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Abstract: Different techniques have been combined to identify the structure and the chemical composition of siliceous breccia from a drill core of nickel laterites in New Caledonia (Tiebaghi mine). XRD
analyses show quartz as a major phase. Micro-Raman spectroscopy confirmed the presence of reddish
microcrystalline quartz as a major phase with inclusion of microparticles of iron oxides and oxyhydroxide. Lithoclasts present in breccia are composed of lizardite, chrysotile, forsterite, hedenbergite
and saponite. The veins cutting through the breccia are filled with Ni-bearing talc. Furthermore,
for the first time, we discovered the presence of diamond microcrystals accompanied by moissanite
polytypes (SiC), chromite (FeCr2 O4 ) and uranophane crystals (Ca(UO2 )2 (SiO3 OH)2 .5(H2 O)) and
lonsdaleite (2H-[C-C]) in the porosities of the breccia. The origin of SiC and diamond polytypes are
attributed to ultrahigh-pressure crystallization in the lower mantle. The SiC and diamond polytypes
are inherited from serpentinized peridotites having experienced interaction with a boninitic melt.
Serpentinization, then weathering of the peridotites into saprolite, did not affect the resistant SiC polytypes, diamond and lonsdaleite. During karstification and brecciation, silica rich aqueous solutions
partly digested the saprolite. Again, the SiC polymorph represent stable relicts from this dissolution
process being deposited in breccia pores. Uranophane is a neoformed phase having crystallized
from the silica rich aqueous solutions. Our study highlights the need of combining chemical and
mineralogical analytical technologies to acquire the most comprehensive information on samples, as
well as the value of Raman spectroscopy in characterizing structural properties of porous materials.
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1. Introduction
The occurrences of moissanite (SiC) associated with NiMnCo, FeSi and FeC alloys,
are described from many peridotites and podiform chromitites belonging to ophiolites
in Turkey, China, Myanmar, Russia, Mexico and Cuba [1–5]. Moissanite, natural SiC, is
extremely rare. It was found in meteorite, kimberlites [6], metasomatic rocks [7], peridotites,
serpentinites and podiform chromitites [8,9]. Moissanite intergrowth with other minerals
have also been documented in eclogites and serpentinites from the Dabie-Sulu belt in
China [9,10] and in volcanic rocks [7,11]. The more frequent natural moissanite are the
3C, 4H, 6H and 15R polytypes, where C, H and R polytypes are cubic, hexagonal, and
rhombohedral, respectively. All these phases form at extremely low oxygen fugacity, 5 to 6
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log units below the IW buffer [12]. The stability of these phases at surface conditions
is explained by rapid tectonic uplift, while slow tectonic uplift would lead to diamond
decomposition, as the observed graphitized diamonds from the Beni Bousera, Morocco [13]
and the Ronda massifs, Spain [14]. Based on mineralogical studies, the super reduced
association of moissanite, native Cu, Fe–Mn alloy in Al rich chromitite from the Mercedita
ophiolite in Cuba was attributed to a low temperature serpentinization process in a very
reduced microenvironment [4,15,16]. A similar model was proposed for micro diamonds
found in chromite in podiform chromitite in serpentinite from the Tehuitzingo ophiolite in
South Mexico [16].
None of these minerals and mineral association have been so far described from nickel
laterite profiles. Recent studies by El Mendili et al. [17] give a detailed description of the
6O-SiC polytype in the siliceous breccia studied here. Its presence in an alteration profile is
attributed to a three-stage process: formation in the lower mantle, transport into the upper
mantle peridotite by second stage melts, weathering, and preservation in breccia pores.
Uranophane is a hydrous silicate (Ca(UO2 )2 (SiO3 OH)2 .5(H2 O)) occurring commonly
as secondary minerals in oxidizing silica rich environment, fractures, mainly as result
of uraninite (UO2 ) alteration related to uranium and associated metal mineralization or
nuclear fuel [18–20]. In laterites (Parana sedimentary basin, Brazil, hosting sedimentary
and ultramafic-mafic intrusive rocks), uranophane was discovered in uraniferous nodules
described from iron crusts [21]. Uraniferous minerals are not yet described from nickel
laterites and New Caledonian rocks so far.
In this study, we report the first occurrence of diamond, lonsdaleite, moissanite among
other reduced phases, and uranophane from silica rich rocks at the base of a nickel laterite
profile, located in saprolite, at the Tiebaghi mine, New Caledonia. The silica rich rocks
(sample ER-NC00-0001) was analyzed in the frame of the H2020 EU project SOLSA to
evaluate the influence of surface roughness on close sensor drill core analyses [22,23].
2. Materials and Methods
2.1. Material
The siliceous dissolution breccia (SB; SOLSA label: ER-NC00-0001, Geographic coordinates: Latitude: 20◦ 260 24.59” S, Longitude: 164◦ 130 1.20” E) was sampled from a drill core
performed in the nickel laterite profile at the Tiébaghi Mine in the northwestern part of
New Caledonia.
2.2. Geological Setting
New Caledonia located in the Pacific Ocean 200 km off-shore NE Australia, represents a microcontinent composed of an autochtonous basement of metamorphic and
metavolcanosedimentary rocks of Upper Carboniferous to Lower Cretaceous age, and
Late Cretaceous to Lower Tertiary allochtonous terranes. Part of these terranes is the New
Caledonia ophiolite [24–26]. The lower part of this ophiolite covers large terranes of the
southern part of the island, while tectonic ophiolitic klippes occur in the northwestern
part. The lithologies comprise serpentinized harzburgite (±lherzolite), and serpentinized
pyroxenite, wherlite and dunite overlain by gabbro [25,26]. At Tiébaghi, the peridotites are
much richer in chromite and show a higher diversity (dunites, harzburgite, lherzolite, pyroxenites), which may be related to magmatic differentiation and melt rock interactions [27].
Numerous dykes, sometimes pegmatitic, cut through the ultramafic rocks [28].
Lateritization of the ophiolite started in Oligocene (24 ± 5 Ma) [29] and resulted in
the formation of world-class nickel laterite ore deposits in the lower part of the regolith.
These nickel deposits represent ~9% of the world reserves [30]. Classically, the serpentinized peridotites decomposed into (a) sap-rock, representing serpentinized lithoclasts
occurring in a soil matrix, (b) the nickel-rich saprolite, overlain successively by yellow and
red laterite, with (c) a top layer of ferricrete. During lateritization, silicates (relict olivines
and pyroxenes) are dissolved, and serpentines of several generations are gradually transformed into clay minerals and talc, while dissolved iron precipitates as oxy hydroxides and
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dissolved silica as quartz [31]. Nickel is often enriched in the latest serpentine generation
(3 wt.%) and talc-like phases such as kerolite (about a factor 10 richer than serpentines:
30 wt.% [23,32–34]. Meteoric alteration starting at 24 ± 5 Ma, is favored by an intense
fracture network related to orogenic and post-orogenic (relaxation) tectonics [35–39]. In
this high hydraulic conductivity environment, aquifers percolate at different levels of the
laterite profile reserves [40] and form pseudo-karstic structures [36,41,42]. At Tiébhagi, the
lower aquifer drains the fine and coarse saprolite and the highly fractured serpentinized
peridotites [40,41]. Dissolution, and resorption of serpentinized peridotite related to down
drainage meteoric water are observed [40]. This alteration caused the emplacement of a
collapse breccia (>50% clasts) [41] along vertical channels and egg-shape morphologies
at the base of the laterite profile related in particularly, the egg-shape morphology at the
base of the saprolites, to alteration at hydrothermal temperatures (70–90 ◦ C) [40,43]. Based
on fluid flow modelling, the authors suggest that meteoric waters heated-up through
exothermic reactions associated with serpentine weathering.
2.3. Sample Description

Minerals 2022, 12, 196

At Tiébaghi, the lower part of the regolith hosts a white-beige-brownish, porous silica
rich rock. It has a typical boxwork structure (Figure 1 ). This rock hosts a few fragments,
relicts of saprolite. It is a dissolution breccia. We call it hereafter siliceous breccia. The
overall grain size of the breccia is <2 mm. The breccia is mainly composed of quartz of
millimetric size, red spots represent iron oxyhydroxides, and locally black oxides occur
(<1 mm). Crosscutting veins are filled with talc and clay minerals [22]. The studied samples
were cut out from the drill core surfaces as prisms of ≈20 × 20 × 6 mm3 size. From
macroscopic observations, the formation of this breccia can be related to the
4 epikarstic
of 17
processes [40].

Figure 1. (a) Photographs of the breccia drill cores and (b) binocular images of breccia squares stud‐
Figure
1. (a) Photographs of the breccia drill cores and (b) binocular images of breccia squares studied
ied in this work.
in this work.

2.4. Analytical methods
Imaging, mapping, and compositional analysis of SiC polymorphs were performed us‐
ing scanning electron microscope (SUPRA™ 55 SAPPHIRE; Carl Zeiss, Jena, Germany)
equipped with energy dispersive spectrometer (EDS). The measurements were done at 15 kV.
X‐ray fluorescence spectra were performed using an Inel Equinox 3500 spectrometer (Inel
Equinox 3500, Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with a Cu micro‐
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2.4. Analytical Methods
Imaging, mapping, and compositional analysis of SiC polymorphs were performed
using scanning electron microscope (SUPRA™ 55 SAPPHIRE; Carl Zeiss, Jena, Germany)
equipped with energy dispersive spectrometer (EDS). The measurements were done
at 15 kV.
X-ray fluorescence spectra were performed using an Inel Equinox 3500 spectrometer
(Inel Equinox 3500, Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with a
Cu microfocus source 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 600s.
High resolution X-ray diffraction of breccia sample was performed on a D8 Advance
Vario 1 Bruker two-circles diffractometer (θ–2θ Bragg-Brentano scan) (D8 Advance Vario 1,
Bruker, Karlsruhe, Germany) using a Cu Kα radiation (λ = 1.54059 Å) selected by an
incident beam Ge (111) monochromator (Johansson type) and equipped with a LynxEye
detector. XRD diagram is collected at room temperature for 2θ varying from 10◦ to 100◦ for
1 s per 0.0105◦ step (12 h/scan).
The Raman spectra were recorded at room temperature using a DXR Raman microscope (DXR, Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a
900 lines/mm diffracting grating. 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 (1 mW) and with a 100× magnification long working
distance. Raman spectra were collected over a range of 80–2000 cm−1 (systematically
recorded twice with an integration time of 60 s). The spectral region 3300–4000 cm−1 was
investigated for minerals species with expected OH stretching vibration modes. The laser
spot diameter was estimated at 0.8 µm. The peak deconvolution was performed with
the Origin software. The mineralogical composition was determined by comparing the
collected Raman signals with those reported in the ROD database [44].
3. Results
3.1. Major Composition of the Siliceous Breccia
The chemical analyses by X-Ray Fluorescence (XRF) of the breccia surface indicates ~88 wt.% of silica and 1.9 wt.% Fe2 O3 (as total iron). Traces of CaO and MgO (0.1
and 0.7 wt.%, respectively) are also present. In term of elemental composition, XRF indicate
the presence of Si, Mg, Fe, and other trace elements such as Ni and Cr (Table 1).
Table 1. Elemental composition of breccia in weight, as obtained from XRF measures.
Element

Composition (wt.%)

O
Si
Mg
Fe
Ni
Al
Ca
Cr
Na
K

42.7 ± 1.5
25.3 ± 0.8
21.7 ± 0.8
4.9 ± 0.4
0.6 ± 0.2
1.1 ± 0.1
1.0 ± 0.1
1.2 ± 0.1
1.25 ± 0.2
0.20 ± 0.02

X-ray diffraction pattern (Figure 2) of breccia samples only exhibits the signature of
highly crystalline quartz (100 wt.%). The Rietveld refinement performed with a trigonal
space group P32 21 converged to quartz lattice parameters of a = 4.916 Å and c = 5.408 Å
with a mean crystallite size of 161 nm and the microstrain of 8 × 10−4 rms. These refined
lattice parameters are very close to that reported in literature [45]. The general R-factors
which indicate the overall goodness of fit between the model and experimental data are:

Table 1. Elemental composition of breccia in weight, as obtained from XRF measures.
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Composition (wt.%)
O
42.7 ± 1.5
Si
25.3 ± 0.8
Mg
21.7 ± 0.8
5 of 17
Fe
4.9 ± 0.4
Ni
0.6 ± 0.2
Al
1.1 ± 0.1
Rwp = 6.3% and RbCa
= 5.6%, giving goodness of fit of 1.3. 1.0
It ±is0.1important to note that
no other phase was Cr
detected by XRD even though EDS and
1.2 XRF
± 0.1 analysis indicate the
presence of 5–7% of Na
iron and other elements. However, the
mineral
1.25 ± 0.2 species potentially
formed by such elements
are
not
detected
by
XRD
because
they
are present at very low
K
0.20
± 0.02

concentrations (<3%).
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Iron is within 5–7 wt.% and is related to iron oxides and oxyhydroxide (hematite,
maghemite, magnetite and goethite) present in the quartz matrix as micro to nano-inclusions
(Figure 3b). Raman analyses of the breccia matrix confirm that quartz is predominant. The
well-defined and mostly narrow Raman bands of quartz attested to its highly crystalline
form (Figure 3a). Raman spectroscopy also evidences the presence of serpentine minerals
(Figure 3c), lizardite and chrysotile, which crystallized in densely packed fibers. Forsterite,
hedenbergite and yellow saponite occur as clots scattered throughout the fine-grained
matrix (Figure 3d). Minor phases, e.g., anatase, pyrite and apatite were also observed
(Figure 3e). The microfractures in the breccia (Figure 3f–h) are filled with calcite and
kerolite ‘Ni-rich talc’ [33].
The kerolite is the only Ni-bearing phase. The vibrational modes observed for kerolite
(Figure 3h) are slightly shifted toward lower wavenumbers compared to pure talc [46]
suggesting high Ni substitution in Mg-talc [47]. However, kerolite and Ni-rich talc exhibit
three main bands on similar positions (674, 188 and 108 cm−1 ). In the high wavenumber
range (3500–3750 cm−1 ), the vibrations of the OH groups can be used to discriminate the
talc-like phases: the positions and relative intensities of OH contributions are controlled by
the types and number of crystallographically equivalent OH groups sites, and by the types
of cation occupancies around OH sites, as well as the probabilities of these occupancies.
For Mg-talc, only a strong OH stretching band is expected around 3675 cm−1 and for
Ni-talc-like (kerolite), the spectrum shows three Ni2+ additional vibrations at 3654, 3625,
and 3610 cm−1 [23,47]. These bands correspond to OH bonded to 2Mg + 1Ni, 1Mg + 2Ni,
and 3 Ni, respectively [23,47]. The intensity of the vibration is proportional to the amount
of the cation configuration (in our case 3Mg (20.8%), 2Mg + 1Ni (62.4%), 1Mg + 2Ni (1.7%),
and 3 Ni (15.1%). This result thus confirmed the presence of high Ni substitution in Mg-talc.

Minerals 2022, 12, 196

and number of crystallographically equivalent OH groups sites, and by the types of cation
occupancies around OH sites, as well as the probabilities of these occupancies.
For Mg‐talc, only a strong OH stretching band is expected around 3675 cm−1 and for
Ni‐talc‐like (kerolite), the spectrum shows three Ni2+ additional vibrations at 3654, 3625, and
3610 cm−1 [23,47]. These bands correspond to OH bonded to 2Mg + 1Ni, 1Mg + 2Ni, and 3
Ni, respectively [23,47]. The intensity of the vibration is proportional to the amount of the6 of 17
cation configuration (in our case 3Mg (20,8%), 2Mg + 1Ni (62,4%), 1Mg + 2Ni (1,7%), and 3
Ni (15,1%). This result thus confirmed the presence of high Ni substitution in Mg‐talc.

Figure 3. Raman
spectra
of phases
present
in the in
breccia
core samples
α‐Quartz
2), (b) Mi‐
Figure
Raman
spectra
of phases
present
the breccia
core (a)
samples
(a)(SiO
α-Quartz
(SiO2 ),
croparticles
of
iron
oxides
[hematite
(α‐Fe
2
O
3
),
maghemite
(γ‐Fe
2
O
3
),
magnetite
(Fe
3
O
4
)]
and
goe‐
(b) Microparticles of iron oxides [hematite (α-Fe2 O3 ), maghemite (γ-Fe2 O3 ), magnetite (Fe3 O4 )]
thite (α‐FeOOH), (c) Lizardite and chrysotile (OH)3Mg3[Si2O5(OH)], (d) Hedenbergite (CaFeSi2O6),
and goethite (α-FeOOH), (c) Lizardite and chrysotile (OH)3 Mg3 [Si2 O5 (OH)], (d) Hedenbergite
(CaFeSi2 O6 ), forsterite (Mg2 SiO4 ) and saponite (Ca0.25 (Mg,Fe)3 ((Si,Al)4 O10 )(OH)2 ·n(H2 O)), (e) Pyrite
(FeS2 ), apatite (Ca5 (PO4 )3 OH) and anatase (TiO2 ) crystals, (f) Optical images of the breccia vein with
corresponding Raman spectra of: (g) Calcite (CaCO3 ) and (h) Kerolite ((Mg,Ni)3 Si4 O10 (OH)2 ·H2 O).

3.2. Pore Fillings in the Siliceous Breccia
Micrometric porosities observed by optical microscopy (Figure 4a,b) incorporate small
crystals and clusters of crystals varying from blue to white and colorless-transparent
(Figure 4a). Interestingly, micro-Raman measurements on these clusters reveal the presence
of chromite and SiC (Figure 4g). SiC (moissanite) occurs either as single grains (approximated size: 5 × 8 × 10 µm3 ), sometimes having light blue color to green and colorless
irregular flakes or fragments of 10–25 µm (Figure 4c). EDS analyzes on this moissanite
crystal indicate C, 48.7 ± 1.9 at. wt.% and Si, 51.3 ± 1.6 at. wt.% (Figure 4d). Although EDS
is not accurate for low atomic number elements and not recommended as a technique for
the quantification of elements lighter than Na, EDS analyses of moissanite showed that the
crystals contained no elements heavier than carbon and Si.
The SiC grain in Figure 4b was selected for a full single crystal diffraction, SCXRD
(Figure 5). This SiC grain crystallizes in the space group Cmc21 with 36 atoms per unit cell
[a = 3.0778(6) Å, b = 5.335(2) Å, c = 15.1219(6) Å, α = 90◦ , β = 90◦ , γ = 120◦ ]. Reflection’s
splitting can be evidenced in some experimental frames and could be attributed to twinning
features. Data were then integrated. The different attempts of integration of reflections
using the previous unit cell were not satisfactory: the internal reliability factor Rint = 35%,
quantifying the symmetry deviation from the intensity of the reflections expected to be
equivalent, excludes unambiguously the hexagonal or trigonal symmetries. The reciprocal
space was then interpreted in a different way by considering the orthorhombic unit cell
and twin components related by a tri-fold axis parallel to c with an internal reliability Rint
of 7.4%. The structure has been determined by charge in the Cmc21 space group and then

Minerals 2022, 12, 196

Micrometric porosities observed by optical microscopy (Figure 4a,b) incorporate
small crystals and clusters of crystals varying from blue to white and colorless‐transparent
(Figure 4a). Interestingly, micro‐Raman measurements on these clusters reveal the pres‐
ence of chromite and SiC (Figure 4g). SiC (moissanite) occurs either as single grains
(approximated size: 5 × 8 × 10 μm3), sometimes having light blue color to green and color‐
7 of 17
less irregular flakes or fragments of 10–25 μm (Figure 4c). EDS analyzes on this moissanite
crystal indicate C, 48.7 ± 1.9 at. wt.% and Si, 51.3 ± 1.6 at. wt.% (Figure 4d). Although EDS
is not accurate for low atomic number elements and not recommended as a technique for
the
quantification
of elementsfactor
lighter
than
Na, EDS analyses
of moissanite
showed
that
refined.
The final agreement
is Rf
= 0.0329(2)
for 194 reflections
with
20 refinement
the crystals contained no elements heavier than carbon and Si.

parameters and I ≥ 3σ(I).

8 of 17

Minerals 2022, 12, 196

twinning features. Data were then integrated. The different attempts of integration of re‐
flections using the previous unit cell were not satisfactory: the internal reliability factor
Rint = 35%, quantifying the symmetry deviation from the intensity of the reflections ex‐
pected
to be
equivalent, excludes
the (b)
hexagonal
trigonal
symmetries.
Figure 4. Porosities of siliceous
breccia
(ER‐NC00‐0001)
(a) Opticalunambiguously
images of porosities,
Scanningor
electron
microscope
Figure 4. Porosities of siliceous breccia (ER-NC00-0001) (a) Optical images of porosities, (b) ScanThecomposed
reciprocalof space
thenimages
interpreted
in SiC
a different
waydifferent
by considering
ortho‐
(SEM) image showing a cluster
SiC, (c)was
Optical
of various
crystals with
colors, (d)the
EDS
ning
electron
microscope
(SEM)
image
showing
a cluster
composed
(c)
images
parallel
toOptical
c with(g)an
in‐ of
rhombic
unit
cell and
components
related
by(f)a optical
tri‐fold
axis of
SiC twin
crystals
with
different
colors,
images
ofSiC,
uranophane,
spectrum of SiC, (e) Raman
spectra
of
various
various
SiC
crystals
with
different
colors,
(d)
EDS
spectrum
of
SiC,
(e)
Raman
spectra
of
various
Raman spectrum of uranophane,
(h)
optical
images
of
chromite
matrix
bearing
SiC
and
diamond
and
(i)
Raman
spectrum
ternal reliability Rint of 7.4%. The structure has been determined by charge in the Cmc21 SiC
crystals
different
colors,
(f) optical
images
of uranophane,
(g)Rf
Raman
spectrum
of chromite.
space with
group
and then
refined.
The final
agreement
factor is
= 0.0329(2)
for of
194uranophane,
reflec‐
(h)tions
optical
images
of
chromite
matrix
bearing
SiC
and
diamond
and
(i)
Raman
spectrum
of chromite.
with 20 refinement parameters and I ≥ 3σ(I).
The SiC grain in Figure 4b was selected for a full single crystal diffraction, SCXRD
(Figure 5). This SiC grain crystallizes in the space group Cmc21 with 36 atoms per unit
cell [a = 3.0778(6) Å, b = 5.335(2) Å, c = 15.1219(6) Å, α = 90°, β = 90°, γ = 120°]. Reflection’s
splitting can be evidenced in some experimental frames and could be attributed to
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Figure 5. SCXRD of 6O-SiC grain (a) Experimental frame exhibiting SiC diffraction spot and (b) Part
plan of SiC assembled from the whole experimental frames.
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A view of the structure is proposed in Figure 6a. The main characteristics of the 6H‐SiC
A view of the structure is proposed in Figure 6a. The main characteristics of the 6H-SiC
polytype can be observed. The structure can be described from SiC4 tetrahedra all sharing
polytype
can be observed.
The structure
canshowed
be described
from SiC4
tetrahedra
sharing
their neighbour
edges. El Mendili
et al. [17]
that 6O‐SiC
results
from the all
6H‐SiC
their
neighbour
edges.
El
Mendili
et
al.
[17]
showed
that
6O-SiC
results
from
the
for‐
wurtzite to 3C‐SiC rock‐salt phase transformation as an intermediate state. The 6O‐SiC 6H-SiC
mation requires at least 4 GPa of pressures and high temperatures 2027–2527 °C.
Many SiC polytypes exist. They show differences in the stacking sequences of double
atomic planes of Si‐C along the c‐direction. The most common polytypes are 3C, 2H, 4H, 6H,
8H, 9R, 10H, 14H, 15R, 19R, 20H, 21H, and 24R [48]. The three more frequent naturally occur‐
ring ones are the cubic 3C (β‐type), hexagonal 4H and 6H polytypes. The Raman spectra of
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Theoptical
most common
polytypes
3C, 2H,
optical phonons
TO),
longitudinal
acoustic and
phonons (LA,
LO) andare
longi‐
4H,
6H, acoustic
8H, 9R, phonons
10H, 14H,
15R,
20H,
and
24Rtwo
[48].
TheRaman
three more
tudinal
(LA).
In 19R,
the case
of 21H,
3C‐SiC,
only
strong
bandsfrequent
are
observed,occurring
at 972 cm−1ones
attributed
the longitudinal
phonon
at 796 cm−1 The
naturally
are thetocubic
3C (β-type),optical
hexagonal
4H(LO)
and and
6H polytypes.
attributed
to theoftransverse
optical
phonon
In the SiC
casepolytypes
of 6H‐SiC,(3C,
the experi‐
Raman
spectra
SiC polytypes
(Figure
4e)mode
show(TO).
four of
4H, 6O and
2(TA)
151 cm
, E1(TA)
mental
characteristic
modes are assigned
as follow [50]:
15R)
[49].
Vibrationalphonon
bands attributions
of SiC polytypes
(3C, E
4H
andat15R)
are−1summarized
at the
240 Table
cm−1, A
in
2.1(LA) at 504 cm−1, E2(TO) at 762 and 783 cm−1, E1(TO) at 791 cm−1 and A1(LO)
at 887 and 963 cm−1, respectively. For SiC in the siliceous breccia, the main Raman peaks
Table
Raman shifts
the SiC with
vibration
bands shown
in Figuremodes
4e, withofreference
to [50].SiC
were 2.
confirmed
and of
matched
Raman‐active
vibrational
orthorhombic
structure with Space Group Cmc21 [17].
Phonon Modes–Frequency (cm−1 )
Table 2. Raman shifts
of the SiC vibration
bands shown inTransversal
Figure 4e, with reference
to [50].
Transversal
Longitudinal
Polytype
Polytype
3C
4H

15R

Transversal Optic
TO
796
797
780
798
768
788

Optic
Acoustic
Phonon Modes–Frequency (cm−1)
TO
TA

Transversal Acoustic
796
TA
‐
797
4H
196
780
205
798
256
15R
768
150
788
256

3C

Longitudinal Optic
LO
196
971

205
838
256
966

150
860
256
930
968

Longitudinal
Acoustic
LA

Optic
LO

Longitudinal Acoustic
LA
‐
838

971

610

966
860
930
968

610
334
574

334
574

For all the SiC polytypes [50], the Raman modes consist of transverse acoustic and
Concerning
diamond,
series of polytypes
areand
described
predicted
literature
optical
phonons (TA,
TO), alongitudinal
acoustic
opticaland
phonons
(LA,inLO)
and longi[51–54].
Two
of
them
are
observed
in
natural
fabrics,
the
3C
(cubic
diamond)
and
2Hbands
(hex‐ are
tudinal acoustic phonons (LA). In the case of 3C-SiC, only two strong Raman
−
1
agonal
lonsdaleite)
diamond.
observed, at 972 cm attributed to the longitudinal optical phonon (LO) and at 796 cm−1
3‐
The Raman
of natural
breccia
diamonds
firstof
order
peak the
of spexperiattributed
to thespectra
transverse
optical
phonon
mode show
(TO). aInsharp,
the case
6H-SiC,
−1 (Figure 7) with FWHM (Full Width
−
1
bonded
carbon
centered
between
1331.4
and
1318
cm
mental characteristic phonon modes are assigned as follow [50]: E2 (TA) at 151 cm , E1 (TA)
−1, respectively. Only the 1100–1500
at 240
Halfcm
Maximum)
from
4.9 to
illus‐
−1 , A (LA)
−1 cm
−1 and
at
at 504
cm7.3
, E2 (TO)
at 762 and 783 cm−1 , E1 (TO)region
at 791iscm
1
−1.
trated
since
no
other
vibrational
mode
was
observed
in
the
region
from
60
to
4000
cm
A1 (LO) at 887 and 963 cm−1 , respectively. For SiC in the siliceous breccia, the main Raman
Furthermore, no graphite was detected in our samples.
peaks were confirmed and matched with Raman-active vibrational modes of orthorhombic
SiC structure with Space Group Cmc21 [17].
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Concerning diamond, a series of polytypes are described and predicted in literature [51–54]. Two of them are observed in natural fabrics, the 3C (cubic diamond) and 2H
(hexagonal lonsdaleite) diamond.
The Raman spectra of natural breccia diamonds show a sharp, first order peak of
10 of 17
sp3 -bonded carbon centered between 1331.4 and 1318 cm−1 (Figure 7) with FWHM
(Full
Width at Half Maximum) from 4.9 to 7.3 cm−1 , respectively. Only the 1100–1500 region is
illustrated since no other vibrational mode was observed in the region from 60 to 4000 cm−1 .
Furthermore, no graphite was detected in our samples.

Figure7.7.(a)
(a) Scanning
Scanning electron
(SEM)
image
showing
a cluster
composed
of SiC of
and
Figure
electronmicroscope
microscope
(SEM)
image
showing
a cluster
composed
SiC and
diamond polytypes and (b) Raman spectra of five different diamonds from different zones and
diamond polytypes and (b) Raman spectra of five different diamonds from different zones and one
one commercial cubic diamond.
commercial cubic diamond.

From literature, it is admitted that the well‐crystallized cubic diamond peak is ob‐
From literature, it is admitted that the well-crystallized cubic diamond peak is observed at 1332 cm−−11 and that the sp3 3breathing vibration mode of lonsdaleite (hexagonal
served
at 1332 cm and that the sp breathing vibration mode of lonsdaleite (hexagonal
diamond) can vary between 1320 and 1327 cm−1−[54].
diamond)
can vary between
1320 and
1327 cm 1 [54].
In comparison,
a commercial
well‐crystallized
cubic diamond exhibits sp3 mode 3cen‐
In atcomparison,
a commercial
cubic diamond
exhibits
sp mode
tered
1332 cm−1 with
a FWHM of well-crystallized
3 cm−1. This value corresponds
to one
of the spectra
−
1
−
1
centered
at in
1332
cm 7 (1331.0
with a FWHM
ofwith
3 cma FWHM
. This value
to one
of the
spectra
observed
Figure
± 0.5 cm−1
of 4.9 corresponds
± 0.1 cm−1). The
slightly
larger
−1 with a FWHM of 4.9 ± 0.1 cm−1 ). The slightly
observed
Figureto7a(1331.0
0.5 cm
FWHM isinrelated
slightly±
lower
crystallinity
of the natural cubic diamond.
larger Raman
FWHMspectrum
is related(Figure
to a slightly
crystallinity
of the natural
cubic
diamond.
7, pink)lower
exhibiting
two overlapped
bands was
recorded,
the
−1 corresponding
spectrum
7, pink) exhibiting
two overlapped
recorded,
firstRaman
at 1330.5
± 0.2 cm(Figure
to cubic symmetry
and the bands
secondwas
at 1326.2
± 0.2 the
−1 corresponding to cubic symmetry and the second at 1326.2 ± 0.2 cm−1
−1 1330.5
first
± 0.2
cmat
assigned
to cm
hexagonal
diamond. Under the microscope, we could not distinguish
assigned
to hexagonal
diamond.
Under
the microscope,
distinguish
individual
individual
crystals, and
these two
contributions
can be we
duecould
to thenot
existence
of distorted
crystals,
and
these
two
contributions
can
be
due
to
the
existence
of
distorted
crystals
or to
crystals or to the presence of some sub‐micrometric diamond inclusion pockets.
−1
For the of
sp3
in the
1320–1327 cm region,
theinclusion
spectra can
be attributed to hexagonal
the presence
some
sub-micrometric
diamond
pockets.
1 region,
diamond
polytypes.
Authors
[54] earlier
spectra to
of hexagonal
impact
For the
sp3 in theIndeed,
1320–1327
cm−in
the interpreted
spectra canRaman
be attributed
diamond‐bearing
rocks
containing
thein
most
within Raman
1320–1327
cm−1 of
as impact
the
diamond
polytypes.
Indeed,
Authors
[54]intense
earlier band
interpreted
spectra
lonsdaleite contribution.
The presence
lonsdaleite
their samples
was also confirmed
diamond-bearing
rocks containing
theofmost
intenseinband
within 1320–1327
cm−1 as the
by X‐ray diffraction.
lonsdaleite
contribution. The presence of lonsdaleite in their samples was also confirmed
In (Figure
7, blue), spectra with the sp3 mode at values below 1320 cm−1, were ob‐
by X-ray
diffraction.
−1 , were
served.
Authors7,inblue),
[55] suggested
due to at
stacking
of diamond
In (Figure
spectra that
withthis
theshift
sp3ismode
valuesfaults
below
1320 cmstruc‐
ture, leading
to the in
cubic‐hexagonal
from
cubic
hex‐
observed.
Authors
[55] suggestedtransition.
that this This
shiftstructural
is due tochange
stacking
faults
oftodiamond
agonal
can
be
explained
as
the
change
of
stacking
sequence
of
the
(111)
plane.
The
FWHM
structure, leading to the cubic-hexagonal transition. This structural change from cubic to
−1
values ranging
from
6.4 to 7.3
also of
larger,
as expected,
than
of cubic
dia‐The
hexagonal
can be
explained
ascm
the are
change
stacking
sequence
of those
the (111)
plane.
mond. We can then hypothesize that the hexagonal
structure is kept in these diamonds,
−
1
FWHM values ranging from 6.4 to 7.3 cm are also larger, as expected, than those of
however with some distortions explaining its slightly lower Raman shift and its larger
cubic diamond. We can then hypothesize that the hexagonal structure is kept in these
FWHM. Finally, (Figure 7, brown) shows a Raman spectrum with three Raman‐active vi‐
diamonds, however with some distortions explaining
its slightly lower Raman shift and its
brational modes around 1212, 1307 and 1328 cm−1. This spectrum is similar to those re‐
larger FWHM. Finally, (Figure 7, brown) shows a Raman spectrum with three Raman-active
ported for lonsdaleite [56].
vibrational
modes around 1212, 1307 and 1328 cm−1 . This spectrum is similar to those
In literature, although the theoretical calculations of the lonsdaleite vibration spectrum
reported
forthe
lonsdaleite
have been
subject of [56].
many investigations for years, several ambiguities and contradic‐
tions remain present for the vibrational attribution and the position of the bands [56–58].
For this reason, the Raman‐active vibrational modes of cubic and hexagonal dia‐
monds were calculated through Density Functional Theory (DFT). We have used the
CRYSTAL software [59]. We performed these calculations applying harmonic
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approximation at the Γ point as it was done by [56]. for Raman identification of lons‐
In literature, although the theoretical calculations of the lonsdaleite vibration spectrum
daleite. We have found for cubic diamond that the position of single Raman vibration
have
been the subject of many investigations for years, several ambiguities and contradicband, corresponding to the first order scattering of F2g symmetry, is 1331.99 cm−1. This
tions
present
for the vibrational
attributionvalue.
and the
position
of the
bands [56–58].
valueremain
is in good
agreement
with the experimental
For
hexagonal
diamond
(2H,
For
this
reason,
the
Raman-active
vibrational
modes
of
cubic
and
hexagonal
cm−1
lonsdaleite), we predict three fundamental vibrational modes: 1207 cm−1 (E2g), 1307diamonds
were
Density
Functional intensity
Theory (DFT).
Wethe
have
used the
CRYSTAL
(A1g),calculated
and 1330 through
cm−1 (E1g
). The theoretical
ratio of
Raman
modes
is:
software
[59].
We
performed
these
calculations
applying
harmonic
approximation
at the
0.5(E2g):1(A1g):0.3(E1g). Hence, the A1g mode is expected to be the most intense line in the
ΓRaman
point as
it was of
done
by [56]. for Raman identification of lonsdaleite. We have found
spectrum
lonsdaleite.
for cubic
diamond
that the position
of calculated
single Raman
vibration band,
corresponding
to the
Based
on the comparison
between
and experimental
results
(Figure 8), the
first
scattering
symmetry, Raman
is 1331.99
cm−1 . at
This
value
in be
good
agreement
mostorder
intense
band inof
theF2g
experimental
spectrum
1307
cm–1iscan
attributed
with
the experimental
value. For hexagonal
diamond
(2H,Alonsdaleite),
we predict three
unambiguously
to the longitudinal
optical vibrational
mode
1g.
−1 (A ), and 1330 cm−1 (E ).
fundamental
vibrationalanalysis
modes:of1207
cm−1 (E
),
1307
cm
The deconvolution
the Raman
spectrum
let
us
identify
the
shoulder
as a 1g
2g
1g
Raman
contribution
of theratio
second
intensity
of the
transverse
optical
vibrational
mode
(E
2g) the
The
theoretical
intensity
of the
Raman
modes
is: 0.5(E
):1(A
):0.3(E
).
Hence,
2g
1g
1g
−1. This agrees with our ab‐initio calculations. DFT calculations also
at
1212
cm
Aobserved
mode
is
expected
to
be
the
most
intense
line
in
the
Raman
spectrum
of
lonsdaleite.
1g
1g (transverse optical)
should be
predict
thaton
thethe
third
Raman‐active
modecalculated
of lonsdaleite
Based
comparison
between
andEexperimental
results (Figure
8), the
−1, with its theoretically predicted intensity being close
–1
observed
at
1330
cm
to
that
of the
most intense band in the experimental Raman spectrum at 1307 cm can be attributed
second intensityto
mode
E2g. The E2g mode
is observed
in our
spectrum
unambiguously
the longitudinal
optical
vibrational
mode
A1g . around 1328 cm−1.

Figure 8. Raman spectrum of lonsdaleite (a) Experimental Raman spectrum of lonsdaleite zoomed

Figure 8. Raman spectrum of lonsdaleite (a) Experimental Raman spectrum of lonsdaleite zoomed
from (Figure 2f), (b) The three Raman‐active vibrational modes E2g, A1g and E1g obtained via decon‐
from
(Figure
2f),experimental
(b) The three
Raman-active
vibrational
modes
E2g , of
A1g
and E1g obtained
obtained via
volution
of the
spectrum,
(c) Theoretical
Raman
spectrum
lonsdaleite
deconvolution
of the
experimental
Theoretical
lonsdaleite
obtained
(d) The three
through ab initio
calculations
with spectrum,
Lorentzian(c)
line
shape andRaman
FWHMspectrum
of 10 cm−1ofand
through
ab initio modes
calculations
with Lorentzian line shape and FWHM of 10 cm−1 and (d) The three
Raman vibration
of lonsdaleite.
Raman vibration modes of lonsdaleite.

Experimentally, the lonsdaleite bands are highly broadened (FWHM are in the range
The deconvolution
of the
Ramanobserved
spectrum
let us
identify
the
shoulder
of 18–52
cm−1), comparedanalysis
to the cubic
diamond
in our
sample.
This
effect
is due as a
to lonsdaleite
imperfection
and to small
dimensions
of crystallites.
Raman
contribution
of the second
intensity
of the transverse
optical vibrational mode (E2g )
−1these
The originality
comes
the fact that
lonsdaleite DFT
has been
observed also
observed
at 1212 cmof
. Thisresults
agrees
withfrom
our ab-initio
calculations.
calculations
so
far
only
in
the
meteorite
from
the
Meteor
Crater
[51,56].
Probable
contribution
ofshould
other be
predict that the third Raman-active mode of lonsdaleite E1g (transverse optical)
hexagonal
diamond
polytypes
to
Raman
spectra
can
be
masked
by
the
presence
of
large
−
1
observed at 1330 cm , with its theoretically predicted intensity being close to that
of the
and asymmetric bands [54].
−1

second intensity mode E2g . The E2g mode is observed in our spectrum around 1328 cm .
Experimentally, the lonsdaleite bands are highly broadened (FWHM are in the range
of 18–52 cm−1 ), compared to the cubic diamond observed in our sample. This effect is due
to lonsdaleite imperfection and to small dimensions of crystallites.
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The originality of these results comes from the fact that lonsdaleite has been observed
so far only in the meteorite from the Meteor Crater [51,56]. Probable contribution
12 ofof17other
hexagonal diamond polytypes to Raman spectra can be masked by the presence of large
and asymmetric bands [54].
In
In Figure
Figure 4g,
4g, the
theRaman
Raman spectrum
spectrum of
of chromite
chromite shows
shows four
four bands
bands associated
associated to
to the
the CrO
−1 [60]. The very intense and broad band
bond-stretching
region
at
905,
730,
560
and
445
cm
CrO bond‐stretching region at 905, 730, 560 and 445 cm−1 [60]. The very intense and broad
−1 is assigned to symmetric stretching vibrational mode, A (ν ). The two peaks
atband
730 at
cm730
cm−1 is assigned to symmetric stretching vibrational mode,1gA1g1(ν1). The two
−1 are −1
atpeaks
560 and
445and
cm445
to F2gto(νF42g) (ν
and
Eg (ν
) modes
respectively,
and
are attributed
4) and
Eg2(ν
2) modes
respectively,
andthe
thesmall
at 560
cm attributed
−1 cm
−1 toF
smallat
band
the
F
2g
(ν
3
)
mode.
band
215 at
cm215
to the
(ν
)
mode.
2g 3
Uranophane was
determined
in theinRaman
spectrum
shown in
Fig‐ in
Uranophane
wasunambiguously
unambiguously
determined
the Raman
spectrum
shown
ure
4f
containing
the
characteristic
bands
reported
in
[61,62].
The
identification
of
the
dif‐ of
Figure 4f containing the characteristic bands reported in [61,62]. The identification
ferent
secondary
phases
is
based
on
the
analysis
of
the
symmetrical
stretching
vibration
the different secondary phases is based on the analysis of the symmetrical stretching vibra2+ allows the identification of individual uranyl phases and
of the
group
UO22+UO
, which
tion
of uranyl
the uranyl
group
2 , which allows the identification of individual uranyl phases
arecm−1
can
be
used
as
a
fingerprint.
For
two Raman
bands bands
close toclose
790 and
800and
cm−1
and can be used as a fingerprint.uranyl,
For uranyl,
two Raman
to 790
800
2+
attributed
to
the
doubly
degenerate
ν
1 mode of UO22+ symmetric
stretching
modes,
while
are attributed to the doubly degenerate ν1 mode of UO2 symmetric stretching modes,
−1 is assigned
2+) anti‐symmetric
a weak
band close
919 cm
the ν3(UO
stretching vibra‐
while
a weak
bandtoclose
to 919
cm−1 is to
assigned
to 2the
ν3 (UO2 2+ ) anti-symmetric
stretch−1 are assigned to ν2(UO22+) symmetric bending
tions,
and
the
bands
in
the
200–300
cm
−
1
2+
ing vibrations, and the bands in the 200–300 cm are assigned to ν2 (UO2 ) symmetric
mode and to UO ligand vibration [63]. Multiple bands in this region indicate the non‐
bending
mode and to UO ligand vibration [63]. Multiple bands in this region indicate the
In
equivalence of the UO bonds and the lifting of the degeneracy of ν2(UO22+) vibrations.
non-equivalence of the UO bonds
and the lifting of the degeneracy of ν2 (UO2 2+ ) vibrations.
addition, the band at 148 cm−1 is −attributed
to
lattice
mode.
Raman
spectrum
shows
the
1 is attributed to lattice mode. Raman spectrum shows
In addition, the band
at 148 cm
expected ν2(SiO44‐) and
ν4(SiO44‐) symmetric
bending modes at 485 and 510 cm−1, respec‐
4the expected ν2 (SiO4 ) and ν4 (SiO4 4- ) symmetric bending
modes at 485 and 510 cm−1 , re9
tively. The anti‐symmetric stretching modes ν1(SiO44‐) is4-present at 970 cm−1. Figure
spectively. The anti-symmetric stretching modes ν1 (SiO4 ) is present at 970 cm−1 . Figure 9
shows the SEM image and the chemical composition (EDS) of the uranium rich zone. The
shows
the SEM
image and
the chemical
composition
of the
uranium
rich of
zone.
observation
of uranium,
silicon
and calcium
in the EDS(EDS)
spectrum
is clear
evidence
the The
observation
of uranium, silicon and calcium in the EDS spectrum is clear evidence of the
presence of U‐Ca‐silicate.
presence of U-Ca-silicate.

Figure 9.
9. Ca-Uranyl
Ca‐Uranyl silicate.
and
(b)(b)
EDX
spectrum.
Figure
silicate.(a)
(a)SEM
SEMimage
image
and
EDX
spectrum.

4.4.Discussion
Discussion
Siliceous breccia,
from
laterite
profiles
world‐wide,
suchsuch
Siliceous
breccia,or
orvuggy
vuggysilica
silicaisisdescribed
described
from
laterite
profiles
world-wide,
as
in
the
Nickel
Mountain,
Sierra
Nevada,
Douglas
County,
Oregon,
or
the
Klamath
as in the Nickel Mountain, Sierra Nevada, Douglas County, Oregon, or the Klamath MounMountains
the Tiébaghi
(New
Caledonia),
siliceous
breccia
wide‐
tains
[64,65].[64,65].
At theAtTiébaghi
MineMine
(New
Caledonia),
the the
siliceous
breccia
is is
widespread
spread
along
the
saprolite,
and
was
formed
after
saprolitization
as
it
hosts
saprolite
frag‐ [20].
along the saprolite, and was formed after saprolitization as it hosts saprolite fragments
−7m/s) [41] and meteoric wa‐
−
7
ments
[20].
High
hydraulic
conductivity
in
the
saprolite
(8.10
High hydraulic conductivity in the saprolite (8.10 m/s) [41] and meteoric water circuter circulation
is theoforigin
of this siliceous
breccia.
The presence
of trace
amounts
of oli‐ and
lation
is the origin
this siliceous
breccia.
The presence
of trace
amounts
of olivine
vine
and
the
Ca‐bearing
pyroxene
(hedenbergite)
suggests
additional
serpentinization
re‐
the Ca-bearing pyroxene (hedenbergite) suggests additional serpentinization reactions.
actions.
Saponite
is
an
important
compound
in
this
saprolite.
It
was
detected
in
the
silica
Saponite is an important compound in this saprolite. It was detected in the silica matrix
matrix
in this Dissolution
study. Dissolution
of saponite
generates
amounts
of silica:
saponite(Mg)
in
this study.
of saponite
generates
highhigh
amounts
of silica:
1818saponite
(Mg) + 23 H2O = 19 serpentine + 6 diaspore + 28 SiO2 (aq). This hydration reaction is exo‐
+ 23 H2 O = 19 serpentine + 6 diaspore + 28 SiO2 (aq). This hydration reaction is exotherthermic [66,67], and may have just let to temperature increase as suggested by [43]. Sap‐
mic [66,67], and may have just let to temperature increase as suggested by [43]. Saprolite
rolite is composed of a mixture of serpentines, clay minerals, and oxides. Saponite disso‐
is composed of a mixture of serpentines, clay minerals, and oxides. Saponite dissolution
lution is pH dependent. Laboratory experiments have shown that at acidic pH = 3, silica
is pH dependent. Laboratory experiments have shown that at acidic pH = 3, silica is
is massively produced. For the Tiébaghi siliceous breccia formation, we suggest that most
massively produced. For the Tiébaghi siliceous breccia formation, we suggest that most
likely reaction (2) and (3) may be responsible for the silica generation. The dissolution of
likely
reaction
(3) may beofresponsible
for cavities
the silica
generation.
dissolution
saprolite
leads (2)
to and
the formation
cavities. These
are
then filled The
by the
porous of
breccia at Tiébaghi. For the sudden precipitation of massive porous micro‐quartz in the
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saprolite leads to the formation of cavities. These cavities are then filled by the porous
breccia at Tiébaghi. For the sudden precipitation of massive porous micro-quartz in the
saprolite horizon, one possible model is the precipitation due to a sudden change of pH of
the aqueous fluids. The water resurgences at the base of the aquifers are basic with a pH
up to 11 [68], whereas pH in coarse saprolite level is around ~8 [33].
Before discussing the origin of diamond and the associated strongly reducing phases
appearing in the pores of the breccia, we argue against that these phases are artefacts,
generated during sample preparation through diamond sawing: (i) the sample preparation
was carried out identically for the three other rocks (sandstone, harzburgite, granite), all
sawn with the same diamond blade [22]. (ii) all the samples were studied by micro-Raman
spectroscopy [22,23], but only the siliceous breccia hosts diamond polymorphs. (iii) the
intergrowth of diamond and lonsdaleite is unlikely being a feature for diamond saw derived
particles. (iv) clusters of chromite, diamond and SiC polymorph are observed in natural
environment [2,5,28,31]. Therefore, the idea of contamination was ruled out.
Diamonds and exotic minerals such as moissanite (SiC) and metal alloys were described from different ophiolite environments (e.g., Luobusa ophiolite (Tibet), in the early
Paleozoic Ray-Iz ophiolite (polar Ural, Russia); Pozanti-Karsanti ophiolite, Eastern Tauride belt, southern Turkey, Mao Baracoa Ophiolite, Cuba and the Tehuitzingo ophiolite,
Mexico) [2,4,15,16,28,31]. In all these cases, UHP and diamond are associated with peridotites and chromitite. The Tiébaghi nickel laterites were formed on ophiolitic upper
mantle serpentinzed peridotites. Serpentinites formed under reducing conditions frequently host metal alloys such as FeNi3 (awaruite), the Fe-rich variety, taenite, or even
native Fe [26,69]. Moreover, magnetite and chromite are stable phases under high pH and
reducing conditions (fO2 < FMQ (Fayalite–Magnetite–Quartz–buffer)) [12,65]. Saprolitization, as incipient weathering of serpentinite, still occurs under reducing conditions and
alkaline pH (around 8) as serpentine (formed during weathering) and smectite are stable.
Both phases are major Fe and Ni carriers. An organic matter and nickel-sulfide rich horizon
(so called gley) even occurs at the interface between yellow laterite and saprolite [65].
At Tiébaghi, the largest chromium mine in the world operated in 1941 produced
about 54,000 tons per year with an overall production of 3.3 million tons of Cr-rich lumpy
chromite within 88 years (1902–1990). Cr-spinel is detected in the siliceous breccia and
can be interpreted as relicts having survived serpentinization and saprolitization of the
peridotites under alkaline conditions. Based on point analyses, the Cr-spinel detected in the
siliceous breccia show high Cr# typical for chromite from boninitic melts. Thi finding is in
agreement with studies by [68] showing that lherzolite from at Tiébaghi and Poum presents
a refertilized harzburgite having experienced an interaction with a boninitic melt [68].
Associated with the Cr-rich spinels in the siliceous breccia, diamond including londsdaleite and moissanite as 6O-SiC occur. Different models were proposed to explain the
diamond and moissanite occurrence in ophiolites, based on C-isotopic compositions, trace
element studies on diamonds and diamond inclusion mineralogy [4,15,16]. Moissanite
xenocrysts in chromitite are suggested being originated from a deep mantle source in
the Luobusa ophiolite, as chromite crystals represent coesite lamellae [70]. Organic carbon derived from the subduction slab was proposed as C source as the involvement of
high temperature fluids, such as second stage melts [71]. New results, based on mineralogical studies on microdiamonds from ophiolites in Cuba and Mexico [4,15,16], and
thermodynamic calculation by McCollom and Bach [72] supports a low- pressure origin
of microdiamonds.
In nature, lonsdaleite is mainly associated with cubic diamond. It can form under
ultra-high pressures (>130 kbar), at depths > 150 km, at temperatures above 950 ◦ C at
PO2 close to IW (Iron-wüstite) [73,74]. Since it is described from meteorites and rocks
having experienced shock metamorphism [75], intensive studies have been performed [76].
Lonsdaleite is difficult to analyze as is always tightly intergrown with diamond, sometimes
graphite, and is of submicrometric size [76]. These phases often present dislocations,
stacking faults, twins, and grain boundary disordering. Therefore, microanalysis and
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structural interpretations of XRD and TEM-SAED (transmission electron microscopy (TEM),
selected area electron diffraction (SAED)) may be erroneous due to fuzzy spectra [77].
In this study, analyzes of spectral data from micro-Raman spectroscopy were compared
and supplemented by results from DFT. This methodology allowed unambiguously to
identify lonsdaleite and cubic diamond. The mineral association (lonsdaleite, moissanite,
chromite, native chromium) observed in the unaltered chromitite and peridotite from the
above-mentioned localities is like that observed in the siliceous breccia from the Tiébaghi
mine [4]. The moissanite described from peridotites and chromitites in ophiolites are
mainly subhedral to anhedral, similarly to those observed in the siliceous breccia pores at
Tiébaghi [4].
At Tiébaghi, not only microdiamonds were detected but also lonsdaleite and moissanite Our data set is not sufficient to conclude on the ultimate origin of these reducing phases.
However, we suggest that these phases are inherited from the serpentinized peridotites.
Further studies must be carried out to support a deep or shallow mantle origin. This is
beyond the scope of this study.
The uranyl-silicates are the most abundant group of uranyl minerals because of the
ubiquity of dissolved Si in most groundwaters. Uranophane is the most common uranyl
mineral, precipitating from near neutral to alkaline groundwaters that contain dissolved
Si and Ca. Uranophane is a common neoformed mineral derived from the alteration of
uraninite (UO2 ) [78] in large surroundings of uranium deposits such as in the Koongarra
deposit (Australia) [79]. At this location uranium mineralization occurs in breccia and
associated faults surrounding the breccia. This is related to the high mobility of uranium in
oxidizing environments due to U(VI) formation.
Uranyl silicates are formed in the surface of uraninite under oxidizing conditions [80–83].
However, the direct precipitation of uranophane, as observed in the siliceous breccia in this
study, requires a high concentration of Si in solution [80,82]. The stabilization of uranophane
in high silica, high pH and Ca2+ bearing environments is also documented [80,82].
The origin of the uranium in the siliceous breccia, can be only roughly discussed,
as no uranium mineralization is known in New Caledonia. Uranium bearing minerals,
such as apatite was detected by micro-Raman analyses in this study. Apatite commonly
contains several tens to hundreds of ppm of uranium [83]. However, under the abovementioned conditions, apatite tends to be stable [84], which makes such an origin unlikely.
At Tiébaghi, pegmatitic dykes crosscutting the laterite profile are described [28]. However,
no petrographical study on these rocks is published so far. These rocks need to be further
investigated as pegmatites may host uranium and uranium bearing accessory minerals.
5. Conclusions
In this paper, we reveal for the first time the association of SiC and diamondpolytypes,
chromite and uranophane in a nickel laterite profile at Tiébaghi (New Caledonia), unambiguously defined by Micro Raman spectroscopy and XRD. The diamond and moissanite
polytypes are inherited from serpentinized peridotites.
Based on these studies, the breccia at Tiébaghi needs to be further investigated and
may present exploration potential, as it acts as a trap for weathering-resistant valuable
minerals, and elements migrating in low temperature silica rich environments, such as U,
Ni, Cr.
This study also highlights the potential and importance of micro-Raman spectroscopy
to achieve the structural properties of porous materials. This technique is thus crucially
important for mining companies to rapidly access detailed mineralogical compositions
without any sample preparation.
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