OH group to the
other, the down shifts induced by the incremental Ni for
Mg replacement in the vicinity of the OH group are simi-
lar, ranging from ∼ 14 to ∼ 17 and ∼ 20 cm−1 for the first,
the second, and the third substitution (Mg3OH→Mg2NiOH
→ MgNi2OH→ Ni3OH), respectively (Fig. 3a). Concomi-
tantly, the shifts of the overtone bands in the NIR range are
∼ 29, ∼ 35, and ∼ 42 cm−1, respectively (Fig. 3b).

Figure 3 also shows that the four OH stretching bands are
observed at higher frequencies for the Srp-SL mineral series
than for the TL mineral series. The positions of these bands
on both MIR and NIR spectra then enable differentiation of
these 1 : 1 and 2 : 1 layer silicates, which are the most com-
mon mineral phases reported in the clay infillings of the New

Caledonian Ni-silicate ores (Wells et al., 2009; Fritsch et al.,
2016; Cathelineau et al., 2015). Furthermore, their relative
intensity also enables the assessment of Ni distribution (ran-
dom versus cluster) in the octahedral sites of both types of
layer silicates (e.g. Wilkins and Ito, 1967; Wiewiora et al.,
1981; Petit et al., 2004). The two other sets of OH stretching
bands for Sep (i.e. Sep1 and Sep2) are observed at interme-
diate positions between those of the Srp-SL and TL mineral
series. They are closer to those of the TL minerals in the
range of fundamental transitions (Fig. 3a) and to those of the
SL minerals in the first overtone region of the infrared spec-
tra (Fig. 3b). Although quite close to each other, their posi-
tions enable the identification of the additional occurrence of
sepiolite in the clay infillings and the establishment of the
proportion and distribution of Ni in this third mineral phase.
Nevertheless, some of the inner OH stretching bands of the
three Mg–Ni mineral series (Srp-SL, TL, and Sep) overlap
or are observed at nearly the same frequency. This is the case
in three narrow ranges of frequencies on MIR spectra (three
grey slots in Fig. 3a) and only one range of frequency on
NIR spectra (one grey slot in Fig. 3b). Figure 3 reveals there-
fore the greater potential of NIR spectroscopy to differentiate
the OH stretching bands of the three Mg–Ni mineral series.
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Figure 3. Position (frequencies or wavenumbers) and shift of the four inner OH stretching bands (Mg3OH, Mg2NiOH, MgNi2OH, Ni3OH)
for the three Mg–Ni mineral series of the Ni-silicate ores in the (a) fundamental (vOH) and (b) first (2vOH) overtone regions of MIR and
NIR spectra (synthetic minerals from the literature and natural samples from this study). Lz: lizardite; Nep: nepouite; Tlc: talc; TL: talc-like;
Sep: sepiolite.

It also shows that the Ni3OH vibration in SL minerals cannot
be distinguished from the Mg2NiOH vibration in TL min-
erals, which are both observed at nearly the same frequen-
cies in the fundamental (∼ 3646 cm−1) and first overtone
(∼ 7124 cm−1) regions of MIR and NIR spectra. This un-
certainty can only be lifted with additional crystallographic
investigations (e.g. using XRD).

3.2 Mineral composition and OH stretching modes in
the first sequence of clay infillings

3.2.1 White clay infillings (deweylite) with SL minerals

The replacement of Mg−Fe serpentine species (Srp) by SL
minerals in the first generation of white infillings is corre-
lated on XRD patterns to significant decreasing, broaden-
ing, and spreading towards smaller angles of the 00l basal
reflections of the 7 Å (or 1 : 1) layer silicates, as well as to
a degradation of the sharp 202 reflections at ∼ 36◦ 2θ and
their replacement by a very broad two-dimensional diffrac-
tion band (from SL1 to SL13 in Fig. 4a). These modifications
of the XRD patterns of serpentines are the result of a signifi-
cant decrease in their particle size and development of crystal
defects (such as stacking faults) (Brindley, 1980; Fritsch et
al., 2016). On these XRD patterns, the overlapping of sharp
202 reflections of crystalline serpentines (Lz, Ctl, Atg) on the
broad two-dimensional diffraction band (20) of the SL min-
erals attests to the occurrence of Srp remnants in these white
infillings. Such occurrences likely correspond on HRTEM
images to the largest crystal particles intimately mixed with
the fine-grained materials of the clay infillings (Fritsch et al.,
2016). Moreover, detailed observation of the 202 reflections
shows that Srp residues are mostly composed of Ctl in sam-

ple SL1 (major peak at d spacing of 2.45 Å), mixture of Ctl
and Lz in sample SL8 (additional sharp peak at d spacing of
2.51 Å), and Atg in sample SL10 (major peak at d spacing of
2.55 Å) (Fig. 4a) (Fritsch et al., 2016, 2021). These sharp re-
flections of crystalline Srp almost disappear in sample SL13,
whereas the broad 20 diffraction band of the SL minerals be-
comes largely prominent. As shown in the ternary diagram
of Fig. 4b, the chemical compositions of these white infill-
ings (grey triangles) are very close to those of the black to
greenish brown Srp veins of the peridotites (black dots).

Fritsch et al. (2021) have recently investigated the struc-
tural and chemical parameters controlling the OH stretch-
ing signals of the Srp and highlighted the potential of com-
bining different spectroscopic techniques for a consistent
assignment of their vibrational modes. Modification of the
OH stretching signals in the white infillings composed ex-
clusively of 1 : 1 layer silicates (Srp-SL) is discussed here
in both the first overtone and fundamental regions of NIR
(Fig. 4c) and MIR (Fig. 4d) spectra. As for the basal reflec-
tions of the XRD patterns, the individualisation in the infill-
ings of ill-ordered SL minerals is related to an intensity de-
crease and broadening of the inner OH stretching overtone
band on NIR spectra (Fig. 4c). The position of this overtone
band is sensitive to the nature of the Srp remnants for each
infilling. It ranges from 7240 cm−1 for samples comprising
Ctl and Lz remnants (SL1 and SL8) to 7229 cm−1 for sam-
ples containing mainly Atg remnants (SL10) (Fritsch et al.,
2021). This overtone, related to the dominant Mg3OH con-
figuration in Srp, is clearly dissociated from those reported
at lower frequencies for the other OH stretching modes. This
is not the case for the fundamental inner OH band, which is
barely detectable on MIR spectra and is present as a shoul-
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Figure 4. White clay samples with dominant serpentine species (Srp) and serpentine-like (SL) minerals (SL1, SL8, SL10, SL13): (a) XRD
analysis of mineral composition, (b) chemical composition reported in a ternary diagram, (c) OH stretching bands in the first overtone of
NIR spectra, (d) OH stretching bands in the fundamental state of MIR spectra, and (e) enlarged view showing the broad signal related to
weakly bound water molecules (MIR spectra).
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der on the high-frequency side of the dominant band related
to interlayer OH groups (Fig. 4d). Consistent with the ob-
servations made on the overtone bands, the shoulder corre-
sponding to the inner OH is positioned at 3703 cm−1 for sam-
ples comprising Ctl and Lz remnants (SL1 and SL8) and is
not detectable for samples containing mainly Atg remnants
(SL10) due to its larger width and lower frequency, leading
to a strong overlap with the dominant signal assigned to in-
terlayer OH groups. This interpretation of the MIR and NIR
spectra of Srp species (Lz, Ctl, Atg) in the infillings is con-
sistent with the XRD data.

A second set of spectral modification is reported at lower
frequency. The modification of the vibrations is once again
more clearly established on the overtones of NIR spectra
than on the fundamentals of MIR spectra. Figure 4c no-
tably displays two main signals at ∼ 7209 and 7171 cm−1

in the less altered infilling (SL1), which disappear in the
others infillings, and their replacement by a very broad sig-
nal centred at ∼ 7200 cm−1. The vibration at 7209 cm−1 has
been attributed to the inner OH overtone of the less abun-
dant Mg2MOH configuration (with M = Fe or Ni) of the
Srp (Balan et al., 2021a). It overlaps with a broader contribu-
tion at 7200 cm−1, which together with the 7171 cm−1 band
are ascribed to overtone vibrations of interlayer Mg3OH
groups (Fritsch et al., 2021). The sharper interlayer over-
tone at 7171 cm−1 was found to be common to all serpen-
tine minerals, including Atg, whereas the large signal cen-
tred at 7200 cm−1 has been attributed to structural misfits
for the OH stretching due to the unrolling of the T–O lay-
ers in Ctl nanotubes (Fritsch et al., 2021). Both signals have
their equivalent interlayer OH stretching modes at 3696 and
3686 cm−1 in the fundamental region of MIR spectra (Fritsch
et al., 2021), and the removal of the latter is then illustrated
in Fig. 4d by a gradual shift of the main band from 3686 to
3696 cm−1. In the white infilling mostly made of Atg (SL10),
the fundamental band of the interlayer OH at 3674 cm−1 (and
not at 3686 cm−1 as for the other Srp species) also disap-
pears, whereas the characteristic overtone band at 7229 cm−1

for the inner OH remains. In the white infilling composed al-
most exclusively of SL minerals (SL13), we notice the resid-
ual occurrence of a broad fundamental band at 3696 cm−1

and overtone at 7200 cm−1,
It is therefore challenging to assign the modification of

the inner and interlayer OH stretching bands to structural
changes in the fundamental region of MIR spectra of these
white infillings without the assistance of their overtone
equivalents on NIR spectra. Both techniques reveal similar
variations for the interlayer OH groups, which strengthen
therefore our interpretations: (i) the removal of the sharp
signals at 7171 and 3686 cm−1 specific to crystalline Srp
(3674 cm−1 for the fundamental band of Atg) and (ii) the
persistence or development of broader and weaker signals
at 7200 and 3696 cm−1, which were attributed by Fritsch et
al. (2021) to structural misfits in Ctl and are dominant in the
SL minerals. Furthermore, the degradation of the OH stretch-

ing bands of the 1 : 1 layer silicates, more specifically of their
interlayer OH vibrations at 7171 and 3686 cm−1 (3674 cm−1

in Atg) (Fig. 4c, d), is also correlated with an enhancement
of the very large signal centred at ∼ 3418 cm−1 (Fig. 4e) at-
tributed to weakly bound water molecules in the interlayer
space of these layer silicates (Fritsch et al., 2021).

3.2.2 White clay infillings (deweylite) with mixed SL
and TL minerals

The conversion of serpentine minerals into TL minerals in
the white clay infillings (deweylite) of reactivated faults
marks a second step in the transformation of the 1 : 1 layer
silicates. It is illustrated in XRD patterns by a gradual de-
crease in the reflections of the 7 Å type layer silicates (Srp
and SL) and their replacement by those of the 10 Å type layer
silicates (TL). Such variations mainly concern the 00l basal
reflections of these layer silicates, whereas the broad two-
dimensional band common to both types of minerals (20-
13) remains almost unchanged (Fig. 5a). Moreover, the sharp
reflections assigned to crystalline Srp, which were present
on the broad two-dimensional band of the SL minerals, are
weakly expressed in this second category of white infillings.
The removal of these sharp reflections and the enhancement
of the two-dimensional band suggest therefore that most of
the Srp species (Lz, Ctl, and Atg) have converted into SL
minerals. In a ternary diagram (Fig. 5b), chemical data of
these white infillings are spread between the Mg−Fe ser-
pentine (SLMg) and Mg-rich TL minerals (i.e. kerolite). This
trend belongs therefore to a Ni-free environment where the
production of TL minerals in the clay infillings can be traced
by an increase in the molar Si :6R ratio (with R =Mg+Fe)
(Fritsch et al., 2019).

The NIR and MIR spectral patterns of the 1 : 1 layer sil-
icates of these white infillings also show that the interlayer
OH bands of the Srp species at 7171 and 3686 cm−1 (mostly
for Lz and Ctl, at 3674 cm−1 for Atg) are no longer present,
whereas those of the SL minerals at 7205 and 3696 cm−1 re-
main. These spectral changes support the conversion of the
Srp species into SL minerals inferred on the basis of XRD
data. However, spectral inheritance from serpentine parent
materials can be traced back using the position of the in-
ner OH vibration. As for the former white infillings exclu-
sively made of 1 : 1 layer silicates, the frequency of the in-
ner OH vibration in the NIR range varies from 7229 cm−1 in
samples resulting from the alteration of Atg (SL12, STL19)
to 7240 cm−1 in those derived from the other Srp species
(STL11, STL7). This distinction is consistent with observa-
tions in the MIR range, where the frequency of the funda-
mental inner OH is at 3703 cm−1 for the second set of sam-
ples (STL11, STL7), whereas it is superimposed on that of
the interlayer OH at 3696 cm−1 for the first set of samples
(SL12, STL 19). Finally, it is worth pointing out that both vi-
brations for the inner and interlayer OH of these SL minerals
correspond exclusively to the Mg3OH configuration.
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Figure 5. White clay samples with mixed serpentine-like (SL) and talc-like (TL) minerals (SL12, STL19, STL11, STL7): (a) XRD analysis
of mineral composition, (b) chemical composition reported in a ternary diagram, (c) OH stretching bands in the first overtone of NIR spectra,
(d) OH stretching bands in the fundamental state of MIR spectra, and (e) enlarged view showing the broad signals related to weakly bound
water molecules (MIR spectra).
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In these white infillings, the replacement of SL minerals
by TL minerals is illustrated on both NIR and MIR spec-
tra by a gradual decrease in the inner and interlayer OH
stretching bands of the SL minerals (see vertical grey lines
in Fig. 5c, d) and a concomitant increase in the inner OH
stretching band of the TL minerals at 7184 and 3677 cm−1

for the Mg3OH configuration (see the vertical blue line in
Fig. 5c, d). These variations are better expressed on NIR
spectra than on MIR spectra due to a smaller contribution
in the former of the interlayer OH stretching mode. As for
the SL minerals, the other inner OH stretching bands asso-
ciated with the incorporation of Ni in octahedral sites of the
TL minerals (Mg2NiOH, MgNi2OH, Ni3OH) are absent or
barely detectable (see vertical dashed blue lines in Fig. 5c,
d), which is in agreement with the expected Ni-free charac-
ter of these minerals.

Lastly, the additional formation of TL minerals in these
white infillings leads to a greater proportion of weakly bound
water molecules, which is attested on MIR spectra by an
overall enhancement of the broad signals centred at ∼ 3424
and 3220 cm−1 (vertical dashed blue lines in Fig. 5e). This
last trend is in agreement with the expected larger ability of
the ill-ordered SL and TL minerals to store water molecules
compared to the crystalline serpentines and talcs. This prop-
erty has repeatedly been pointed out in the literature (e.g.
Brindley and Wan, 1975; Brindley et al., 1979; Gerard and
Herbillon, 1983) and quantified by thermogravimetric and
differential thermal analyses (e.g. Brindley and Hang, 1973;
Fritsch et al., 2016).

3.2.3 Olive green clay infillings (garnierite) with mixed
SL and TL minerals

As for the white clay infillings (deweylite), the replacement
of serpentines by TL minerals in the olive green clay infill-
ings is illustrated on XRD patterns by a gradual decrease
in the diffraction peaks of the 7 Å type layer silicates (Srp
and SL) and their replacement by those of the TL miner-
als (Fig. 6a). However, it is not straightforward to obtain a
quantitative estimate of the mineral fractions from XRD data
as the incorporation of Ni in the structure of these layer sil-
icates (mainly TL minerals as discussed later) leads to an
enhancement of the basal reflections of the TL minerals as
compared to those of the SL minerals (compare Figs. 5a and
6a) (Brindley et al., 1979; Blanchard et al., 2018). Chemi-
cal data of these green infillings plotted in a ternary diagram
(Fig. 6b) are spread between those of the Mg−Fe serpen-
tines (SLMg) and Ni-rich TL minerals (i.e. pimelite). In such
a crystal chemical trend, the increase in the Si :6R ratio is
closely linked to a loss of Mg and Fe, which is partly com-
pensated by a gain of Ni (Fritsch et al., 2019).

The NIR and MIR spectra of the 1 : 1 layer silicates for
the olive green infillings present major similarities to those
previously presented for the white infillings (Fig. 6c, d). In-
deed the vibrations of the inner and interlayer OH groups

are characteristic of the Mg3OH configuration in SL miner-
als. The broad interlayer OH stretching at 3696 cm−1 is the
dominant SL vibration on MIR spectra (Fig. 6d), whereas
its first overtone at 7205 cm−1 corresponds to a broad sig-
nal on NIR spectra (Fig. 6c). According to the nature of the
parent material (mixture of Lz and Ctl versus Atg), the in-
ner OH stretching mode of the Mg3OH configuration varies
from 7240 to 7229 cm−1 in the first overtone region of NIR
spectra (Fig. 6c) and from 3703 to 3696 cm−1 in the funda-
mental region of MIR spectra (Fig. 6d). The other inner OH
stretching bands associated with the incorporation of Ni in
octahedral sites of the SL minerals (Mg2NiOH, MgNi2OH,
Ni3OH) are absent or barely detectable on both NIR and MIR
spectra (vertical dashed olive green lines in Fig. 6c, d).

In these olive green infillings, the replacement of SL by
TL minerals is illustrated on both NIR and MIR spectra by
a gradual collapse of the inner and interlayer OH stretching
bands of the SL minerals (see vertical grey lines in Fig. 6c,
d) and a concomitant development of the inner OH stretching
bands of the TL minerals (vertical dark green lines in Fig. 6c,
d). More precisely, both NIR and MIR spectra show that the
first and fourth bands for the Mg3OH and Ni3OH config-
urations at respectively 3677 and 7184 cm−1 and 3628 and
7080 cm−1, although changing in intensity from one sample
to another, correspond to the dominant OH stretching vibra-
tions of the TL minerals. As initially reported by Brindley et
al. (1979) and Wiewiora et al. (1981) in similar Mg–Ni min-
eral series, the second band at 3662 and 7156 cm−1 for the
Mg2NiOH configuration is barely detectable, and the third
band at 3646 and 7124 cm−1 for the MgNi2OH configura-
tion is weak.

As for the white clay infillings, the ability of the cryp-
tocrystalline SL and TL minerals of the olive green infill-
ings to store water molecules is attested to on MIR spectra
by large and overlapping bands at ∼ 3424 and 3220 cm−1

(Fig. 6e).

3.3 Mineral composition and OH stretching modes in
the second sequence of clay infillings

3.3.1 White and turquoise clay infillings with dominant
TL minerals

According to XRD patterns, this second generation of clay
infillings consists mainly of TL minerals, with broad 00l
basal reflections and very broad two-dimensional bands
(Fig. 7a). Chemical data of these infillings plotted in a ternary
diagram (Fig. 7b) are spread between the Mg and Ni poles
of TL minerals (kerolite and pimelite respectively). Never-
theless, all the chemical data fall just below the theoretical
line for talc (horizontal dashed line in the diagram). This
shift reveals a slightly lower Si :6R ratio than the theoretical
value of 1.33 for talc. As confirmed by XRD (Fig. 7a), this is
due to a minor occurrence of SL minerals in these white and
turquoise TL infillings. The shift is even larger towards the
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Figure 6. Olive green clay samples with mixed serpentine-like (SL) and talc-like (TL) minerals (STL14, STL3, TL8, TL9): (a) XRD analysis
of mineral composition, (b) chemical composition reported in a ternary diagram, (c) OH stretching bands in the first overtone of NIR spectra,
(d) OH stretching bands in the fundamental state of MIR spectra, and (e) enlarged view showing the broad signals related to weakly bound
water molecules (MIR spectra). Sep: sepiolite.
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Ni pole of the chemical trend (Fig. 7b), pointing therefore to
a greater proportion of SL minerals in the turquoise infillings
(garnierite) of the Ni-silicate ores.

The main spectral variations reported on both NIR and
MIR spectra illustrate the Ni for Mg substitution in octahe-
dral sites of TL minerals from the white to the turquoise clay
infillings (from TL6 to TL5 or bottom to top of Fig. 7c, d).
However, both cations (i.e. Mg and Ni) remain largely seg-
regated in these TL infillings. Indeed, the inner OH stretch-
ing bands for the Mg3OH configuration of TL at 7184 and
3677 cm−1 remains intense in all samples. Almost exclusive
in the white infillings (TL6 in Fig. 7c, d), they are gradu-
ally replaced by the bands at 7080 and 3628 cm−1 of the
Ni3OH configuration in the turquoise infillings (TL4, TL10,
and TL5 in Fig. 7c, d). As for the olive green infillings, the in-
termediate bands for the Mg2NiOH configuration are barely
detectable on both NIR and MIR spectra for the turquoise
samples TL4 and TL10, and those for the MgNi2OH con-
figuration are weak. However, the latter at 7124 cm−1 for
the first overtone region (Fig. 7c) and at 3646 cm−1 for the
fundamental region (Fig. 7d) are abnormally high in the Ni-
rich sample TL5. As highlighted previously, this intense band
could be due to inner OH vibrations either in an MgNi2OH
configuration of TL minerals or in a Ni3OH configuration of
SL minerals, or both. XRD data confirm the occurrence of
1 : 1 layer silicates in the clay infillings (Fig. 7a), suggesting
therefore the segregation of Ni in both SL and TL minerals
(i.e. preferential occurrence of the Ni3OH configuration in
both types of layer silicates).

As for the first sequence of clay infilling (white or olive
green), MIR spectra of this second sequence of clay infill-
ings display very intense bands for water molecules, which
interfere at higher frequency with the sharper peaks assigned
to the OH stretching bands of the layer silicates (Fig. 7e). The
greater contribution of the band centred at 3424 cm−1 in the
sample T6 (Fig. 7e) points to variable proportions of weakly
bound water molecules in TL minerals. This latter point is in
agreement with contrasting shrinking and swelling capacity
of the clays, mostly controlled by the amount of octahedral
vacancies in the 2 : 1 layer silicates (Fonteneau et al., 2020).

3.3.2 White and green clay infillings with dominant
sepiolite

Figure 8a displays the XRD patterns of this optional and ulti-
mate sequence of white and greenish clay infillings where se-
piolite (Sep) becomes dominant over TL minerals. The white
infillings (SF1, SF6) mostly consist of Sep, whereas the
greenish infilling (SF7) contains in addition minor amounts
of TL and SL minerals. Both the white and greenish infillings
also contain a small but variable quantity of quartz. Chemi-
cal data of the clay infillings plotted in a ternary diagram are
superimposed on the theoretical line of the Mg−Ni solid so-
lution of the Sep mineral group (horizontal dashed line in
Fig. 8b). They are stretched between the Mg and Ni end-

members of this mineral series (sepiolite and falcondoite, re-
spectively). The Si :6R ratios of these samples (higher than
those calculated for the TL infillings) are very close to the
theoretical value of 1.50 for Sep (Table 1).

The spectra of these Sep infillings (Fig. 8c, d, e) exhibit
relevant differences with those previously reported for the
more common TL infillings of the Ni-silicate ores (Fig. 7c, d,
e). The most remarkable difference is the much larger quan-
tity of structural water in the samples (up to 17 wt % H2O
in pure Sep). Structural water is assigned on MIR spectra to
four intense, broad, and overlapping bands centred at 3629,
3564, 3424, and 3260 cm−1 (Fig. 8e). These bands strongly
interfere at higher frequency with the sharper peaks of the
OH stretching vibrations of these 2 : 1 layer silicates (mainly
Sep but also TL). By analogy with what has been estab-
lished for TL minerals and for similar sepiolite samples by
infrared spectroscopy and thermogravimetric and differential
thermal analyses (Brauner and Preisinger, 1956; Frost et al.,
2001; Yeniyol, 2014; Fritsch et al., 2016), the first band at
3629 cm−1 is attributed to OH stretching vibrations of wa-
ter molecules weakly bonded to Si–O, the second and third
bands at 3564 and 3424 cm−1 to zeolitic water (i.e. crystal-
lographically bound water in the channels of Sep), and the
fourth band at 3260 cm−1 to water sorbed at the edges of the
channels.

At higher frequency, NIR and MIR spectra display the
two sets of OH stretching bands (Sep1 and Sep2 in Table 2)
for Sep (vertical light and dark purple lines in Fig. 8c, d).
For the white (Ni-free) infillings (SF1, SF6), only the band
specific to the OH stretching vibration at Mg3OH sites of
Sep is present. The first overtone at ∼ 7214 cm−1 (NIR) be-
longs to the high-frequency vibration of the first set (Sep1)
of OH stretching bands (vertical light red lines in Fig. 8c).
The fundamental vibration at ∼ 3682 cm−1 (MIR) corre-
sponds to the second set (Sep2) of OH stretching bands (ver-
tical dark red lines in Fig. 8d). In the greenish (Ni-rich) in-
fillings (SF4, SF7), the splitting of the inner OH stretch-
ing vibration in two transitions for the other three sites of
Sep (Mg2NiOH, MgNi2OH, Ni3OH) is larger and better
expressed on NIR spectra (Fig. 8c) than on MIR spectra
(Fig. 8b). In sample SF7, one shoulder at 7080 cm−1 is no-
ticed for Ni3OH in TL minerals (vertical dashed dark green
lines in Fig. 8c, d). In the same sample, another band is ob-
served at 7124 cm−1, which could correspond to OH stretch-
ing vibrations in MgNi2OH sites of TL minerals and/or in
Ni3OH sites of SL minerals. As for the turquoise TL infill-
ings, the residual occurrence in the greenish Sep infillings of
SL minerals (Fig. 8a) suggests that the segregation of Ni (or
predominance of Ni3OH sites) is the rule in the ultimate se-
quence of clay infillings for the three mineral series of the
Ni-silicate ores.
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Figure 7. White and turquoise clay samples with dominant talc-like (TL) minerals (TL6, TL4, TL10, TL5): (a) XRD analysis of mineral
composition, (b) chemical composition reported in a ternary diagram, (c) OH stretching bands in the first overtone of NIR spectra, (d) OH
stretching bands in the fundamental state of MIR spectra, and (e) enlarged view showing the broad signals related to weakly bound water
molecules (MIR spectra). SL: serpentine-like minerals.
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Figure 8. White and greenish clay samples with dominant Sep (SF1, SF6, SF4, SF7): (a) XRD analysis of mineral composition, (b) chemical
composition reported in a ternary diagram, (c) OH stretching bands in the first overtone of NIR spectra, (d) OH stretching bands in the
fundamental state of MIR spectra, and (e) enlarged view showing the broad signals related to weakly bound water molecules (MIR spectra).
Sep: sepiolite; TL: talc-like minerals; SL: serpentine-like minerals.
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4 Genetic implications

4.1 Residual mineral phases of the Ni-silicate ores

This spectroscopic study sheds light on the nature of the SL
minerals of the clay infillings in the Ni-silicate ores. These
SL minerals must be considered as residual products of larger
crystals of serpentines found as separate or mixed species
(Lz, Ctl, and Atg) in serpentine veins of peridotites (Fritsch
et al., 2016) rather than a new generation of serpentine ma-
terials associated with the vertical development of thick lat-
eritic profiles (e.g. Villanova-de-Benavent et al., 2014, 2016;
Muñoz et al., 2019). Indeed, the various serpentine species
at the origin of the production of ill-ordered and fine-grained
SL minerals can be traced back from the frequency of the
inner OH stretching mode of the dominant Mg3OH config-
uration of these 1 : 1 layer silicates. The frequency of this
vibration on MIR and NIR spectra ranges from 3696 and
7129 cm−1 in samples mostly composed of Atg to 3703 and
7140 cm−1 in samples composed of Lz and Ctl. Spectro-
scopic patterns of the fine-grained SL minerals differ from
those of the crystalline serpentines by an enlargement of the
OH stretching bands, as well as a decrease in the signals as-
signed to the interlayer OH and a concomitant increase in the
signal related to weakly bound water molecules. The domi-
nant interlayer OH bands at 3686 and 7171 cm−1 related to
the crystalline serpentines (3674 cm−1 for Atg) tend to dis-
appear in favour of broader bands related to greater crys-
tal disorder (or distortion) at higher frequencies (3696 and
7200 cm−1). On MIR spectra, the greater contribution of the
interlayer OH vibration mode and the possible overlap with
the signal arising from the inner OH vibration mode (more
specifically at 3696 cm−1) render the identification of indi-
vidual mineral phases difficult. NIR spectroscopy allows us
to overcome this uncertainty, underlying therefore the inter-
est of combining both techniques for a detailed characterisa-
tion of the 1 : 1 layer silicates of the Ni-silicate ores.

Our study also shows that the SL minerals of the Ni-rich
(garnierite) and Ni-free (deweylite) sections of the veins in
the Ni-silicate ores are identical. In both cases, the signals
of the inner and interlayer OH vibrations are the same and
limited to the Mg3OH configuration. The weak NIR signal at
7209 cm−1 assigned to inner OH vibration in a Mg2NiOH
configuration in the serpentine species (Lz, Ctl, and Atg)
has disappeared. The disappearance of this signal likely re-
sults from the preferential removal of domains in the octa-
hedral layers containing chemical impurities such as Fe or
Ni. The local removal of these domains is also consistent
with a crystal disorder in this kind of low-temperature envi-
ronment involving cationic vacancies (Christidis and Mitsis,
2006; Fonteneau et al., 2020).

4.2 Neoformation of Ni-bearing phases

The major spectral changes in the white and green clay in-
fillings of the Ni-silicate ores are related to the sequential
decrease in the inner and interlayer OH bands of the SL min-
erals and their gradual replacement by the inner OH bands
of the 2 : 1 layer silicates (mainly TL minerals, locally Sep).
These spectral changes illustrate therefore the conversion of
1 : 1 layer silicates into 2 : 1 layer silicates, which is limited
in the first sequence of clay infillings (STL) and almost com-
pleted in the second (TL). In the white veins (deweylite) of
the reactivated faults, the inner OH vibration of the 2 : 1 layer
silicates is limited to the Mg3OH configuration. In the green-
ish veins (garnierite) of the Ni-silicate ores, the Ni for Mg
substitution in the octahedral sites of the newly formed 2 : 1
layer silicates leads to a splitting of the inner OH stretching
vibration into as many as four bands, corresponding to the
following change in configurations: Mg3OH → Mg2NiOH
→ MgNi2OH → Ni3OH. These results indicate that the
main Ni-bearing phases of the Ni-silicate ores are the Ni-
rich TL minerals (pimelite). The occurrence of Ni-rich SL
minerals (nepouite) is only suspected in the second sequence
of turquoise infillings, where both Ni-rich TL and Ni-rich
SL minerals are finely mixed. As suggested by Fritsch et
al. (2019), Ni-rich SL minerals could arise from the removal
of one silica sheet from pimelite associated with the redis-
tribution of Si in the oscillatory zoning patterns of the Ni-
silicate ores.

4.3 Segregation of Mg and Ni

Our results also lead us to conclude that the segregation of
Mg and Ni can be established at different scales. At the scale
of the plateaux hosting the Ni-silicate ores, the differentiation
of sections of white (Ni-free) and greenish (Ni-rich) patches
along the fault network of the saprock (e.g. Cluzel and Vigier,
2008) testifies to localised redistributions of Ni and exports
of Mg and Fe (Fritsch et al., 2019). At the scale of the clay
minerals, our results underline the preferential occurrence of
the Mg3OH and Ni3OH configurations in the three mineral
series of the clay infillings (mostly in the dominant TL min-
erals). This segregation of Ni in these 1 : 1 and 2 : 1 layer sili-
cates has already been established elsewhere by various spec-
troscopic methods (optical absorption spectroscopy, infrared
spectroscopy, X-ray absorption spectroscopy) (Wiewiora et
al., 1981; Gerard and Herbillon, 1983; Manceau and Calas,
1985; Manceau et al., 1986; Muñoz et al., 2019). It was either
attributed to nano-clusters of Ni in octahedral sites of these
layer silicates or to mixed layers with Mg and Ni octahedral
sheets (i.e. kerolite and pimelite) (Manceau and Calas, 1985;
Manceau et al., 1986). The second interpretation is consis-
tent with the present results and those of the detailed tex-
tural and geochemical investigations of Ni-bearing silicates
from New Caledonia by Fritsch et al. (2019). Magnesium and
Ni would therefore not be individualised as clusters (or do-
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mains) in the layer silicates but rather as separate mineral
phases, more specifically in the Mg–Ni oscillatory zoning
patterns (or banded patterns) of the clay infillings (Fritsch
et al., 2019).

Appendix A: FTIR spectra of lattice bands in the
Mg−Ni 1 : 1 and 2 : 1 layer silicates

Here, we briefly present and discuss the vibrational bands re-
ported in the 1200–400 cm−1 range of MIR spectra for the
1 : 1 and 2 : 1 layer silicates (Srp, SL, TL, and Sep) identi-
fied in the clay infillings of the Ni-silicate ores (Fig. A1).
These bands can be grouped in three categories of vibrations
(from left to right in the graphs of Fig. A1): (I) the stretch-
ing of Si–O bonds including the apical (out-of-plane) vibra-
tions for both categories of layer silicates and the additional
basal (in-plane) vibrations for the 1 : 1 layer silicates (Farmer
and Russell, 1964; Yariv and Heller-Kallai, 1975; Fuch et al.,
1998), (II) the libration motions of OH groups (Russell et al.,
1970; Yariv and Heller-Kallai, 1975; Golightly, 1979; Ishida,
1990), as well as at lower frequency the hindered translation
of OH along a direction perpendicular to the layers, and (III)
the bending of Si–O bonds (Wilkins and Ito, 1967).

The diversity of vibrational signals is high in clay infill-
ings predominantly made of 1 : 1 layer silicates (Srp, SL)
(Fig. A1a), low in clay infillings composed mostly of TL
minerals (Fig. A1b), and intermediate in clay infillings with
dominant sepiolite (Fig. A1c). Spectra of clay infillings with
mixed mineral phases are the most complicated to interpret,
more specifically those composed of mixed SL and TL min-
erals (Fig. A1d, e).

As established before with the OH stretching vibrations,
serpentine parent material can be identified from the shape
and frequency of the Si–O stretching vibrations of the domi-
nant 1 : 1 layer silicates (Srp-SL) of the white clay infillings
(Fig. A1a). From this point of view, the less altered SL1 sam-
ple displays characteristic spectral patterns of chrysotile (Ctl)
(Balan et al., 2002b; Fritsch et al., 2021) with an apical Si–O
vibration at 1082 cm−1 and a sharp signal at 953 cm−1 for
the dominant basal Si–O vibration. A second weaker basal
Si–O vibration at 1015 cm−1 is also present and character-
istic of the tubular shape of Ctl (Balan et al., 2002b). In the
other white infillings of Fig. A1a, change in parent materials
can be deduced from the position of the dominant basal Si–O
vibration. This vibration is observed at 993 cm−1 in samples
SL10 and SL13 comprising Atg residues and at intermedi-
ate frequency (970 cm−1) in sample SL8 containing lizardite.
The presence of Atg is also suggested from weak signals
at 628 and 564 cm−1 for libration and hindered translation
of OH groups, respectively. All these crystallographic sig-
nals led therefore to the same mineralogical interpretations
as those established previously by XRD analysis. Moreover,
the degradation of these signals by the broadening and merg-
ing of the apical and basal Si–O vibrations also marks the

transformation of these serpentine species into ill-ordered SL
minerals (degradation optimal in samples SL10 and SL13).

In the infillings mostly composed of TL minerals, only
one signal related to the apical Si–O vibration is observed at
1020 cm−1 (Fig. A1b). This signal is intense and extremely
wide due to the ill-ordered nature of the TL minerals. The
same type of signal is observed for the infillings predomi-
nantly made of Sep (Fig. A1c), with nevertheless three satel-
lite vibrations at 1104, 1078, and 980 cm−1 likely due to the
channel structure of the mineral. These 2 : 1 layer silicates
also display at lower frequencies doublets characteristic of
OH libration motions. For the TL minerals, the first band at
667 cm−1 is commonly attributed to Mg–OH libration mo-
tion, while the second at 711 cm−1 corresponds to OH libra-
tion motion involving both Mg and Ni (Brindley et al., 1979;
Ishida, 1990; Blanchard et al., 2018). In our set of samples,
the first band at 667 cm−1 is seen alone in the white (Ni-free)
clay infillings made of mixed SL and TL minerals (Fig. A1d).
The second band at 711 cm−1 gradually increases with the
content of Ni in the olive green infillings made of a mixture
of SL and TL minerals (Fig. A1e), as well as in the white and
turquoise infillings composed predominantly of TL minerals
(Fig. A1b). In sepiolite, the doublet shifts at lower frequency
(Fig. A1c). The first type of band at 651 cm−1 is more in-
tense than the second at 691 cm−1 in the Mg-rich sepiolite,
whereas it is the reverse in Ni-rich sepiolite (i.e. falcondoite).
Moreover, the bands of the doublet are sharp in the Mg-rich
samples (SF1 and SF6) and wide in the Ni-rich samples made
of both Sep and TL minerals (SF7 and SF4) likely due to
lower crystallinity and smaller particle sizes in the greenish
sections of the Ni-silicate ores (Fritsch et al., 2019).
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Figure A1. (a) Lattice vibrations of the Mg−Ni 1 : 1 and 2 : 1 layer silicates (Srp: serpentine; SL: serpentine-like; TL: talc-like; Sep: sepiolite)
of the selected samples from the Ni-silicate ores: (a) white clay samples with dominant SL minerals (OH stretching bands in Fig. 4c, d),
(b) white and turquoise clay samples with dominant TL minerals (OH stretching bands in Fig. 7c, d), (c) white and greenish clay samples
with dominant sepiolite (OH stretching bands in Fig. 8c, d), (d) white clay samples with mixed SL and TL minerals (OH stretching bands in
Fig. 5c, d), and (e) white and olive green clay samples with mixed SL and TL minerals (OH stretching bands in Fig. 6c, d). Qz: quartz.
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