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Abstract
Our discovery of moissanite grains in a peralkaline syenite from the Agua de Pau Volcano (Sdo
Miguel, Azores Islands, Portugal) represents the first report of this mineral in present day oceanic
geodynamic settings. Raman spectroscopy and single-crystal X-ray diffraction show the presence of
both the 6/ and 4H polytypes with the predominance of the first one. The distribution of trace
elements is homogeneous, except for Al and V. Azorean moissanite often hosts rounded inclusions
of metallic Si and other not yet identified metallic alloys. A process involving a flushing of CHs-H,
ultra-reducing fluids in the alkaline melts might be considered as a possible mechanism leading to
the formation of natural SiC, thus calling for strongly reducing conditions that were locally met in

the crust-mantle beneath the Sdo Miguel Island.

1. Introduction

Since its discovery in 1893, moissanite (SiC) was recovered in an increasing number of

terrestrial tectonic settings: as inclusions in diamonds (Klein-BenDavid et al., 2007), in kimberlites
(Marshintsev et al.,, 1967; Leung et al., 1990; Mathez et al., 1995; Shiryaev et al., 2011), in
ophiolites (Trumbull et al., 2009), in granulites and metamorphic rocks (Perraki and Faryad, 2014;
Janak et al.,, 2015; Machev et al., 2018), and in volcanic breccias (Di Pierro et al., 2003;
Dobrzhinetskaya et al., 2018). However, despite the increased findings from continental crust
sources, moissanite has never been reported from present-day oceanic geodynamic settings.
Doubts often raised on the natural origin of SiC grains because they are commonly recovered in
heavy fractions after separation, and only rarely in situ (Di Pierro et al., 2003; Dobrzhinetskaya et
al., 2018; Machev et al., 2018). Nevertheless, both the morphology and the occurrence/nature of
inclusions inside moissanite usually support a natural origin.

The presence of moissanite in such different rocks opened an intense debate to explain its origin
(Shiryaev et al., 2011; Di Pierro et al., 2003; Griffin et al., 2016; Dobrzhinetskaya et al., 2018,
Machev et al., 2018), mainly because it only forms at extremely reducing conditions, i.e. fO, 5-7 log
units below Iron-Wustite (IW) for mantle conditions (P = 2-10 GPa 7= 1000-1700°C; Ulmer et al.,

1998; Schmidt et al., 2014). How a silicide (like moissanite) or native elements (like Si® or Fe’)
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could coexist with silicates and oxides is still far to be explained.

Moissanite phase diagrams (including polytype stability) applicable to geologically meaningful
conditions are scarce and, even when recovered in situ, moissanite is never in equilibrium with the
coexisting mineral assemblage supporting the idea of its xenocrystic nature.

Here we report discovery of moissanite grains recovered from a concentrated diamagnetic
fraction from a peralkaline syenite from the Agua de Pau Volcano, at Sio Miguel (Azores Islands,
Portugal). Moissanite has been characterised by micro-Raman spectroscopy (n-RS), single-crystal
X-ray diffraction (SC-XRD) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry

(LA-ICP-MS). Beside, inclusions hosted in moissanite were characterized by pu-RS .

2. Geological setting

The Azores region includes nine volcanic islands and several seamounts located in the central-
north Atlantic Ocean which constitute the Azores Triple Junction between the Eurasia, Nubia and
North America tectonic plates.

Magmatism at the volcano of Agua de Pau in Sio Miguel easternmost island started about 270
ka (Sibrant et al., 2016) with the emission of submarine basalts. The last eruption was in 1563 and
involved the formation of a subplinian eruptive column of trachytic pumices. The Holocene activity
was dominantly explosive, with two caldera-forming events: Ribeira Cha (8—12 ka BP) and Fogo A
(4.6 ka BP) (Wallenstein et al., 2015).

Syenites are relatively common products of this volcano. Three generations of syenite suites
have been recognised so far (Widom et al., 1993): they are weakly peralkaline and strongly
enriched in trace elements (Ridolfi et al., 2003). The peculiar enrichment determined the formation
of REE, Zr and Nb accessory (rare) minerals during late stage of crystallization, in the presence of

fluids (Widom et al., 1993).

3. Sample description and methods
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Samples were collected from the Lombadas ravine, on the northern flank of the volcano. The
water stream bed at the bottom of the ravine shows the frequent occurrence of syenite rocks ranging
in size from boulders to cobbles. Three texturally different syenites can be found. Metasomatised
miarolitic syenite composed mostly of zoned feldspars and acicular amphiboles are rarely found
irregularly shaped cobbles. Leucocratic pegmatitic syenite consisting mostly of large perthitic
feldspars, plagioclase, biotite and amphibole are frequently found in form of large boulders.
Saccaroid-textured medium-grained syenite consisting mostly of sanidine, plagioclase, aegirina-
augite, biotite, brown amphibole, apatite, zircon and quartz can be sometimes found as rounded
cobbles and pebbles. These rocks host numerous rare REE-bearing minerals the object of the
present study. These Syenites are feldspar dominated, with minor amphibole, clinopyroxene, Fe-Ti
oxides and quartz (Fig 1), similar to those described by Ridolfi et al. (2003). Accessory minerals are
apatite, titanite, eudyalite, aenigmanite, zircon, chevkinite-(Ce), pyrochlore, dalyite, Fe-katophorite,
chiappinoite-Y, steacyite, Nb-Zr-bearing astrophillyte and monazite.

Syenites were crushed in a steel mortar and then sieved. Diamagnetic component (mainly
feldspar, quartz, pyrochlore and zircon) was separated from paramagnetic/ferromagnetic material
using a Frantz Isodynamic Magnetic Separator apparatus. Neither further laboratory preparation,
nor cutting and polishing treatments on the original syenite were done.

About 500 moissanite grains were recovered from 63 gr of the fraction < 0.5 mm of the
diamagnetic material (78 gr is the total diamagnetic/para-ferro-magnetic fraction < 0.5 mm). They
show deep-blue to green-bluish colours and exhibit a morphology that spans from hexagonal to
anhedral.

Single-crystal X-ray diffraction was carried out using an Oxford Diffraction Xcalibur
diffractometer (X-ray radiation MoKa, A = 0.71073 A) fitted with a CCD detector. After absorption
correction reflections data were used for the structural refinement by using SHELXL (Sheldrick,
2008). The refinement was done in P6;mc space group using the atomic coordinates reported by

Capitani et al. (2007). The occupancy of all the sites was left free to vary (Si vs. vacancy and C vs.
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vacancy) and resulted in a full occupancy by Si and C, respectively. At the last stage, with
anisotropic atomic displacement parameters for all atoms and without constraints, the residual value
settled at R1 = 1.47% for 153 observed reflections [Fo > 46(F0) level] and 20 parameters and at R1
= 1.83% for all 200 independent reflections.

Micro-Raman measurements were carried out in backscattering geometry using two different
instrumentations. A Horiba Jobin-Yvon Labram HR800 spectrometer with a focal length of 800
mm and equipped with a 600 lines/mm grating. The excitation wavelength was the 633 nm line of a
He-Ne laser and detected by a CCD detector cooled by liquid nitrogen. Micro-sized regions with a
diameter of ~1.5 um were probed by an 80x long working distance objective. The laser power at the
sample surface was ~6 mW and the experimental resolution was about 1.5 ¢cm™. The second
instrument is a Thermo Scientific DXR2 Raman microscope equipped with a long-working distance
50x objective. The excitation source was a 532 nm laser, the spatial resolution 1.1 pm and the
minimum spectral resolution was 2.2 cm™. Un-polarized spectra were collected between 150 and
3570 cm™ in confocal mode through a laser power of 10 mW. The exposure times varied between 5
and 40 s with a 2-5 accumulations per spectrum.

Trace element compositions were estimated by LA-ICP-MS. The instrumentation is a Teledyne
Photon Machine G2 laser ablation device, equipped with a two-volume HelEx 2 cell, and coupled to
a Thermo Fisher Scientific iCAP Q quadrupole mass spectrometer (Petrelli et al., 2016a). A circular
65 pm spot size, a repetition rate of 8Hz, and a laser fluence of ~3.5 Jem™ was used. Ablation times
were ~50 s per spot, preceded by a 30-s background measurement and followed by 30 s of washout.
Data reduction was performed by the Iolite 3 software (Paton et al., 2011). The NIST SRM 610
(Pearce et al., 1997) glass and the USGS BCR2G reference materials were used as calibrator and
quality control, respectively. Si was used as internal standard. Under the reported analytical
conditions, the precision is better than 10% for concentrations above ~0.1 ppm, and better than 5%

above ~2 ppm; accuracy is always better than 10% (Petrelli et al., 2016b).
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4. Results
4.1. Crystal structure

Moissanite has a closed packed structure of C (or Si) where the other cation is located in a
tetrahedral site. The basic structure is cubic 3C polytype (zincblende structure) having the shortest
period of repetition of the Si-C layer. The different modes in which this basic layer can repeat along
the ¢ axis give a unit cell with » formula units and is »n time larger than the basic polytype. The most
common polytypes in synthetic material are 4H and 6H (hexagonal), 15R (rhombohedral) and 3C
(cubic). The 3C polytype was found in shocked meteorites and only rarely in terrestrial rocks
(Machev et al., 2018); on the other hand, 6 H, 4H and 15R were found in kimberlitic, ophiolitic and
volcanic rocks (i.e. Di Pierro et al, 2003; Shiryaev et al., 2011, Dobrzhinetskaya et al., 2018).

Hexagonal 6H unit-cell parameters were measured by single-crystal X-ray diffraction on three
Agua de Pau moissanite grains resulting nearly identical. They are very similar to those reported by
Capitani et al. (2007) for terrestrial moissanite and those measured for synthetic 6H-SiC
(RRUFF#R061083, La Fuente et al., 2015). The difference in colour (deep blue and green crystals
were measured by SCXRD) is not related to a stabilization of different polytypes but to the presence

of peculiar trace elements (Al, B, N) and vacancies (colour centres).

4.2. Raman spectroscopy study

Micro-Raman spectroscopy has been already exploited to discriminate among the different SiC
polytypes (i.e. Shiryaev et al., 2011; Dobrzhinetskaya et al., 2018). The presence of strong covalent
bonds in SiC leads to a strong Raman scattering of the vibrational modes. Moreover, 4H and 6H
polytypes show characteristic spectra that allow an unambiguous identification. Figure 2 shows a
comparison between a typical experimental spectrum acquired on a 6/ crystal (upper panel) and
that obtained on a 4H one (lower panel). The positions of the observed modes measured on ca. 40
samples are in good agreement with literature data (Feldman et al., 1968a,b; Nakashima et al.,

1997). The identification can be carried out using the low wavenumber planar acoustic modes (see
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insets) and the strongest planar optic ones at 790 cm™ (6H-SiC) and 777 cm™ (4H-SiC). It is worth
mentioning that, in addition to relative peak intensity effects, due to polarization, the position of
some modes in SiC polytypes also shows a dependence on the angle between the direction of the
incident laser beam and the crystal c-axis (Feldman et al., 1968a,b). In particular, this is true for the
peaks occurring in the region between 750 cm™ and 1000 ¢cm™, with the notable exception of the
mode at about 797 cm™, which is angle and polytype independent.

Inclusions with unusual composition (metallic Si, Mg-, Cr-, Ti-, Fe-silicides, silicon oxy-
carbides, tistarite, CAS minerals, Fe-Ti-Si-C-P metallic alloys) are reported in natural moissanite
(Marshintsev et al., 1967; Mathez et al., 1995; Di Pierro et al., 2003; Shiryaev et al., 2011; Griffin et
al., 2016; Dobrzhinetskaya et al., 2018). A detailed characterization of the inclusions could provide
constrains about SiC crystallisation in terms of fO,, related fluids and ultimately on the
crystallization pressure as already achieved for diamonds (i.e. Anzolini et al., 2018; Nestola et al.,
2018).

In Azorean moissanite we identified at least two types of nanometric to micrometric (< 40
microns) inclusions: 1) elongated transparent, 2) round-shaped dark (Fig. 3). The inclusions of type
1 did not provide any Raman signals and were not identified; on the contrary, spectra of type 2
inclusions show a strong peak at ~520 cm™ not belonging to the 6/ host moissanite (Fig. 3). Even if
we did not release the inclusions, we are confident that it can be identified as Si’. We have
compared the Raman shift of the Si° inclusion band at about 520 cm™ with respect to the position of
the same band measured for a synthetic Si® using the same instrumentation during the same Raman
session.

The band position of the synthetic Si’ measured in this work is at 520.72 cm™ with a full width
half maximum (FWHM) equal to 7.06 cm™; the band position of our Si’ inclusion is positioned at
519.65 cm™ with a FWHM totally comparable to the synthetic one (i.e. 6.07 cm™). Based on
Weinstein and Piermarini (1975) Raman calibration performed on Si’, such Raman band variation

would correspond to a negative residual pressure P, = 0.2 GPa (see Anzolini et al., 2018 and
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Nestola et al., 2018 for more details about the Pi,). From the residual pressure and knowing the
thermoelastic properties of host and inclusion, we can back-calculate the depth of formation. For
example, a residual pressure of 0.2 GPa for a kyanite inclusion within a diamond provides a
pressure of about 5.3 GPa at T = 1120°C (Nestola et al., 2018). However, in case of the moissanite-
Si® host-inclusion system, our data is providing a negative residual pressure, meaning that the
inclusion is stretched. To explain such behavior, we can use the yield strength of moissanite, which
was determined up to 18.3 GPa and 1200 °C by Zhang et al. (2002). At the maximum temperature
reached by the authors, the yield strength of moissanite is 4.2 GPa, at the same temperature the
yield strength of diamond is about 13 GPa (Weidener et al., 1994), which means that diamond has a
much bigger resistance to the plastic deformation. Therefore, during exhumation to the surface at
high temperature the moissanite host, and as a consequence, the cavity around the Si° inclusion,
may have undergone a plastic expansion in addition to the elastic deformation, resulting in a
stretched inclusion with negative Pi, at retrieval. Therefore, the application of a purely elastic
geobarometry approach (see Nestola et al., 2011) to such inclusions may lead to wrong estimate of

the initial conditions of entrapment.

4.3. Trace element distribution

A general low content of trace elements was measured in 16 moissanite samples (Table 1
APPENDIX), confirming what already observed in moissanite from kimberlite (Shiryaev et al.,
2011). The few trace elements measured above the detection limits in Azorean moissanite are B, Sc,
Ti, Al and V. They have a quite homogeneous distribution with values of B = 1.8 - 6.6 ppm
(average 4.4 ppm), Sc = 15.5 - 17.2 ppm (average 16.2 ppm), Ti = 10.5 - 26 ppm (average 14.1
ppm). The higher variability was observed for vanadium (from 0.2 to 17 ppm) and aluminium (from
190 to 1415 ppm) contents.

As reported by Shiryaev et al. (2011) even synthetic SiC has very few trace elements content that

overlaps the values of natural samples. They observed that moissanite, like diamond, is able to host
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only atoms that can substitute Si (or C) in its structure like Al, N, B, and that most of the trace
elements partition preferentially into the syngenetic inclusions (alloys, carbides and silicides).
Although low, the trace elements content in kimberlitic SiC shows some variability (see Mir vs
Udachnaya SiC in Shiryaev et al., 2011), and show lower B, Al, Ti and V values than the Azorean
samples whereas the Sc content is similar to Aikhal SiC (Shiryaev et al., 2011).

The scarcity of trace elements data on moissanite and its inclusions from different rock types

prevents any deep geochemical considerations.

4. Discussion and conclusions

Two main questions must be addressed: where the Azorean moissanite originated, and how the
remarkably reduced conditions were achieved in the environment. Several models have been
proposed to explain how natural SiC could occur under extremely different geological settings,
especially whether it has or not a mantle origin (i.e., Mathez et al., 1995; Ulmer et al., 1998; Rogers
et al., 1989; Schmidt et al., 2014; Shiryaev and Gaillard, 2014; Griffin et al., 2018; Ballhaus et al.,
2018). Common point of these models is the very low oxygen fugacity (fO, = 7-5 log units below
the IW buffer) and high temperature (from 700°C to 2500°C).

The current models are related to experiments in the peridotitic system (Ulmer et al., 1998;
Schmidt et al., 2014) or to thermodynamic calculations (Mathez et al., 1995; Shiryaev and Gaillard,
2014). These models also suggest that these conditions could occur locally, even at the grain scale,
since the redox conditions at mantle or crustal conditions are usually oxidising (QFM-buffered).

Ultra-reducing C-O-H fluids were invoked to obtain such an environment that stabilizes SiC and
metallic alloys (Schmidt et al., 2014; Griffin et al., 2018; Dobrzhinetskaya et al., 2018). Such
reducing C-O-H fluids can be obtained for example by change the H/O ratio as a result of H,O
subtraction, at carbon saturated conditions, moving the isopleths towards CHj-rich fluid, without

changing fO, (Schmidt et al., 2014). At low pressure during magma ascent, decompression can
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trigger redox reactions in carbon-saturated melt with high-silica activity to form moissanite at
around 1300°C (Shiryaev and Gaillard, 2014). Griffin et al. (2018) suggested a worldwide process
in which reduced C-O-H-N fluids may be transported from deep Earth up to at least the base of the
lithosphere and, depending on its thickness, different redox reactions can be triggered (i.e., with
diamond or SiC formation). Mt. Carmel moissanite formation is based on this model: mantle-
derived fluids dominated by CH4 + H, interacted with an alkaline basalt melt at 60-100 km (  2-3
GPa) depth and 1000 °C > T < 1660 °C (Griffin et al., 2018; Dobrzhinetskaya et al., 2018).
Nevertheless, there are no evidences of CH, dominant fluids in ol and cpx-hosted fluid inclusions at
the Azores (Zanon and Frezzotti, 2014; Métrich et al., 2015; Zanon, 2015).

We recovered ca. 500 moissanite grains in 78 gr. of fine-grained (<0.5 mm) syenite, lacking
textural information. However, the mineral assemblage of the syenite (feld, + amph, cpx, ann, Fe-Ti
oxides and sodalite or quartz) cannot be in equilibrium with extremely reduced phase like SiC or
metallic Si. The Agua de Pau syenites are characterised by a wealth of accessory minerals enriched
in REE, Zr, and Nb are the ultimate stage of crystallisation of a trachyte (Ridofi et al., 2003). Even
if during this late stage of the chemical evolution a decrease in fO, has been proposed (Ridolfi et al.,
2003), it seems very unlikely that fO, reached the extremely reduced conditions requested for the
SiC formation. Moreover, SiC is not stable together with Fe-rich minerals like those occurring as
accessory in the Agua de Pau syenite.

Azorean moissanites are 90% the 6H polytype, suggesting that they grew at similar P-T
conditions and degree of impurities, and that no polytype transformation occurred since their
formation. The presence of Si° inclusions supports the natural origin of these grains but currently it
does not provide any indication of pressure as the actual depth of formation was somehow reset to
the H7-LP conditions typical of the syenite crystallization. In case of moissanite and its inclusions,
it is not trivial to apply the elastic geobarometry approach unless the crystal is erupted rapidly from
HP conditions like happens for the typical kimberlitic magmas. In order to prove such hypothesis, a

systematic study of inclusions present in the Azorean and in kimberlitic moissanites is currently

10
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under progress, aiming at applying the elastic geobarometry to all typologies of inclusions.
However, such approach requires a complete revision of all thermodynamic parameters for host and
inclusion, information not at moment available for many inclusions found in moissanite.

Furthermore, without considering the influence of pressure, assuming that Si metal was
entrapped as a liquid phase by moissanite, a temperature of ~1400°C (melting point for Si®) was
needed. Actually, the temperature of evolved liquids at Sao Miguel is ~730-780 °C (Renzulli and
Santi, 2000), whereas Sdo Miguel basalts are originated at = 3-4 GPa and 7 = 1300°C-1400°C
(Beier et al., 2008).

Hardly we can directly apply the current models to explain the formation of Azorean moissanite.
Azores Islands are located in oceanic extensional setting; nevertheless, the enriched geochemical
signature of the Sdo Miguel magmas likely derives from the recycle of an old (=3 Ga) crustal
component into the mantle (Béguelin et al., 2017; Schaefer et al., 2002).

Even if we lack textural information, starting from the point that moissanite is not a phase that
normally crystallises in syenitic melts, we may hypothesise that our grains were formed by ultra-
reducing (metasomatic/hydrothermal) fluids possibly reacting with the alkaline melt at some stage
of the syenite formation/emplacement. The current data cannot solve whether this process occurred
when alkaline magma formed by partial melting in the lithosphere or at some stage between the
formation and ascent to the magma chamber.

A more detailed study of inclusions and the recovery of in situ moissanite would help to convey
on a more reliable model. As far as we know, this is the first report of moissanite in a non-

continental geodynamic settings, widening the tectonic settings where SiC occurred.
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Figure and Table captions

Figure 1. Microphotograph of a typical saccaroid-textured syenite, showing the presence of

sanidine, two amphiboles, apatite, quartz, pyroxene and aenigmatite.

Figure 2. Typical micro-Raman spectra of 6/ (upper panel) and 4H (lower panel) polytypes. Insets:
insight of the low wavenumber region; peaks position of 6 H-SiC is 236 cm™, 242 cm™ and 267 cm™
peaks position of 4H-SiC is 196 cm™ and 204 cm™. The uncertainness on the peak positions is *1
cm™.
Figure 3. Analysis of two typical Si® inclusions enclosed in 6H-SiC crystals (A1 and A2). From left
to right: low magnification image of the crystal with the inclusion, high-magnification detail of the
inclusion, and pRS spectrum acquired on the inclusion. The Si® peak at 520 cm™ is marked with a

red arrow.

Appendix material

Table 1. Trace elements composition of moissanite crystals.
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