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Abstract

Covered by ultrabasic units for more than a third of its surface, the New Caledonia (South West
Pacific) is one of the largest world producers of Ni-ore from lateritic deposits. Almost all outcrops
of geological units and open mines contain serpentine and amphibole, also as asbestos varieties. In
this geological context, in which weathering processes had a great contribution in the production
and dispersion of mineral fibres into the environment, the development of a routinely analytical
strategy, able to discriminate an asbestiform fibre from a non-harmful particle, is a pivotal requisite.
However, the acquisition of all these parameters is necessary for determining the risk associated to
fibres exposition. A multidisciplinary routinely approach, based on the use of complementary
simply-to-use but reliable analytical methods is the only possible strategy. In addition, the
instrumental apparatus must be easily transportable on the field, directly on the mining site. The
employment of specialized tools such as Polarized Light Microscopy associated to Dispersion
Staining method (PLM/DS) and portable Raman spectroscopy for identification of environmental
asbestos, are proved extremely effective in the improvement of the performance and rapidity of data
acquisition and interpretation. Both PLM/DS and handheld Raman devices confirmed to be
discriminant in the detection and characterization of asbestos fibres for both serpentine and
amphibole. Furthermore, these techniques proved extremely effective even in the presence of

strongly fibrous and altered samples.

Key-words (up to 6): asbestos; fibrous antigorite; in situ monitoring; dispersion staining; portable

Raman; New Caledonia.

1. Introduction

Asbestos is the generic commercial definition for a group of naturally occurring mineral silicate
fibres of the serpentine and amphibole groups. It includes the serpentine chrysotile (also known as
“white asbestos”), and the amphibole minerals amosite (fibrous-asbestiform variety of grunerite,
also known as “brown asbestos”), crocidolite (fibrous-asbestiform variety of riebeckite,
commercially known as “blue asbestos”), as well as anthophyllite, tremolite and actinolite asbestos
(IARC, 2012; EU, 2003). As a result of geological processes, Naturally Occurring Asbestos (NOA)
is present in the natural environment, in rocks and soils, referring to mineral fibres that have not
been extracted and refined for commercial purposes, but rather to asbestos that has been exposed
unintentionally by excavation, road grading, or mining (Wagner, 2015; Bloise et al., 2016; Noonan,

2017). Weathering and human activity may disturb NOA-bearing rocks and release mineral fibres



into the air, which constitutes a potential risk to human exposure by inhalation (Cattaneo et al.,
2012; Bayram et al., 2013; Cavallo and Rimoldi, 2013; Gualtieri et al., 2014; Vignaroli et al., 2014;
Bloise et al., 2017; Gaggero et al., 2017; Noonan, 2017; Dichicco et al., 2018). The investigation of
NOA started after the diagnosis of asbestos related pathologies in human populations non-
occupationally exposed to asbestos (Browne and Wagner, 2001; Luce et al., 2004; Gunter et al.,
2007; Harper, 2008; Culley et al., 2010; Thompson et al., 2011; Bayram et al., 2013). NOAs are
known to be responsible for passive exposure of populations, which makes risk assessment and
prevention plans more complex compared to professional exposure to asbestos. Actually, in
environmental context, exposure is due to a large diversity of mineral fibres whose impact on the
health of exposed people can be greater than the six-regulated ashestos minerals (Baris et al., 1978;
Coffinetal., 1992; Comba et al., 2003; Gazzano et al., 2005; Groppo et al., 2005; Turci et al., 2005;
Carbone et al., 2011; IARC, 2012, 2017). This results in a huge variability in chemical
compositions and physical properties of the released fibres and therefore in a different reactivity in
the organism for each case (Fubini and Otero Arean, 1999; Fubini and Fenoglio, 2007). The rising
awareness on NOA related risk leads to a renewed interest in the in situ identification of regulated
and non-regulated mineral fibres. The most common methods, listed in regulations and used by
commercial-asbestos laboratories, have therefore to be applied to natural samples. Analysis of
mineral fibres is a complex task which involves different approaches depending on the
characteristic of the sample (e.g., bulk, filter, soil, rock) and on the purpose of assessment (Nichols
et al., 2002; Lee et al., 2008; Cavariani et al., 2010). Because of NOA heterogeneous composition,
consisting of intermixed fibres morphologies and mineral phases, analytical investigation of mineral

fibres requires a multidisciplinary analytical approach.

New Caledonia is one of the largest world producers of lateritic Ni-ores resulting from millions
years alteration of ultrabasic rocks (Wacaster, 2011). According to current knowledge, the Boghen
terrane in the central unit, the ultrabasic complex, and the northern metamorphic complex of the
Grande Terre Island, are the main geological units most affected by the presence of asbestiform
mineral fibres (Lahondére, 2007, 2012; DIMENC-SGNC, 2010). The occurrence of NOA-bearing
rocks in more than one third of its surface area has been reported for over 20 years (INSERM U88,
1997). While (fibrous-asbestiform) tremolite is mainly present in central and northern Caledonia
terranes, serpentine chrysotile and fibrous-lamellar antigorite occur in the peridotite complex (Fig.
1; Lahondeére, 2007, 2012). Besides the environmental exposure to asbestos related to Ni mining’s
activity, a domestic exposure also exists. Remarkable is the case of the use of P6 in the past, a
traditional white-coloured wall covering purely composed of asbestiform tremolite (Goldberg et al.,
1991, 1995; Luce et al., 1994, 2000, 2004; Baumann et al., 2007, 2011; Houchot 2008).



Furthermore, recent statistical and epidemiological data display the presence of fibrous serpentines
in tracks and soils as one of the most significant factors connected to risk (Baumann et al., 2011).
The huge variety of asbestiform minerals and their distribution over a large part of the island make
environmental asbestos a major public health issue for New Caledonia. A great work of survey of
the different (fibrous) varieties of amphiboles and serpentines on the outcrops, resulting in a
detailed geological map of natural occurrences, is ongoing (Lahondére, 2007, 2012; ANSES, 2010;
DIMENC-SGNC, 2010).

To restrict the risk due to fibres exposition, the New Caledonia legislation (Délibération n° 82 du
25 Aodt 2010) included serpentine-antigorite in the list of the regulated-asbestos. Actually just
preliminary data on its potential toxicity are available (ANSES, 2014; Tomatis et al., 2018).
However, from a morphological point of view, recent studies confirm the fibrous-lamellar nature of
Caledonian antigorite (CNRT - Laporte-Magoni et al., 2018)

In the assessment of the exposure risk, Caledonian mining companies developed a provisional
monitoring prevention plan based on field geological survey, followed by an analytical laboratory
investigation. The analytical procedure refers to methods provided by French regulation - NF X43-
269 - for the air quality investigation in workplaces containing asbestos: Transmission (TEM) and
Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDS),
and Phase Contrast Microscopy (PCM). However, no accredited laboratory is currently present in
New Caledonia. Mineralogical-chemical characterization, counting and morphological
investigations must be carried out abroad. Timing of analysis is therefore too long when compared
to professional timelines. In this context, the on-field geological monitoring of asbestos and related
minerals must be carried out in the most effective way. Thus, a dedicated classification based on
descriptive criteria like colour, morphology, cohesion of rock, and fibre release was introduced by
professional geologist to describe these asbestos-type occurrences. All these morphological-textural
parameters depict an increasing alteration status, from non-altered (minimum degree of alteration)
to highly altered (maximum degree of alteration), correlated with a potential rising risk resulting in
a greater capability in the dispersion of fibres. Because of the wide range in natural shapes and
morphologies presented by mineral fibres subjected to weathering, it seems very difficult to distinct
with certainty the type of fibre. This operation requires a great deal of experience and an excellent
mineralogical background. Subjectivity in the discrimination of morphological criteria and potential
misinterpretation are therefore the main sources of error in the preliminary step of on-field
identification. For example, misinterpretation in identification of asbestiform minerals might results

in a commercial use of minerals analogous to the six-regulated asbestos (e.g., quarry of white



asbestos near Rowland Flat, South Australia; Keeling et al., 2008, 2010; Fitz Gerald et al., 2010).
Furthermore, the closely intergrowth of different asbestiform (and not) mineral phases complicates
the field identification (Dogan and Emri, 2000; Groppo and Compagnoni, 2007a, 2007b; Rooney et
al., 2018). Nowadays, there is a lack of a quantitative (or semi-quantitative) approach to classify the
degree of alteration of the mineral fibres subjected to weathering. To improve the effectiveness and
rapidity in the description of asbestos occurrences, and consequently to protect workers, an
analytical in situ strategy appears necessary. Until now, rare isolated studies have been performed
on the identification of asbestos using portable devices, usually involving portable Raman
equipment (Jehlicka et al., 2009; Bloise and Miriello, 2018). To our knowledge, there is no
evidence of testing portable Raman spectroscopy for identification of asbestos-type minerals in
lateritic units, associated to mining activity. The analytical challenge is to distinguish fibrous
amphibole and serpentine minerals, including fibrous-lamellar antigorite, despite the high alteration

levels of asbestos and laterite deposits.

This work aims to develop a diagnostic strategy, routinely applicable and able to discriminate and
characterize the different species of ashestos. Attention was dedicated to Raman spectroscopy and
Polarized Light Microscopy associated to Dispersion Staining method (PLM/DS), which offered the
possibility to employ a portable or a benchtop equipment. Analytical performance of a handheld
Raman device, to be used on field observation, was assessed against the more traditional
mineralogical and petrological methods - such as optical microscopy, SEM, and TEM. Because of
the importance of morphology and size distribution in the evaluation of the asbestiform nature,
microscopic methods are crucial in the investigation of mineral fibres. PLM/DS is an optical
routinely technique currently in use in investigation of Asbestos Containing Materials (ACMs) for
the analysis of fibres concentrations of bulk building materials (EU 2003; Health and Safety
Executive, 2006). On the other hand, it is not largely used with NOA samples (Baietto and Marini,
2018), especially for non-regulated mineral fibres (e.g., antigorite, erionite, fluoro-edenite,
balangeroite). Also in the case of amphiboles minerals, which are generally considered more simple
to identify by PLM/DS, cummingtonite and winchite amphiboles may be confused with tremolite
(Health and Safety Executive, 2006). In this respect, a specific work has been carried out to find the
Refractive Index (RI) liquid which corresponds as much as possible to the RI value of antigorite.
Finally, the impact of supergene alteration on the recognition of asbestiform minerals was

evaluated, testing analytical methods even in presence of strongly fibrous and altered samples.



2. General Setting
2.1 The New Caledonia ultrabasic complex

The New Caledonia ophiolite complex is one of the largest in the world with best-exposed units of
peridotite. The ultramafic peridotite complex, 300 km long, 50 km wide and 2 km thick, is certainly
the most prominent terrane of New Caledonia (Ulrich et al., 2010). It is composed of a main massif
— “Grand Massif du Sud” — located in the southernmost part of the island, and several tectonic
Klippes isolated by the erosion along the west coast (e.g., Koniambo Massif; Fig. 1). This unit is
dominantly formed of partially to totally hydrated upper mantle rocks, harzburgite-dunite and rare
spinel- and plagioclase- Iherzolite, with minor ultramafic (pyroxenite, wehrlite) and mafic
cumulates (layered gabbros; Prinzhofer, 1981). The allochthonous unit is largely fractured and
crosscut by dolerites, micro-diorites and various felsic dykes at all levels. Locally, amphibole
lenses, about 200 m length and 10-50 m wide, appear at the base of serpentinite, above Poya basalt
(Cluzel et al., 2012). As a consequence of cooling and low temperature hydration of the oceanic
mantle lithosphere, the degree of serpentinization may range from 20 to 60 volume %. In addition, a
more extensive serpentinization occurs also at the basal layer of the peridotite nappe, generally
referred to as the tectonic serpentinite sole, consisting of a porphyroclastic mylonite (20-200 m
thick) which likely formed during obduction (Avias, 1967; Orloff and Gonord, 1968; Rawling and
Lister, 1999; Cluzel et al., 2012; Lagabrielle et al., 2013; Quesnel et al., 2016).

Despite the large number of geological studies existing on ophiolite of New Caledonia, a
comprehensive understanding of mechanisms responsible for serpentinization is still lacking (Orloff
and Gonord, 1968; Trescases, 1975; Barnes et al., 1978; Evans et al., 2013; Frost et al., 2013;
Mothersole et al., 2017). Probably due to different thermodynamic conditions according to
geodynamic context, several generations of serpentine minerals combined with minor amount of
tremolite-amphibole may occur in the ultrabasic units, from the serpentinite sole, at the bottom,
until the linked serpentines fractures, towards the top (Lahondére, 2007; Audet, 2008). Generally,
serpentinized peridotites are cut by large fault planes with prismatic-lamellar crystals from
centimetres to decimetres. These planes appear fresh and lamellae are parallel and welded together.
Conversely, at the top of lateritic profile, close to pedolitic horizons, these blades become more
altered, fragmented and associated with fibres that seem to be originated from the extreme cleavage
(fraying) of these same lath-shaped crystals (Lahondére, 2007, 2012; Ulrich et al., 2010; Quesnel,
2015; Quesnel et al., 2016).



2.2 Laterite ore deposits

The ultramafic rocks of New Caledonia underwent weathering since early Miocene. Ni-laterite
deposits were formed during the Miocene-Pliocene by lateritic weathering of obducted harzburgite-
dunite peridotite nappe, in which both residual and absolute economic nickel concentration have
resulted from supergene enrichment (Troly et al., 1979; Chevillotte et al., 2006). Ni-laterites
formation starts with the emplacement and serpentinization of the ultramafic protolith, followed by
exposure to a humid sub-tropical climate and the development of a deep intensely weathered
regolith. From base to top, the weathering profile is composed of a saprock or saprolite horizon, a
limonitic horizon, and a ferricrete at the top. Supergene Ni-ore deposits correspond to the hydrous
Mg-Ni silicate-type ore and oxide-type ore depending upon the main Ni-bearing mineral phase,
respectively exploited within the saprock/saprolite and at the base of the limonite horizon (Brand et
al., 1998; Freyssinet et al., 2005; Butt and Cluzel, 2013; Trotet et al., 2015).

2.3 Asbestos occurrences in the ultrabasic units

According to Ulrich (2010), the basal serpentinite sole is dominated by lizardite (up to 90%),
secondary chrysotile-polygonal serpentine, which occurrence consists of millimeter crack-seals
veins, and antigorite, which only crystallized in veins. If the formation of the lizardite is assumed to
be related to abyssal history of the ophiolite for the lherzolite, and to its supra-subduction history
for the harzburgite, the origin of the antigorite veins is more questionable. Ulrich (2010) relates this
contrasted serpentinization to an upward hydration of the peridotite nappe by metasomatic fluids
released from the downgoing slab during the Eocene convergence. The occurrence of antigorite
within the sole is interpreted as related to hotter fluid circulation (T >400 °C) when the HP-LT
Diahot units were rising up beneath the ophiolite. This result accounts for the creation of a major
rheological discontinuity forming the entire basal sole of the ultramafic sheet. Study on oxygen
isotopes indicates that chrysotile was formed later, likely during obduction, by the circulation of
meteoric fluids through micro-fractures (Ulrich, 2010), with higher water/rock ratios (Evans et al.,
2013; Frost et al., 2013; Mothersole et al., 2017).

In laterite deposits, all main varieties of the serpentine group, associated to minor tremolite, have
been observed. Owing to their ability to withstand better the oxidation processes, serpentine
minerals are commonly found in saprolitic zone currently mined (Lahondere, 2012; Trotet, 2012).
In the upper part of ultrabasic units, serpentinites generally outcrop along tectonic structural

discontinuities as fractures, faults and shear zones (Leguere, 1976; Lahondére, 2012), even with



asbestiform habits (e.g., fibrous antigorite; Lahondere, 2007). Antigorite is usually closely related to

the main faulting pattern (Quesnel et al., 2016).

Caledonian minerals display a wide range of natural shapes, morphologies and alteration status
depending on supergene alteration. Increasing the degree of alteration, a progressive loss of
cohesion of massive assemblages leads to the disappearance of the original structure, until the
appearance of individual asbestiform fibres. A mineralogical transformation process (formation of
talc, silicification, etc.) can eventually occur (Lahondére, 2007). Furthermore, Figure 2 shows as
assemblages displaying different degrees of alteration may exist simultaneously at the same

outcrop.
3. Methodologies
3.1 New Caledonian samples

About 50 rock fragments collected in the mining site (outcrops, quarries, tracks, pit) of different
ultrabasic units of Grande Terre Island (New Caledonia) were analyzed (Fig. 1; Table A). Samples,
selected at different degree of alteration - from non-altered to maximum degree of alteration —
consist in serpentines such as chrysotile and fibrous-lamellar antigorite, as well as (asbestos)
tremolite-amphibole. Samples were collected at both serpentinite sole horizon (chrysotile) and in
the lateritic profile (mainly antigorite and tremolite-actinolite). The on-field geological survey was
realized by professional geologist of mining companies of New Caledonia using the mining
nomenclature (CNRT - Laporte-Magoni et al., 2018, for details). Only the results of the eight most
representative samples, coming from Tontouta (west coast) and Poro (east coast) mines, are

displayed in this work, as reported in Table 1.
3.2 Analytical monitoring strategy
3.2.1 Microscopies

Secondary electron imaging (SEI) and semi-quantitative Energy dispersive X-ray spectroscopy
(EDS) microanalysis were carried out on both natural samples and petrographic thin sections with
different Scanning Electron Microscopes (SEM): i) JEOL JSM-IT 300 LV/LA with Low Vacuum
Mode equipped with an Oxford-X-Max EDS, available at ISEA Laboratory, University of New
Caledonia; i) LEICA 430i equipped with an ISIS EDS microanalysis and ZEISS EVO 40 equipped
with Oxford-INCA EDS, available at the accredited Laboratory of Arpae — Agenzia regionale per la
prevenzione, I’ambiente e 1’energia dell’Emilia Romagna, Reggio Emilia, Italy; and iii) JEOL 6400

equipped with an Oxford-INCA EDS, at Department of Chemistry, Life Sciences and



Environmental Sustainability, University of Parma. SEI images were acquired at various
magnifications and accelerating voltages, commonly 5-25 kV depending on the instrument used.

Before the analysis samples were coated with 10 nm carbon layer.

Micrographs and TEM were performed with two instruments. i) JEOL ARM 200F Scanning
Transmission Electron Microscope (STEM), at Department of Materials Chemistry, National
Institute of Chemistry, Ljubljana, Slovenia, using a probe Cs corrected STEM, model ARM 200F
mounting a high-brightness Cold Field Emission Gun (CFEG) operating at 80 kV. The microscope
was equipped with an EDS system (Centurio 100 mm2, JEOL). Analyses were conducted in TEM
mode together with Selected-Area Electron Diffraction (SAED) and EDS analysis to identify
chrysotile fibres (>20 fibres for each sample performed). In addition to common TEM identification
(Imaging, SAED and EDS) of asbestos fibres, Bright Field (BF) and Medium Angle Annular Dark
Field (MAADF) STEM coupled with EDS mapping have been applied. All the samples were tested
for stability under the electron beam and the observations were made accordingly. ii) JEOL JEM
2010 equipped with an Oxford-INCA 100 EDS, available at the CIGS Laboratory, University of
Modena and Reggio Emilia. The microscope operating at 100 kV, was equipped with a double tilt
holder. The samples were transferred on a lacey carbon mesh copper grid (300 mesh). A small
quantity of samples was suspended in 2-propanol and ground for two minutes. The suspension was
transferred in an Eppendorf's tube followed by a mild sonication for two minutes to obtain a

homogeneous suspension. Two drops of the suspension were transferred on the TEM grid.

PLM analyses, coupled with Dispersion Staining method of observation (PLM/DS) and equipped
with a phase contrast mask, were performed at the accredited laboratory of Arpae, at Reggio Emilia,
in Italy. Two microscope equipment Leica DIALUX 20 EB and Leica DM4 B have been used for
the qualitative observations of samples. Each fibre type, sampled by selecting a few representative
fibres or bundles, was placed on a microscope-slide. Identification occurs with the oil immersion
method, using the following Refractive Indices: RI 1.550 for chrysotile, Rl 1.580 (recommended by
Italian regulation - D.M. 06/09/94) and 1.605 (advised by UK - Health and Safety Executive, 2006)
for tremolite, and the intermediate R1 1.5680 for non-chrysotile serpentine.

3.2.2 Raman spectroscopy

Non-polarized micro-Raman spectra have been obtained on petrographic thin sections in nearly
backscattering geometry with a Horiba Jobin-Yvon LabRam apparatus, equipped with an Olympus
microscope with 10x, 50x, Ultra-Long Working Distance 50x, and 100x objectives and a motorized
X-y stage. The 632.8-nm line of a He—Ne laser and the 473.1-nm line of a doubled Nd:YAG diode



pumped laser have been used as excitation; laser power has been controlled by means of a series of
density filters, in order to avoid heating effects. The minimum lateral resolution was about 1 pm
(with the 100x objective); the depth resolution was set to few microns by means of a confocal hole.
The spectral resolution is about 2 and 4 cm™ at the 632.8 and 473.1 nm excitation wavelengths,
respectively. The system was calibrated using the 520.7 cm™ Raman peak of silicon before each
experimental session. In addition, in the high wavenumber range, the spectra were constantly
calibrated using spectral lamps. The 632.8-nm line was mostly used to obtain high-resolution
spectra in the low wavenumber range (100-1200 cm™), whereas the 473.1-nm source was utilized to
enhance the OH stretching signal of the water molecules in the high wavenumber range (3000-4000
cm™). The spectra were collected using the 100x objective with repeated acquisition: 5 acquisitions

for 30 s and 15 for 10 s in the low and high wavenumber spectral range, respectively.

Raman in situ measurements were carried out with an handheld Enspectr RaPort® Raman
instrument, weighing 2.1 kg, equipped with a 532-nm laser at maximum output power of 30 mW.
Raman spectra have been obtained over the wavenumber range 100-4000 cm™ with a spectral
resolution of 8 cm™. The instrument is remotely controlled via a USB 2.0 cable connected to a
laptop. The spectra were collected in a single acquisition up to 60 s. The instrument self-calibrate
automatically before each set of measurements. Taking into account the large laser spot (about 1
mm) and the lack of rigid mounts for positioning, a real spatial resolution in the range of few cubic
millimeter is expected. This could be a disadvantage when analysing very small features or
heterogeneous materials. On the other hand, as we had a large volume of scattering, it was easy to
focus the laser beam on the bundles of fibres. Working off-line, the long battery life permits an
autonomous operation up to 6 hours. A temperature range of 0-40 °C is recommended during

operation on field.

The background subtraction on each spectrum was performed with LabSpec® software.
4. Results

4.1 Macroscopic description of samples

At the hand scale, samples of New Caledonia show an evident lack of cohesion and an altered
appearance. Compared to most of the worldwide NOA-occurrences (e.g., Western Alps, Haute-
Corse; ANSES, 2010), they are generally more friable and characterized by a structureless aspect
(Fig. 3 d,e,h). Chrysotile (Sample 57) is in the form of little veins and veinlets (up to 5 mm wide)
cross-cutting serpentinized peridotite (Fig. 3a). It commonly shows a reddish-colour, alternating

sub-millimeter sized pale-brown—black—reddish banding. This is the typical appearance of



chrysotile that professional geologists expect on the outcrops for its identification. Samples
classified as non-altered antigorite (minimum degree of alteration — Sample 13; Fig. 3c) display a
compact, moderately hardened appearance, dominated by a pale-green to green colour. Platy shaped
lamellae are welded and parallel to each other. Increasing the alteration, antigorite shows a more
friable aspect, coupled with the presence of bundles of laminas. Samples show a massive to
structureless appearance, from white to pale-green colour (Sample 6; Fig. 3d). The most altered
samples, instead, appear fibrous and characterized by porous low density material; fibrous-lamellar
blades occur randomly orientated to form aggregates and bundles (Sample 35; Fig. 3e). On the other
hand, tremolite fragments show only a little variation in morphology as the degree of alteration
increases. Tremolite samples are characterized by compacted, massive to moderately hardened
appearance, from green to pale-green—whitish colour. They exhibit a columnar morphology,
characterized by the overlapping of well-formed prismatic crystals. Several individual fibres have
also been observed (Sample 41; Fig. 3g). Furthermore, increasing the alteration status, tremolite

appear more fractured (Sample 36; Fig. 3h).
4.2 Evaluation of the performance of portable Raman in the identification of altered minerals.

A set of preliminary measurements devoted to testing the performance of the handheld Raman
equipment was carried out in laboratory on all the rock-fragments. One or at least two spot analyses
were performed for each sample. On 47 analysed samples, 41 were successfully identified, allowing
the discrimination of the main serpentine or amphibole phase. As illustrated in Figure 4, spectra
obtained for tremolite samples show the worst signal-to-noise ratio, compared to those of
serpentines (Fig. 5), due to increased fluorescence interference. By the way, the identification of the
predominant phase was not compromised (Table 2). Concerning measurements realized on the most
altered serpentine and amphibole, on 15 very altered samples (maximum degree of alteration), only
4 were not identified with portable Raman equipment. Despite the complete loss of cohesion of
altered samples, the quality of data was not affected, allowing the identification of the mineral
phase (Fig. 4).

To verify the user-friendliness of the Raman portable device, it was successfully tested at the open
pit of Tontouta, in New Caledonia. On 30 spot analyses, 20 were positively identified. Samples of
antigorite, chrysotile and altered serpentine, probably saponite, have been identified. Figure 5 shows
an example of a raw Raman spectrum obtained in real-time measurement (Raport instrument, 532-
nm laser) compared with a spectrum recorded with the laboratory Raman microspectrometer
(473.1-nm laser). The micro-Raman spectrum was acquired on a bundle of fibrous-lamellae

choosing the optimal conditions of measurement (e.g., spot analysis, objective 100x, time and



number of acquisitions, filter, etc.). On the contrary, the portable Raman does not allow the choice
of all these instrumental parameters. In this latter case, the acquisition was performed directly on
fibre bundles, selecting only the time of acquisition. Despite all intrinsic instrumental differences,
spectra appear perfectly comparable at both low- and high-wavenumber regions, allowing the
identification of the mineral phase (Rinaudo et al., 2003; Auzende et al., 2004; Groppo et al., 2006;
Petriglieri et al., 2015). The presence in the OH-stretching region of the typical doublet, with the
main peaks located at about 3665 and 3695 cm™ of antigorite, confirm with certitude the
discrimination of this serpentine phase (Petriglieri et al., 2015; Tarling et al., 2018). Only a slightly

fluorescence interference occurs.
4.3 ldentification of fibrous minerals by PLM/DS.

The impossibility of estimating the potential of fibre emission from a field survey suggests to
develop a technique able to identify and evaluate the release of potentially asbestiform fibres into
the environment. In this respect, PLM/DS represents the most suitable microscopic technique
transposable on field sites. However, there are no published data on antigorite analysis by PLM/DS.
No guidelines are provided by regulations for the discrimination of fibrous antigorite. About
Caledonian asbestos, chrysotile fibres (Sample 57) have been investigated with the typical Rl 1.550
liquid (Fig. 6). Observed in phase contrast mode, fibres exhibit the characteristic pale-blue colour
with an orange halo (Fig. 6a), whereas they appear blue to purple in dark field observation (Fig. 6b).
Asbestos tremolite have been analysed with R1 1.580 and RI 1.605 liquids. Tremolite must be better
identified with R1 1.605, according to UK - Health and Safety Executive (2006). Observed in phase
contrast mode, fibres exhibit a pale-blue to dark-grey colour, often coupled with an orange halo.
Moreover, they appear yellow to purple in dark field observation mode (Fig. 7). On the other hand,
a specific work aimed to find the RI liquid that match most closely the refractive index value of
antigorite has been carried out. Lizardite has a mean RI between 1.54 and 1.55, while the lath-
shaped lamellae of antigorite generally show a higher RI, on average 1.566 (Deer et al., 1992). We
tested R1 1.5680 for the discrimination of antigorite: in phase contrast observation fibres show a
pale-blue to white colour, without halo (Fig. 6¢), whereas under dark field they have a blue indigo
colour (Fig. 6d). The RI 1.5680 proved to be the RI liquid that mostly matches the antigorite phase,
showing characteristic dispersive colours which allow to distinguish antigorite from chrysotile.
Applying this methodology to more fibres for each sample, we could therefore assume that also

minor fibrous phases will be detected.



4.4 Complex mineralogy and morphology of Caledonian mineral fibres

Comparing data obtained by laboratory investigation with the on-field survey based on
morphological-textural criteria, most of samples reveal a different and more complex mineralogical

nature, as reported in Table 2, and Table A.

In the identification of asbestiform serpentine phases, Sample 33 had a crucial role in the
discrimination of chrysotile from fibrous antigorite. Macroscopically identified as non-altered
antigorite (minimum degree of alteration), this sample appears pale-green to white at the hand-
sample scale, formed by the overlay of parallel and welded well-grown lamellae (Fig. 3b). Contrary
to expectation, all analytical techniques confirm that it is chrysotile (Table 2). Petrographic
observations show the typical zebra-like appearance of chrysotile samples, according to Wicks and
Whittaker (1977). At stereo-microscope, well-formed blades occur. Actually, only after a softly
mechanical stress, using tweezers, a woolly-like appearance has been recorded (Fig. 8a). PLM/DS
observations on mount particles confirm the identification of chrysotile fibre using the standard RI
1.550 liquid. Fibres observed in phase contrast mode exhibit the typical pale-blue colour with the
orange halo (Fig. 8b), and appear blue to purple in dark field observation. Increasing the
magnification, SEI images display a compact bundle of parallel fibrils of chrysotile. Fibrils are
tightly welded and an unusual high density of tubes has been recorded (Fig. 8d). A careful
observation of fracturing and cleavage highlights the presence of thin fibrils. As illustrated in the
Figure 9 the identification of chrysotile was confirmed by TEM-SAED analysis. TEM is the only
instrument capable of imaging the hollow-core of chrysotile fibrils. Furthermore, both micro-
Raman spectroscopy and portable Raman equipment were applied on this sample, allowing the

identification of the chrysotile variety (Fig. 8c).

Moreover, most of rock-fragments macroscopically identified as monomineralic are actually
composed of a strictly association of serpentine and amphibole phases. Even tremolite specimens
show systematically the closely intergrowth with secondary antigorite and/or chrysotile serpentine
(Table A). Concerning samples identified as antigorite, on 32 specimens, 17 display a more
complex nature consisting of a closer association of fibrous-lamellar antigorite and chrysotile-

serpentine. Among these, two samples are made up of chrysotile only (Table A).

We report, as example, the case of Sample 30 (Fig. 10). Identified by professional geologist as
massive antigorite (non-altered; Fig. 3f), the petrographic observation with SEM images reveals its
complex nature consisting of a strictly intergrowth of fibrous-lamellar of antigorite and randomly
oriented flexible fibres of chrysotile-type. Moreover, micro-Raman analysis confirms this result,



showing the typical Raman spectra of both chrysotile and antigorite serpentine minerals (Fig. 10;
(Auzende et al., 2004; Petriglieri et al., 2015). In OH-stretching region (3550-3850 cm™) chrysotile
displays the main peak at 3698 cm™ with a shoulder at about 3691 cm™. Antigorite shows the
diagnostic doublet with the main peaks located at about 3665 and 3695 cm?, allowing the

discrimination of the two phases.
4.5 Underestimation of fibrous nature of Caledonian samples.

SEM images, acquired especially in SEI mode on lower voltage (5 kV), allow to investigate more in
details the surface features of Caledonian samples. Even non-altered antigorite samples (e.g.,
Sample 13, 33; Fig. 3b,c) show the presence of flexible thin, potentially breathable, fibres at the
surface (Fig. 11). From the point of view of regulation and health, these fibres should be counted as
breathable elongated particles, according to WHO dimensional criteria (Length >5 um, Diameter <3
um, L/D > 3:1, under optical microscopy; IARC, 2012). Performing PLM/DS on apparently
lamellar, non-altered samples, would allow to confirm (or exclude) preliminarily the fibrous,
potentially asbestiform, habit of asbestos and related minerals, as demonstrated by Caledonian
samples (Figs. 6 and 8). It should be noted that conforming to the classification adopted by mining
companies, no samples display the visual features generally attributed to a lack of alteration. All
samples identified as non-altered, and therefore not hazardous, actually display potentially
breathable fibres at the surface. Furthermore, increasing the alteration status, a greater capacity in

the release of fibres was recorded.
5. Discussion

In the context of mining professional sector, the development of a user-friendly reliable strategy,
able to discriminate the potential asbestiform fibres from non-harmful fragments, is the first
requisite in the implementation of the actual monitoring prevention plan. Data achieved describe a
complex situation. Comparing laboratory results with the on-field geological survey, based on
morphological-textural criteria, most of samples reveal a different and more complex mineralogical
nature. Therefore, the monitoring prevention plan currently in use is not sufficient for
discriminating asbestos from non-asbestos elongated particles. Each instrument implies advantages
and limits. This means that a multidisciplinary approach is the only possible strategy to answer to
worker and population requirements. At present, there is not a technique capable to fully
characterize an asbestos fibre on the outcrop, providing information about size, morphology,
chemical composition and alteration grade. On the other hand, the acquisition of chemical-structural

and morphological information is necessary for determining the risk associated to fibre exposition.



The employment of specialized tools such as portable Raman spectrometer and PLM/DS
microscopy proved extremely effective, even on field testing directly at the mining front, for both
serpentine and amphibole. The identification of the more or less altered varieties occurs
immediately, with rapid acquisitions (from few seconds to minutes) directly on the fibres (or on
lamellae) embedded in their textural context. Moreover, a little training is required to operators for
the employment of these methods. The implementation of two complementary analytical
methodologies could be the answer for the discrimination of complex samples. In this respect, the
analytical performances of portable Raman and PLM/DS were compared with laboratory strategies,

generally involved by accredited asbestos laboratories.

According to published literature, Raman spectroscopy has proved to be very sensitive to variations
in chemical composition, allowing the discrimination of asbestos (Bard et al., 2004; Rinaudo et al.,
2005; Petry et al., 2006) and related mineral fibres (Groppo et al., 2006) in NOA context. Moreover,
due to its high resolution power, it can be successfully used not only on massive specimens, but also
in the investigation of fibre bundles and/or single micrometre-sized fibres (fibre of 1-2 um in
diameter; Bard et al., 1997; Rinaudo et al., 2005; Musa et al., 2012; Croce et al., 2013). To obtain
high-quality spectra the laser beam must be accurately focused on the area of interest. Especially in
the cases of most fibrous and altered fragments, the laser beam should be focused on non-cohesive
aggregates of randomly orientated fibrous-lamellae. Compared to laboratory Raman micro-
spectrometer, the handheld device does not allow the choice of different instrumental parameters,
selecting only the time of acquisition. Despite remarkable differences in spatial (1 mm and 1-2 um,
respectively) and spectral resolution (8 cm™ and 4 cm, respectively), spectra appear comparable at
low- and high-wavenumber, allowing the identification of the mineral phase. The acquisition of
spectra in the extended wavenumber range (100-4000cmt) allows to identify with certitude
serpentine and amphibole. OH-stretching is a very sensitive probe for the micro-structure
investigation of asbestos minerals. Fluorescence emission phenomena and the difficulty to point
and/or focus laser beam on a non-cohesive bundles of fibres are the major disadvantages generally

occurring during measurement.

If handheld Raman equipment requires more attention during measurement, PLM/DS need free
asbestos fibres for sample preparation. PLM/DS observations on mount particles allowed to
successfully identify all fibrous samples analysed, confirming as a diagnostic method also in
investigation of natural samples. PLM/DS provides information about mineralogical identification
and morphology of fibres and/or lamellae. Moreover, the implementation of R1 1.5680 in regulated
protocols would also allow to discriminate (fibrous) antigorite from chrysotile (RI 1.550). PLM/DS



analysis is relatively low cost and widely available. It offers great sensitivity even at very low
concentrations and generally differentiates the non-asbestiform and asbestiform habits. With careful
application of this method, a single fibre may be found in a few milligrams of dispersed material. In
theory, for a fibre about 100 um long and about 2 um diameter, a detection limit in the order of 1
ppm by mass is expected (Health and Safety Executive, 2006). Repeating in routine this simple and
rapid technique on more particles for each sample, PLM/DS may be an efficient tool in the
characterization of asbestos in rocks. By contrast, its main limit is essentially related to detection of
smaller particles. While PLM/DS allows to investigate different population of particles in the range
of micrometer scale (10-300 um), electron microscopies give information down to nanometric scale

(TEM resolution, 0.01-10 um; Cavariani et al., 2010).

Even if electron microscopies are known for their high diagnostic power in the full characterization
of small particles at different magnifications, they are no suitable to be routinely applied at the field
level, requiring skilled microscope operators, several time for sample preparation and data
acquisition, and high analytical costs. Moreover, they allow to analyse very little specimens, too

little compared to the outcrop volume (Cavariani et al., 2010).

Generally involved in evaluation of ashbestos concentrations, SEM enables the quantity (size and
distribution), morphology, and semi-quantitative composition (EDS system) of asbestos fibres
(Cossio et al., 2018). Compared to optical microscopy, SEM has an increased depth in field, which
allows extending the particle resolution down to approximately 0.1 pm - at one order of magnitude
smaller than optical microscopy. Sub-millimetric sized fibres and cleavage fragments should be so
investigated. SEM images, acquired especially in SEI mode on lower voltage (5-10 kV) have
proved effective in the description of intermediate and fibro-lamellar morphologies, especially for
fibrous antigorite investigation. Concerning semi-quantitative chemical analyses, EDS allows to
distinguish easily amphibole from serpentine. Moreover, chemical differences between serpentine
phases were confirmed to be generally insignificant compared to natural variability within
individual serpentine phases, according to published literature (Schreier, 1989; Cavallo and
Rimoldi, 2013; Wagner, 2015). The most complete method in the characterization of asbestos is
TEM, which combine morphological information (TEM imaging) to chemical data (EDS) and
crystallographic characterization (SAED). Only at TEM-scale it is possible to investigate certain
structural details. Nevertheless, from a statistical point of view the acquisition of a few SAED
patterns is not representative in the evaluation of polytypes percentage. It allows however to analyse
very small volumes, so the homogenisation of the sample is crucial if the results are representative

of the entire sample. Furthermore, detailed structural and chemical characterization of asbestos



minerals is very difficult to tackle for the small dimensions and similarity of crystals, the instability
under several analytical probes and the extremely variable chemical composition, even within a
single fibre itself. Electron microscopies are complex and expensive. Due to their own complexity,
an extensive operator training is required. TEM’s high performances make it perfectly suitable for
research. Unfortunately, the impossibility to be used as a routine analysis let its employment hard in

New Caledonia mining context.
5. Conclusion

The development of a diagnostic analytical strategy, routinely applicable in mining activity is the
first requirement in the implementation of the current monitoring to prevention plan. To date there
is not a technique capable to characterize an asbestos fibre in situ, providing information about size,
morphology, chemical composition and alteration grade. However, the acquisition of all these
parameters is necessary for determining the risk associated to fibres exposition. A multidisciplinary
routinely approach, based on the use of complementary easy-to-use, but reliable methods is the only
possible strategy. In addition, the instrumental apparatus must be easily transportable on-field,
directly on the mining site. The employment of specialized tools such as Polarized Light
Microscopy associated to Dispersion Staining method (PLM/DS) and portable Raman spectrometer
for identification of environmental asbestos proved extremely effective in the improvement of the
performance and rapidity of data acquisition and interpretation. Both PLM/DS and handheld Raman
equipment confirmed to be discriminant in the detection and characterization of asbestos fibres for
both serpentine and amphibole. Furthermore, these techniques proved extremely effective even in
the presence of highly fibrous and altered samples. PLM/DS observations allowed to successfully
identify all fibrous samples analysed, providing information about the mineralogical identification
and the morphology of fibres and/or lamellae. Using the Refractive Index 1.5680 liquid it is also
possible to discriminate (fibrous) antigorite from chrysotile (RI 1.550). Repeating analysis on more
particles, PLM/DS may be an efficient tool in characterization of natural asbestos. Raman
spectroscopy confirms to be a power diagnostic tool in the identification of the main varieties of the
serpentine and amphibole families. Tests realized in mining context at the open pit of Tontouta
(New Caledonia), have confirmed its high diagnostic power. To guarantee the optimal employment
of both these devices, a training formation of the operators is required. An analytical routinely
protocol based on the use of complementary methods allows to ensure the successfully
identification of samples observed. All these considerations may applied to all type of unconfined

sites of exposition, including environmental and domestic expositions.
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Figure captions

Figure 1. Geological sketch map of the ultramafic allochthon of New Caledonia (redrawn and
modified after Cluzel et al., 2001). Potentially NOA are reported (DIMENC-SGNC, 2010).
Sampling sites of Tontouta and Poro mines are indicated with star.

Figure 2. Fibrous-lamellar antigorite showing several degrees of alteration on the outcrop,
Koniambo massif, New Caledonia (from Mission XTRATA Amiante 2012).

Figure 3. Macroscopic features of Caledonian samples. An evident lack of coherence and a very
altered appearance occur.

Figure 4. Raman spectra of altered tremolite (Sample 36, Poro mine, NC) recorded by Raport
handheld instrument (532-nm laser).

Figure 5. Raman spectra of fibrous antigorite (Tontouta mine, NC) recorded by Raport handheld
instrument (532-nm laser) and by laboratory Raman microspectrometer (473-nm laser), including
the region of the OH stretching vibrations.

Figure 6. Discrimination of antigorite from chrysotile fibres by PLM/DS. Chrysotile (Sample 57),
RI 1.550: a) Phase Contrast: pale-blue, with orange halo; b) Dark Field: blue/purple. Antigorite
(Sample 6), R1 1.5680: c) Phase Contrast: pale-blue to white, no halo; d) Dark Field: blue/blue
indigo.

Figure 7. Identification of tremolite by PLM/DS, RI 1.605. Phase Contrast: pale-blue to dark-grey,
orange halo; Dark Field: yellow to purple. Sample 36.

Figure 8. Identification of sample 33. a) stereomicroscope observation: parallel welded lamellae; b)
PLM/DS, RI 1.550: pale-blue, with orange halo; ¢) Raman spectrum of chrysotile (Raport handheld
instrument, 532-nm laser); d) SEM image showing a compact bundle of parallel chrysotile fibrils.

Figure 9. Identification of sample 33 by TEM-SAED. a) TEM micrograph showing a group of well
separated fibre with larger inner-channel and variable aspect ratio; b) SAED of a single fibril of
clino-chrysotile.

Figure 10. Investigation of intimately intergrowth (cross-polarizing and SEI images) of chrysotile
fibres (a) and fibrous-lamellar antigorite (b) by means of micro-Raman spectroscopy. Raman
spectra were obtained at 473.1 nm in the high-wavenumber region. Sample 30.

Figure 11. SEM image of antigorite. Several breathable fibrous-lamellae occur at the surface.
Sample 13.

Table caption

Table 1. List of the eight most representative selected samples out of fifty investigated rock-
fragments. In the table are also reported results obtained by visual on-field versus analytical
investigation.



Table 2. Mineralogical identification of selected samples. In situ monitoring versus laboratory
investigation have been compared.

Supplementary Items

Table A. Sampling report. List of investigated rock fragments, together with provenance and
alteration status. Results obtained by visual on-field versus analytical identification are reported.
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Figure 1. Geological sketch map of the ultramafic allochthon of New Caledonia (redrawn and
modified after Cluzel et al., 2001). Potentially NOA are reported (DIMENC-SGNC, 2010).
Sampling sites of Tontouta and Poro mines are indicated with star.




Figure 2. Fibrous-lamellar antigorite showing several degrees of alteration on the outcrop,
Koniambo massif, New Caledonia (from Mission XTRATA Amiante 2012).
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Figure 3. Macroscopic features of Caledonian samples. An evident lack of coherence and a very
altered appearance occur.
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Figure 4. Raman spectra of altered tremolite (Sample 36, Poro mine, NC) recorded by Raport
handheld instrument (532-nm laser).
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Figure 5. Raman spectra of fibrous antigorite (Tontouta mine, NC) recorded by Raport handheld
instrument (532-nm laser) and by laboratory Raman microspectrometer (473-nm laser), including
the region of the OH stretching vibrations.
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Figure 6. Discrimination of antigorite from chrysotile fibres by PLM/DS. Chrysotile (Sample 57),
RI 1.550: a) Phase Contrast: pale-blue, with orange halo; b) Dark Field: blue/purple. Antigorite
(Sample 6), R1 1.5680: ¢) Phase Contrast: pale-blue to white, no halo; d) Dark Field: blue/blue

indigo.
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Figure 7. Identification of tremolite by PLM/DS, RI 1.605. Phase Contrast: pale-blue to dark-grey,
orange halo; Dark Field: yellow to purple. Sample 36.
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Figure 8. Identification of sample 33. a) stereomicroscope observation: parallel welded lamellae; b)
PLM/DS, RI 1.550: pale-blue, with orange halo; ¢) Raman spectrum of chrysotile (Raport handheld
instrument, 532-nm laser); d) SEM image showing a compact bundle of parallel chrysotile fibrils.
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Figure 9. Identification of sample 33 by TEM-SAED. a) TEM micrograph showing a group of well
separated fibre with larger inner-channel and variable aspect ratio; b) SAED of a single fibril of
clino-chrysotile.
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Figure 10. Investigation of intimately intergrowth (cross-polarizing and SEI images) of chrysotile
fibres (a) and fibrous-lamellar antigorite (b) by means of micro-Raman spectroscopy. Raman
spectra were obtained at 473.1 nm in the high-wavenumber region. Sample 30.



Figure 11. SEM image of antigorite. Several breathable fibrous-lamellae occur at the surface.
Sample 13.



Provenance / Alteration On field Analytical
Mine site status identification identification
Sample 41 Poro non-altered Tremolite Tremolite & Serpentine
Sample 36 Poro high-altered Tremolite Tremolite & Serpentine
Sample 57 Poro - Chrysotile Chrysotile
Sample 33 Tontouta non-altered Antigorite Chrysotile
Sample 13 Tontouta non-altered Antigorite Antigorite
Sample 6 Tontouta medium-altered Antigorite Antigorite
Sample 35 Tontouta high-altered Antigorite Antigorite
Sample 30 Tontouta non-altered Antigorite Antigorite & Chrysotile

Table 1. List of the eight most representative selected samples out of fifty investigated rock-
fragments. In the table are also reported results obtained by visual on-field versus analytical
investigation.




On field
geological survey

Laboratory investigation

In situ identification

PLM SEM/EDS TEM/SAED micro-Raman PLM/DS Portable
(thin section) (mount particles) Raman
. Tremolite & Tremolite & R1.1605 .

Sample 41 Tremolite Serpentine Serpentine i i Tremolite Tremolite
. Tremolite & Tremolite & R1.1605 .

Sample 36 Tremolite Serpentine Serpentine i i Tremolite Tremolite
. . . . . RI. 1550 .

Sample 57 Chrysotile Chrysotile Chrysotile Chrysotile Chrysotile Chrysotile Chrysotile

Sample 33 Antigorite Chrysotile Chrysotile Chrysotile Chrysotile Cilr'y%sifi(l)e Chrysotile
. Lamellar serpentine - L RI 1.5680 L

Sample 13 Antigorite (Antigorite) Antigorite - Antigorite Antigorite Antigorite
Lo Serpentine Fibrous-lamellar L RI 1.5680 Lo

Sample 6 Antigorite (Antigorite) Antigorite - Antigorite Antigorite Antigorite
L Serpentine Fibrous L RI 1.5680 L

Sample 35 Antigorite (Antigorite) Antigorite i Antigorite (fibrous) Antigorite Antigorite

Sambple 30 Anticorite Antigorite & Fibrous i Antigorite & RI 1.550 & 1.5680 Antigorite &
P g Chrysotile serpentine Chrysotile Chrysotile & Antigorite Chrysotile

Table 2. Mineralogical identification of selected samples. In situ monitoring versus laboratory investigation have been compared.




