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Chapter II illustrates a brief digression on mineralogy of main serpentine and amphibole 
minerals involved in this study. In addition, a general description of performances of 
analytical methods involved has been made. Polarized light microscopy (PLM), X-ray 
powder diffraction (XRD), scanning and transmission electron microscopy (SEM) and 
Raman spectroscopy were used in the investigation of the samples. Furthermore, a 
particular attention was dedicated to techniques which considered the possibility to 
employ a benchtop or a portable equipment, as XRPD and Raman spectroscopy. Studied 
samples, selected at different degree of alteration, include serpentines such as 
chrysotile, and fibrous antigorite, as well as tremolite-amphibole. Sampling was realized 
by the geological sector of mining companies using the mining nomenclature. 

The Chapter III is dedicated at the mineralogical study of Caledonian mineral fibres. The 
analytical performances, advantages and limits, of the analytical techniques were 
compared. In addition, performances of a portable Raman equipment, to be used in field, 
were evaluated against other laboratory methods. A handheld Raman device was tested 
in laboratory to check its reliability. Moreover, all analytical methods were tested even in 
presence of strongly fibrous, altered samples to verify the impact of alteration on the 
goodness of the analytical data recorded. Finally, data obtained with analytical 
techniques have been compared with the identification realized on field, by mining 
geologist, employing visual morphological criteria. 

In Chapter IV a preliminary geochemical investigation has been approached. A detailed 
study of chemical composition of mineral fibres at increasing degree of alteration was 
carried out. Analysis of major and trace elements were realized with ICP-OES and ICP-MS 
spectrometry, in order to evaluate the chemical signature of samples subjected to 
weathering alteration. Moreover, two batch-leaching experiments, aimed to simulate the 
weathering processes under a controlled environment, have been launched. The 
experiments will allow to evaluate the capability of the fibrous minerals to release or 
capture (absorption) heavy metals, mainly Ni, Co, Cr and Fe. The first experiment has 
aimed to reproduce experimentally the rainwater action on antigorite, chrysotile and 
tremolite samples apparently not altered (minimum degree of alteration). During the 
second experiment a chelating chemical agent was used to force extraction. The 
objective was to observe the behaviour of samples under extreme conditions of 
extraction. Finally, the role of leaching processes in the physical-mechanical dissociation 
of rock fragments into fibres was evaluated. 

Chapter V focused on the investigation of real environmental risk in the mining context. 
Several tests were performed on ore deposit soils, to evaluate the presence (or not) of 
fibrous, potentially breathable, fibres in contaminated soils. Moreover, a portable Raman 
equipment was tested in situ, directly on the mining front, under normal environmental 
conditions (sun, strong wind, high temperature, etc.). 



 

 

 

 

Chapter I. 

 ASBESTOS HEALTH HAZARDS 

IN NEW CALEDONIA: 

A REVIEW. 

 

 

 

 
 



 
6 

I.1. An escalating awareness in asbestos he alth concerns 

Natural occurrence of fibrous minerals in New Caledonia has been admitted for more 
than 20 years (INSERM U88 1997). Until recently, asbestos hazard and potential exposure 
of workers were differently managed according to professions - private earthworks, civil 
engineering, quarries, mines - and to geological exposure of employees (Trotet 2012). At 
national level the growing awareness of the risks linked to asbestos fits into a large-scale 
surveillance program, launched by the government of France, and focused on the 
evaluation of health hazard on the French continent. Haute Corse and New Caledonia 
result to be the largest French areas containing asbestos in ophiolite outcrops (ANSES 
2010). For all these reasons, at the end of 2005, the government of New Caledonia 
decided to launch an expertise in order to better evaluate potential professional 
exposure. The combined work of major institutions and local authorit ies of New 
Caledonia (DASS-NC, Province, etc.) in cooperation with research organizations (BRGM, 
CNRT, UNC, Institute Pasteur, IRD) allows to improve knowledges about this complex 
subject. The creation of a detailed geological map of the natural occurrences of asbestos 
and fibrous minerals became a prerequisite. Thus, since 2007, a great work of survey of 
the different amphibole and serpentine (fibrous) varieties on the outcrops, usually 
connected to Ni-laterite deposits, was carried out (DIMENC-SGNC 2010; Lahondère 2007; 
Lahondère and Maurizot 2009). As a result, many outcrops of geological units in open 
mines contain serpentine and amphibole, also as asbestos. While tremolite-amphibole is 
mainly present in central and northern New Caledonia terranes, serpentine chrysotile 
and fibrous-lamellar antigorite occur in peridotites (Lahondère 2012). 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. 

 
I.1.1. ASBESTOS HEALTH RISK RELATED TO ENVIRONMENTAL EXPOSURE 

Depending on the source of fibre emissions, three kinds of exposition are possible: 
Industrial or (para-)professional asbestos exposition includes all contacts with 
fibres emitted during factory-made processing: mining extraction operations, 
manufacturing of materials, production of thermal isolations, carriage of raw 
and/or final products. At present, the health risk value admitted by French 
regulation for professional exposition is over the threshold of 10 fibres per air litre 
(decree No. 2015/789). In urban context, domestic exposition results from the 
presence in air of fibres coming from the alteration and degeneration of various 
industrial materials commonly used by buildings industry. Conversely, into the 
environment, exposure is directly related to the presence of geological outcrops 
containing asbestos and/or fibrous minerals. Also in this case, people may be 
directly impacted in their everyday life. 
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Risks connected with exposure to domestic and environmental emissions of fibres are 
still not thoroughly investigated (ANSES 2010). It should be noted that airborne asbestos 
may be released from naturally occurring asbestos deposits, and absent appropriate 
engineering controls, may pose a potential health hazard if these rocks are crushed or 
exposed to natural weathering and erosion or to human activities that create dust (Lee et 
al. 2008). Natural contexts can be thus considered as unconfined sites of study with a 
great intrinsic diversity, not only related to the environmental source but also to the 
potential activities likely to cause the suspension of pathogenic fibres. The core of the 
issue is whether the risk parameters associated with exposures to commercial asbestos 
can or should not be applied to all potential sources of passive exposition. Lee et al. 
(2008) emphasize how hard is to correlate with certainty the presence of outcrops of 
minerals belonging to the asbestos family and the impact on health. On the contrary, this 
ambiguity does not exist during occupational exposures because of direct manipulation 
of fibres (e.g. industrial materials), or operation producing suspension of fibres (e.g. 
mining). Authors insisted on the fact that the risk assessment methodology and the 
analytical technology needed to support inferences on passive exposition are available, 
but have not yet been organized and implemented in the manner needed to resolve the 
controversy of environmental (or domestic) exposition to asbestos (Lee et al. 2008). 
Furthermore, Berman and Crump (2003) highlight that none of the terms used in 
professional framework to define an asbestos can be actually reflected the associated 
risk for health. In regulations, in fact, asbestos definitions are based exclusively on 
morphological and dimensional criteria, do not take sufficient account of physical-
chemical properties of fibres that control reactions in human body. In environmental 
contexts, exposure is due to a large diversity of fibrous minerals whose impact on the 
health of exposed people much greater than the asbestos regulated minerals (Gazzano et 
al. 2005; Groppo et al. 2005; Turci et al. 2005). This results in a greater variability of the 
chemical compositions and physical properties of the fibres emitted, and therefore a 
different reactivity of the organism for each case (Fubini and Otero Arean 1999; Fubini 
and Fenoglio 2007). Furthermore, to be more accurate, the term asbestos refers only to 
six fibrous minerals initially exploited by industry and currently classified as dangerous by 
most of institutions or organisations for occupational safety and health (e.g. NIOSH, 
WHO, SIA). 
It is worth noting that, in nature, minerals belonging to asbestos families can appear 
(fortunately!) in a cohesive, indurated, not-fibre-emitting form (Lahondère 2012). In that 
precise moment, the identification of these mineral phases in geological sites is therefore 
not significant in terms of health risk assessment. 

In order to identify the effects of environmental asbestos related to domestic exposure 
of New Caledonian populations, several epidemiological studies were conducted on 
mining sites and municipalities more impacted by mesothelioma and pleural cancer cases 
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Figure I.1. Typical examples of Melanesian house in New Caledonia, where the wooden structure 
is covered (internally and externally) by walls of raw earth and tremolite-Pö whitewash. Strong 
alteration and leaching are visible on the parts exposed to weather (Quénel and Cochet 2001). 

 

(Goldberg et al. 1991, 1995, Luce et al. 1994, 2000, 2004, Baumann et al. 2007, 2011; 
Houchot 2008). The highest rate of mesothelioma diagnosis was limited to Melanesian 
group, both male and female, predominantly in rural areas. Here, the most significant air 
concentrations of asbestos fibres were identified in proximity to the houses, on tracks, 
during whitewash mixture preparation, and inside houses during housework activities. 
Luce et al., (2004) report some concentration values of tremolite fibres up to 39 
fibres/ litre (24h exposure time) in indoor domestic context. Outdoors, near the houses, 
these concentrations were lower but could reach 12 fibres/l itre (24h exposure time). The 
use of Pö, a traditional white-coloured wall covering purely composed of asbestiform 
tremolite-type amphibole, was at the origin of asbestos diseases (Fig. I.1; Quénel and 
Cochet 2001; Luce et al. 2004). In addition, further statistical data correlated to 
epidemiological studies display how the presence of fibrous serpentine in tracks and soils 
represents one of the main significantly factors connected to mesothelioma (Baumann et 
al. 2007, 2011; Lahondère 2007). The lack of comprehensive scientific data on toxicology 
of non-regulated fibrous minerals helps to understand difficulties in evaluation on 
potential risk due to environmental exposition. 

In addition, recent studies have demonstrated how asbestos exposure has a negative 
impact not only on physical health, but also in psychological and community components 
of populations. Members of a community exposed to asbestos develop a subjective 
perception of themselves as impotent and alone in face of the illness and death (e.g. 
Eternit Factory, Casale Monferrato, Torino, Italy; Granieri 2015). 

 

I.1.2. THE ASBESTOS REGULATION IN NEW CALEDONIA 

On 25 August 2010, the Government of New Caledonia legislated and promulgated his 
first regulation on asbestos materials. Modifying previously labour code, the decree No. 
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morphology of the characterized particles, their crystallographic structures (SAED - 
electron diffraction mode) and finally their chemical compositions (EDX detector). It is, 
therefore, the most complete methodology in asbestos characterisation. For this reason, 
since 2012, TEM results as the reference technique for the standardized counting of 
asbestos particles. Unfortunately, this technique presents some non-negligible 
disadvantages, one of which is the impossibility to became a routinely technique. 

Finally, the New Caledonian decree No. 2010/82 does not report any indication about 
environmental exposure issue. Actually, an exhaustive regulatory framework dedicated 
to environmental exposure, made up of specific regulatory requirements, codes of 
practice and regulatory guidance, is still lack. With respect to air measurement in 
outdoor work conditions, for example, most sampling parameters (e.g. type of filter, type 
of device, flow rate, volume and duration of sampling) are not universally and equally 
applied by laboratories. In common practise, operators adapt from time to time any 
parameters to different natural environment situations (meteorological conditions, 
expected variation in concentrations, distance from the source of emission), referring to 
French decree NF X43 050 specifically designed to ACMs (January 1996, NF X43 050: Air 
quality.Determination of the asbestos fibre concentration by transmission electron 
microscopy. Indirect method.). For these reasons, specific studies will have to put in place 
by specialized laboratories in order to introduce more appropriate diagnostic methods 
and protocols. 

As a consequence of the entry into force of the new regulation, asbestos issue became a 
problem of public domain in New Caledonia. A good surveillance program, which should 
involve some measures of management, has become imperative. By definition ANSES 
(2010), a complete monitoring prevention plan in environmental exposition context 
concerns: 

a) the realization of mapping at the regional and/or municipal level;  
b) the dissemination of requirements related to ongoing work on soils containing 

asbestos;  
c) an information campaign of potential and real risks meant for populations and 

institutions (governments, municipalities, building societies, etc.); 
d) an assessment of the real exposure risk for populations living in proximity of 

natural outcrops; and finally 
e) a medical surveillance strategy. 

 
At present, only few countries, such as USA and Italy (Emilia Romagna plan prevention), 
present a regulated procedure defining management protocols. Conversely, other 
countries delegate to specialized institutions and/or laboratories the improvement of 
existing procedures. The French government has commissioned BRGM (Bureau de 
Recherches Géologiques et Minières) geologists for this purpose. In this respect, in 
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recent years several fine maps from 1/10000 to 1/25000 were realized by experts 
geologists in France, Upper Corsica and New Caledonia (ANSES 2010; DIMENC-SGNC 
2010). 

Good regulations should be a model for using science as a tool in the management of risk 
related to exposure of mineral fibres dust. The first benefit of a correct decision-making 
strategy is the development of the professional-mining activities in safety. To provide 
useful measurements for management, the only strategy possible is monitoring risk 
areas, involving correct identification of asbestos fibres, mapping, epidemiology 
inquiries, studies of density population in hazardous areas, analysis of air quality. As well 
an exhaustive toxicology investigation of all asbestiform fibres is therefore necessary. 
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I.2 . Geographical and geo logical b reakdown of asbest os 

The New Caledonia is located in the southwest Pacific Ocean, 1500 km east from 
Australia, 2000 km north from New Zealand and cover a land area of 18 575 km2. 
Covered by ultrabasic units for more than a third of its surface, it is one of the largest 
word producers of nickel ores (Fig. I.2). 
 

I.2.1. GEOLOGICAL SETTING OF NEW CALEDONIA 

Placed along the Circum-Pacific Belt, in a complex set of marginal basins and continental 
or volcanic ridges, New Caledonia is composed of several islands that are parts of the 
Norfolk and Loyalty Ridges. The main island Grande Terre, together with Belep Islands (to 
north) and Isle of Pines (to south), lies at the Norfolk Ridges, which is composed by a 
mosaic of volcanic, sedimentary and metamorphic terranes. Conversely, the Loyalty 
Islands, running more or less continuously parallel to the Norfolk Ridge, represent the 
emerged part of the sinuous submarine Loyalty Ridge. Generally considered to be an 
Eocene island arc, their geology is actually still poorly known, due to the lack of basement 
outcrops and a thick carbonate cover (Cluzel et al. 2001). 

 

 
Figure I.2. Geological setting of the archipelago of New Caledonia (GeomapApp® software, after 
Ulrich 2010). NC: New Caledonia; BSL: South-Loyalty Basin; BNL: North-Loyalty Basin. 
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The geological evolution of New Caledonia may be divided into three major events, 
starting from the Early Permian period. The Gondwana phase, the oldest one, occurring 
during the Permian-Early Cretaceous, is related to the evolution of the south-east 
Gondwana active margin, and the Mesozoic marginal basin opening and subsequently 
closure. The Koh terrane, Teremba terrane, Boghen terrane and the central chain unit, 
constitute the current relics of this first geologic phase (Fig. I.3). During the Late 
Cretaceous-Eocene, a rifting event produced the isolation of slices of the older 
Gondwanaland margin, and its subsequent extension into the Cenozoic convergence. The 
Diahot and Pouebo terranes are the witnesses of the convergent activity. The collision 
between the Loyalty island arc with the Norfolk continental ridge stopped the subduction 
and led to the Late Eocene obduction (ultrabasic unit, Collot et al. 1987; Aitchison et al. 
1995; Cluzel et al. 2001). Finally, during the post-Eocene, New Caledonia definitely 
emerged. This episode mainly correspond to the development of regolith that, 
associated to minor tectonic events, led to the present morphology and development of 
supergene nickel ores (Cluzel et al. 2012). Chevillotte et al., (2006) date the nickel ores 
formation of New Caledonia during the Neogene, by tropical weathering of the large 
allochthon nappe of ultramafic peridotites (Fig. I.4). 

 

 

Figure I.3. Geological map of New Caledonia (modified after Cluzel et al. 2001). 
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Figure I.4. Synthetic view of the evolution of the Eocene accretion/subduction complex of New 
Caledonia (not to scale; modified after Cluzel et al. 2001). 
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addition, a more extensive serpentinization occurs also at the basal layer of the 
Peridotite Nappe, 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). 

 

I.2.2. OCCURRENCE OF ASBESTIFORM MINERALS IN THE GEOLOGICAL UNITS 
OF NEW CALEDONIA 

As mentioned above, since 2007 a great work of survey of asbestiform minerals was 
carried out on the field, mapping in detail the type of occurrence, the alteration status 
and potential dispersion of mineral fibres naturally occurring at the outcrops (BRGM-
LEPI-INSERM-Lahondère 2007). Mapping operation constantly evolves, adding more 
information from year to year. As clearly shown in figure I.6 almost all outcrops of 
geological units in open mines contain serpentine and amphibole, also as fibrous 
varieties (Lahondère 2007; DIMENC-SGNC 2010). According to the current 
understanding, the Boghen terrane in the central unit, the ultrabasic complex related to 
mining context, and the northern metamorphic complex of the Grande Terre Island, are 
the three geological units most impacted by the presence of asbestiform mineral fibres 
(Lahondère 2007, 2012). 

In the central chain unit, the presence of dykes of serpentinites occurs mainly at the 
Boghen and Ouango-Netchaot massifs. The metasedimentary Boghen unit is composed 
of several more or less extensive isolated massifs made up of serpentinites. Here, 
asbestiform tremolite-amphibole in association with secondary chrysotile is largely 
observed (e.g. Houaïlou; Cluzel and Pelletier 1994). In addition, a small amount of 
potentially asbestiform fibres of serpentine, subjected to a high degree of alteration, was 
detected close to Ouégoa (Lahondère 2007). 

In ultrabasic units, instead, the more or less serpentinized peridotite assemblages show 
the widespread presence of serpentine minerals combined with minor amount of 
tremolite-amphibole. Generally, serpentinized peridotites, occurring in the serpentinite 
sole, at the base of lateritic profile, 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. They are largely interpreted as crystallizations of antigorite. Several veins, from 
millimetre to centimetre, of chrysotile may also occur (Lahondère 2007, 2012; Ulrich 
2010; Quesnel 2015; Quesnel et al. 2016). 
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Figure I.6. Geological map of natural occurrence of asbestiform minerals in New Caledonia terrains (DIMENC-SGNC, BRGM 2010).
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Finally, the northest metamorphic complex consists of a set of gneiss and mica schists 
corresponding to a complex assemblage of sediment, basalt and ultrabasic rocks; it is 
also characterized by the presence of glaucophanites and ecloglites. Several veins of 
secondary chrysotile can be observed. Soapstone (or steatites) blocks also occurs. 
Occurrences of minerals of the tremolite-actinolite series are frequently reported in 
literature. Conversely, the presence of fibrous-asbestiform varieties of this family has 
been underestimated (Cluzel et al. 1995; Carson et al. 2000; Marmo et al. 2002). 

In order to evaluate the real risk related to exposition to mineral fibres, this descriptive 
phase of investigation has to be supplemented with an accurate metrology study to the 
determination and quantification of fibres on rocks, on solid materials (soils, renders) 
and on air (air measurements). 
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Figure I.7. Lateritic profiles developed on serpentinized ultramafic rocks showing the main Ni-
laterite ores (modified after Elias 2002).  

 

(pecoraite-lizardite series); these minerals have a composition that varies from 
magnesian to nickeliferous end-members (Fig. I.7; Brindley and Hang 1973). These 
deposits are typical of the accretionary terranes of the Circum-Pacific Belt, the Caribbean 
and Balkans, on serpentinized dunite-harzburgite peridotites (ophiolites). The tectonic 
activity of these environments, especially the effects of uplift, results in a regolith with 
greater drainage that promotes the formation of hydrous Mg-silicate deposits, but high 
erosion rates may limit their thickness and degree of preservation. The nature and 
abundance of hydrous Mg-silicates developed in free-draining environments is also 
strictly related to serpentinization degree of peridotite bedrock (Golightly 1979; Pelletier 
1996). In fact, in rocks not serpentinized, oxide-rich deposits with rare hydrous silicates 
are more common. In weakly to moderately serpentinized rocks, the silicate zone is 
thicker and consists predominantly of neo-formed garnierite as veins, fracture-filling and 
coatings, and Fe-Mg smectites formed from olivine. However, Ni is also hosted by altered 
primary lizardite, where it is exchanged for Mg in octahedral sites (Manceau and Calas 
1985). In highly serpentinized rocks, Ni-rich altered lizardite is the main ore minerals. 

Clay mineral deposits generally take place in cratonic terranes from serpentinized 
peridotitic bedrock. They consist of Ni-bearing swelling clays, where Ni-rich saponite and 
smectite (nontronite, Fe-montmorillonite, etc.) occur in the middle to upper saprolit ic 
and pedolit ic horizons and form the main ore minerals (Fig. I.7). Although the presence of 
thick Ni-bearing clays in regolith has long been known, Ni-laterite deposits constituted by 
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According to Ulrich (2010), the serpentinite sole, at the bottom of the ophiolite, is 
dominated by lizardite (up to 90%), secondary chrysotile, which occurrence consists of 
millimeter crack-seals veins, and antigorite, which only crystallized in veins. If the 
formation of the lizardite can be easily 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 et al., (2010, 2011) relate 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. As further discussed, 
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 et al. 2010), with higher water/rock ratios (Evans et al. 
2013; Frost et al. 2013; Mothersole et al. 2017). In the upper part of ultrabasic units, 
serpentinites generally outcrop along tectonic structural discontinuities as fractures, 
faults and shear zones (Leguere 1976; Lahondère 2012), as also asbestiform habits (e.g. 
fibrous antigorite; Lahondère 2007). 

In mining context, all four main varieties of the serpentine group, associated to minor 
tremolite, were observed. While polygonal serpentine and chrysotile occur in highly 
serpentinized zones, mostly at the base of ophiolite, antigorite is usually closely related 
to the main faulting pattern (Quesnel et al. 2016). Lizardite is the most common 
serpentine which overprints olivine and, in minor extent, pyroxene minerals of the 
parental peridotite. Moreover, chrysotile and fibrous antigorite serpentine appear 
intimately associated to tremolite-actinolite amphiboles, which increase the potential 
health risk due to exposition. 

 

  
Figure I.10. Massive to fibrous tremolite-type amphibole in (a) fractures and (b) veins, Koniambo 
Massif, NC (from (a) Mission XTRATA Amiante 2012, Petriglieri 2014; (b) Lahondère 2007). 
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. 
Figure I.11. Natural occurrence of more or less altered fibrous-lamellar antigorite (a-d) and 
chrysotile in veinlets (e-f) (modified after Lahondère 2007, 2012). 

 

At the macroscopic scale, tremolite is present in the form of veins, from less than 1 mm 
to several centimetres, or associated with sliding planes crosscutting peridotites (Fig. 
I.10, e.g. Koniambo Massif). Serpentinized peridotites show a large network of fault 
planes and veins, containing lamellar crystals of antigorite (Fig. I.11a), centimetres to 
decimetres in length, and more or less continuous veinlets of chrysotile (Fig. I.11e,f). In 
the less altered areas, generally at the base of saprolite horizon, the antigorite blades are 
parallel and welded to one another. Moving upwards in the regolite profile, the blades 
are subjected to intense deformation and cleavage until the formation of fibres. The 
antigorite assumes a fibrous-lamellar habit with endings in chrysotile (Fig. I.11b,c). In 
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highly altered horizons, due to strong mechanical separation and cleavage, antigorite has 
a completely transformed morphological appearance and is associated to asbestiform 
fibrous products (Fig. I.11d). Therefore, antigorite, non-fibrous when fresh, gradually 
cleaves with weathering giving fibrous-like particles, which are not strictly asbestos fibres 
according to law definition, but their asbestiform nature may have potential effect  on 
health. 

Based on a large mapping of the Koniambo massif, Quesnel (2015) provides several 
guidelines for the identification of the main serpentine minerals at the sampling scale. 

Dark lizardite is widespread in the serpentinite sole, and occurs as diffuse grain-
scale network in the peridotites and as veinlets from 1 mm to 5 cm wide (Fig. 
I.12a). It can also occur on the margins of faults and shear zones involving 
antigorite, chrysotile or polygonal serpentine (Fig. I.12b). Lizardite rarely forms 
macroscopic fibres. Antigorite, green to dark-green coloured, occurs mainly with a 
fibrous-lamellar habit, often displaying splintery ends (Fig. I.11a-d). Single fibres 
or aggregates of fibres can also occur. Polygonal serpentine, instead, has been 
very little described in New Caledonia geological units (Ulrich 2010). Despite this 
lack of information, recent evidences confirm its non-negligible presence at the 
outcrop. Within fault zones, antigorite and polygonal serpentine are both able to 
form macroscopic sliken-fibres with a clear staircase geometry (Fig. I.13c). In 
order to distinguish these two varieties, the main argument is textural. Antigorite 
has a platy-fibrous appearance with fibres often several centimetres long. In 
contrast, polygonal serpentine is massive, matte, and develops only short slicken-
fibers (Fig. I.13a,b; Quesnel 2015; Quesnel et al. 2016). Moreover, polygonal 
serpentine is pale-green whereas antigorite is generally darker. However, in the 
 

Figure I.12. Natural occurrence of lizardite in serpentine assemblage of Koniambo massif. 
Lizardite occurs as a) diffuse grain-scale network of veinlets from 1 mm to 5 cm wide; and b) on 
the margins of faults and shear zones involving chrysotile serpentine (Quesnel 2015; Quesnel et 
al. 2016). 
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Figure I.13. Massive, matte pale-green crystallization of polygonal serpentine, Koniambo massif 
(Quesnel 2015; Quesnel et al. 2016). 

 

lateritic horizons, weathering modifies the colours and polygonal serpentine 
tends to become olive-green. Some fault planes show mixed morphological 
properties, with a clear platy-fibrous nature but a pale-green colour and a matte 
aspect. Antigorite and polygonal serpentine are also involved in shear zones. 
There, antigorite forms distinct lamellae whereas polygonal serpentine is more 
massive despite the development of a pronounced cleavage (Quesnel et al. 2016). 
Finally, chrysotile, with its typical asbestiform habit, occurs as very thin whitish 
veins (Fig. I.11e-f). Dense networks of subparallel veinlets are locally observed, 
characterized by a zebra-like appearance (Fig. I.11e). 

 

I.3.3. ALTERATION STATUS OF FIBRES 

As a result of weathering processes in humid sub-tropical conditions, mineral fibres of 
New Caledonia occur with different morphologies, coupled with different degrees of 
alteration. In this context, the term alteration refer to a physico-mechanical modification 
in the appearance and/or shape of amphibole and serpentine minerals. In fact, increasing 
the degree of alteration, massive assemblages gradually cleave into lamina or needle-like 
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asbestos. In order to decrease the risk due to the asbestos exposition, a monitoring 
prevention plan has been implemented. This program involves two major phases, a first 
step of survey of fibrous minerals on the field (mapping) and then an analytical 
characterisation of the fibres in laboratory. With the aim of a better evaluation and 
description of all types of asbestos occurrences, mining geologists have introduced a 
classification based on both colour, morphology and release of these fibres. An example 
of this nomenclature for serpentine antigorite is shown in Table I.4. All these parameters 
depict an increasing alteration status, from #1 to #4, correlated with rising risk resulting 
in a greater capacity in the emission of fibres. Fresh serpentine and/or amphibole 
minerals (degree of alteration #1) display a cohesive texture with poorly or no cleavage. 
With the gradual increase of alteration degree, several individual fibres appear (#3), until 
the disappearance of the original structure and the loss of cohesive minerals. A 
mineralogical transformation process (formation of talc, silicification, etc.) can eventually 
occur. Second step, related to laboratory activities for identification and quantification of 
mineral fibres refers to French regulation NF X43 050. The latter establishes TEM, SEM 
and PLM as standard analytical techniques in investigation of asbestos. This two-stage 
approach has several non-negligible restrictions. 

 

 

 
Table I.4. Typical example of nomenclature of naturally occurring asbestos minerals adopted by 
mining geologists (by courtesy of Glencore-XTRATA mining company). 
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Subjectivity in the discrimination of morphological criteria and potential 
misinterpretation are the main sources of error in the preliminary step of identification 
on the field. Because of the wide range of natural shapes, morphologies, and alteration 
status presenting by mineral fibres impacted by weathering, it seems very difficult to 
distinct with certainty the types of fibres. Furthermore, this operation requires a great 
deal of experience and, not insignificant, an excellent mineralogical background. 
Nevertheless, a significant margin of error is expected. With respect to laboratory 
investigations, electron microscopy techniques generally consist of laboratory devices, 
not including portable apparatus. Anyway, several benchtop SEM and TEM instruments 
are commercially available. Unfortunately, due to their compact system, they are not yet 
sufficiently performing in the characterisation of asbestos materials. Moreover, electron 
microscopies are not suitable to be quickly routinely techniques of investigation. In fact, 
they need skilled microscope operators, several time for sample preparation and data 
acquisition, and they have high analytical costs. Lastly, they permit to analyses very little 
specimens, too little compared to the outcrop volume. On the other hand, PLM is an 
optical routinely technique widely used across the world for the analysis of fibres 
concentrations of bulk building materials (ACMs). Curiously, it is not generally used with 
naturally samples. 
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Figure II.1. Crystal structure configuration of 1:1 Mg-rich serpentine. The ideal layer unit with Si-
centred tetrahedral (T) sheets joined to Mg-centred octahedral (O) sheets in units with a 1:1 ratio 
and a distance of 7.3 Å along the c axis (a & c modified after Auzende 2003). 
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The antigorite structure is an as-growth modulated structure, and the wavelength along 
the a-axis can be indicative of the composition and P-T conditions of the metamorphic 
rocks containing the mineral (Mellini et al. 1987). Compared to other serpentine phases, 
it has a slightly but significant lower Mg/Si ratio since some octahedron are omitted at 
layer inversions; there is also a small deficiency in hydroxyl groups. 

The structure of antigorite (Pm space group) has b and (001) cell parameters spacing 
similar to those of lizardite and chrysotile (b = 9,25 Å e c = 7,25 Å; Table II.1.; Deer et al. 
1992; Capitani and Mellini 2004), whereas the a cell parameters ranges mostly between 
33 and 51 Å. The large extension of A, which represents the wavelength of modulation, is 
explained by the curvature of serpentine layers around y and by their inversion to form 
 

 
Figure II.4. Typical wavy structure of antigorite along its b-axis. A represents the wavelength of 
modulation (Auzende 2003). 
 

the corrugated sheet structure with periodicity a (Fig. II.4). When different discrete 
numbers of tetrahedra (m value) and/or octahedra occur in the wavelength of the 
structure, A may assumes different values and different antigorites form. Values of A can 
also vary within a single antigorite crystal. The m value is not coincident with the A 
periodicity. 

Historically, the complex modulated structure of antigorite was first envisaged by 
Onsager (in Robinson and Shaw 1952), after X-ray diffraction experiments of Aruja 
(1945). Onsager proposed for the first time a corrugated-sheet structure for antigorite, 
describing the unit cell and symmetry of a sample with m = 17. Antigorite shows a 1:1 
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layer structure with inversion every 43.3 Å in the a direction. Here, bending of the layers 
produces an undulating plate and not a chrysotile-like cylindrical habit. Instead of the 
normal hexagonal arrangement of the basal oxygens of tetrahedron, it was suggested 
that they form rectangles and octagons at the inversion line. The distance between 
successive inversions was estimated 5.2 Å. Later, additional studies confirmed the 
Onsager alternating wave model as microstructure of antigorite. The main feature is a 
wave-like corrugation of the octahedral layer with tetrahedral layers attached at the 
convex side, flipping at each inversion point to the other side of the octahedral layer. 
HRTEM and electron diffraction data revealed variable modulations. In addition to the 
basic 43.3 Å periodicity (m = 17), other A values indicating integer values of m were 
observed (Zussman et al. 1957; Bates 1959; Chapman and Zussman 1959; Kunze 1961). 
 

 
Figure II.5. Model of projection along [010] (up) and [001] (down) of the antigorite m=19 
structure. P reversal at 6 tetrahedra; Q reversal at 4 or 8 tetrahedra.  
 

The structural modulation of antigorite may be described also as a polysomatic series. 
Basically, polysomes are structures that can be created by combining two or more 
structurally and stoichiometrically distinct types of slab modules (Veblen 1991). Thus, 
polysomatic series are groups of structures that are made up of different ratios of the 
same types of slabs (e.g. A, AA, AB, AAB etc.). Therefore, antigorite can be represented as 
a polysomatic series based on three types of slabs: 1) a lizardite slab; 2) a slab with six-
membered rings where the direction of the apical oxygens is reversed; 3) a similar slab 
with eight- and four-membered rings (Fig. II.5). The number of lizardite slabs in each unit 
cell can be varied, producing a polysomatic series of discrete antigorite structure having 
different a parameters of the unit-cell and different variations in composition (Uehara 
and Shirozu 1985; Capitani and Mellini 2004, 2005, 2006, 2007). 
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Finally, in recent years Capitani and Mellini (2004, 2005, 2006, 2007) describe the 
modulated crystal structure of predominant antigorite polysomes, m = 17 and m = 16, 
confirming precedent models of Onsager & Uehara. The two polysomes differ in the 
number of [010] tetrahedral strips (17 vs. 16) and [010] octahedral strips (16 vs. 15) along 
the [100] modulation wave. Although they differ in space group symmetries and in cell 
contents, they reveal a very similar behaviour in interaction between different slabs, 
which matches the lizardite bonding geometry. The most abundant antigorite polysome 
in nature (m = 17) supports the monoclinic symmetry (Fig. II.6). 

Regular and continuous octahedral sheets (M1 to M16) were pseudo-sinusoidal 
developed along a-direction, with flexure lines every eight octahedra (between M8 and 
M9 and between M16 and M1). Continuous tetrahedral sheets (T1 to T17) link the 
concave side of the octahedral sheet, inverting polarity every nine and eight tetrahedral 
(between T9 and T10 and between T17 and T1). This sheet has six-membered rings, like 
in the basic 1:1 lizardite structure, and regular reversals, which are characterized by two 
possible configurations. The six-reversals occur between T17 and T1 and consist of six-
membered tetrahedral rings, but with two tetrahedra pointing in one direction (+) and 
four in the opposite direction (-). The eight reversals, between T9 and T10, consist of 
eight-membered tetrahedral rings (four pointing + and four -) and alternate along [010] 
with four membered tetrahedral rings (two pointing + and two -). Therefore, m = 17 
antigorite polysome displays two, crystallographycally independent and physically 
different, half-waves defining asymmetric pseudo-sinusoidal modulation (Capitani and 
Mellini 2004). At the planes of inversion of the sinusoidal tetrahedral-octahedral layers, 
the Mg and OH content is reduced relative to Si. Therefore, the water and Mg content of 
antigorite increases, and the silicon content decreases with increasing wavelength A. 
 

 
Figure II.6. [010] projection of the modulated crystal structure of the m = 17 antigorite polysome. 
A long half-wave (T1 to T9) alternates with a short half-wave (T10 to T17). The tetrahedral wave 
is linked to the concave side of a continuous, corrugated octahedral sheet (M sites). Circles 
represent hydrogen atoms. The [001] transverse modulation is evident as wave-shaped 1:1 layer 
(Capitani and Mellini 2004). 
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Figure II.8. Schematic representation of amphibole structure showing a) the chain of tetrahedra, 
the strip of octahedra, the M4 site and the A site; b) the stacking of layers projected down the a-
axis for the C2/m structure type (Hawthorne and Oberti 2007a). 

 

The basic feature of the structures of all amphiboles is the presence of (Si,Al)4 tetrahedra 
linked to form chains which have the composition (Si,Al)4O11. These chains repeat along 
their length at intervals of approximately 5.3 Å and this defines the c parameter of the 
unit cell. Finally, they are separated and bonded together laterally by strips of M cations 
(Mg, Fe, etc.) and by the presence of additional hydroxyl ions. 

The double chain of tetrahedra contains the two sites T1 and T2 that regularly alternate 
along the single chain; the chain is fixed to an adjacent one with a bridging oxygen 
between the two T1 tetrahedra. The M1, M2 and M3 sites are conventionally grouped 
together and they host the so-called C cations. They are octahedrally coordinated but in 
the case of M1 and M3 the coordination comprises two and four anions, respectively, 
which may be (OH), F, Cl and O2-, according to chemistry. The C cations identify a strip of 
edge-sharing octahedra that is linked to the double chain of tetrahedra along the a and b 
axes. On the other hand the M4, hosting B cations, is located at the rim of the octahedra 
strip and is bonded to eight oxygen atoms in a square antiprism coordination. Finally, A 
site occurs within a cavity located between the back-to-back double-chain of tetrahedra. 
The size of the cations at M1, M2, M3 and M4 defines the way in which they are 
surrounded by oxygens of the (Si, Al)O4 chains, and this in turn determines the positions 
of a pair of chains relative to one other. In most cases the stacking of chains is able to 
produce a monoclinic cell, as for example in tremolite (Fig. II.8b; Table II.2). The presence 
of similar sites, but not identical, in the amphibole structure (i.e. M1, M2, M3 octahedral; 
T1, T2 tetrahedra) provide a chance for the ordering of cations among them. In 
tetrahedra, Al strongly prefers T1 and in octahedral Al and Fe3+ prefer M2. The 
preference of Fe2+ between sites M1, M2, M3, M4 varies from one amphibole subgroup 
to another. The replacement Mg-Fe is a simple substitution which involves no charge 
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II.1.2.1. Fibrous tremolite 

Tremolite is a metamorphic mineral which occurs in both contact and regionally 
metamorphosed rocks. It is one of the most constituents in low-grade regionally 
metamorphosed ultrabasic rocks such as tremolite-talc and tremolite-carbonate-
antigorite schists. Unfortunately it occurs largely in rocks that are currently subjected to 
excavation for various construction projects. In addition, tremolite fibres are usually 
present as accessory minerals in many talc deposits, where tremolite may be associated 
with asbestiform winchite and richterite (Van Gosen et al. 2004). 

In the Mg-Fe series of Ca-amphiboles, the names tremolite, actinolite and Fe-actinolite 
(Table II.3) are used Mg/(Mg + Fe) = 1.0-0.9, 0.9-0.5, 0.5-0.0, respectively. In tremolite 
M1, M2, M3 and M4 consist of Ca, while the A site is vacant. Actually, natural samples 
 

 
Figure II.9. Monoclinic C2/m tremolite structure projected onto (100). Polyhedra: T(1) = yellow, 
T(2) = pale green, M(1) = mauve, M(2) = blue, M(3) = red; sites: M(4) = blue circle, A = fuchsia 
circle (Hawthorne and Oberti 2007a). 
 

show little variations in chemical composition compared to the ideal chemical formula. 
Higher contents of Fe generally occur in the more aluminous amphiboles. Replacement 
of Ca by Na accompanied by Al for Mg and/or Na in A site tends to be relatively rare in 
natural tremolite-actinolite. 

Tremolite structure, space group C2/m, is schematically represented in figure II.9. Here, 
two distinct T1 and T2 sites are occupied by Si(Al), which are tetrahedrally coordinated 
and link to form one distinct type of double-chain of tetrahedra. Following the general 
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Figure II.11. Principal crystal habits of natural asbestiform and non-asbestiform minerals. 
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abundantly diffuses in air and consequently breathable, can involve a health risk as well 
(Lemen 2004; Suzuki et al. 2005; Boulanger et al. 2014). Finally, on the basis of in vitro 
studies several asbestiform minerals, such as fibrous antigorite or balangeroite, have 
been classified as potentially toxic (Gazzano et al. 2005; Groppo et al. 2005; Turci et al. 
2005; Cardile et al. 2007; Pugnaloni et al. 2010). Crystal habit and morphology represent 
some of the main parameters involved in the evaluation of potential risk in health 
asbestos concerns. 
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II.2 . General dis cussion on a nalytica l me tho ds 

In recent years, a great work of investigation of mineral fibres has been carried out with 
the aim of better understand the mechanisms responsible for the carcinogenicity of 
asbestos. Almost all analytical techniques currently in use in the different lines of 
research have been tested. The entire scientific community is in agreement that analysis 
of asbestos is a complex task which involves different approaches depending on the 
characteristic of the sample (bulk, filter, rock) and, more important, on the purpose of 
assessment (Nichols et al. 2002; Cavariani et al. 2010). 

The rising awareness in risk due to asbestos environmental exposition leads to a new 
interest in the in situ characterisation of regulated and not-yet-regulated mineral fibres. 
The principal methods, listed in the distinct norms and used by commercial-asbestos 
laboratories to identify asbestos, have therefore to be applied to natural samples. It 
should be remembered that physical and chemical properties of naturally occurring 
asbestos, in geological samples, are likely to be more complex and variable than asbestos 
encountered in manufactured products. In addition, some laboratories that routinely 
perform analysis of manufactured materials or air monitoring samples may not be 
familiar with the analysis of geological materials. The identification of the asbestiform 
minerals in a geologic sample is relatively straightforward. Moreover, the surface of 
mineral fibres may behave quite differently from the bulk. This diversity plays a 
potentially crucial role in modulating the chemical and biological reactivity of fibrous 
minerals. On the contrary, quantification of the amount of asbestiform minerals in a 
geological sample is more difficult. Consequently, it is important that geologists work 
closely with the laboratory to clearly define the analytical goals for the project. 

In the past, misinterpretation in identification of asbestiform minerals led to a 
commercial use of minerals analogous to the six-regulated asbestos. This is the case, for 
example, of a small quarry of white asbestos near Rowland Flat, at north-east of 
Adelaide, in the South of Australia. Originally described as a mine of amphiboles (Ward 
1937), subsequently the white asbestos was classify as chrysotile (Hiern 1976). Only in 
recent years, during a routine assessment of factors affecting rehabilitation of the 
abandoned mine site, mineralogical studies identified the white asbestos as fibrous 
antigorite (Keeling et al. 2006, 2008; Fitz Gerald et al. 2010). Misinterpretations are even 
more likely due to the great variability in morphologies and chemical composition of 
these groups of minerals. Additionally, the closely intergrowth, also at the sub-millimeter 
scale, of different asbestiform (and not) mineral phases complicates the identification 
process. A typical example is the geological occurrence of chrysotile and tremolite 
asbestos, associated to subordinated aggregates of fibrous antigorite, in metamorphosed 
ultrabasic rocks of the Ankara and Eskisehir areas, in north-western Turkey (Dogan and 
Emri 2000). 
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Detailed structural and chemical characterisation of asbestos minerals is very difficult to 
tackle for the small dimensions of crystals, the instability under different analytical 
probes and the extremely variable chemical composition, even for neighbouring fibres. 
Unless the fibrous habit, the serpentine minerals are seldom distinguishable from one 
another either in hand specimen and in thin section. All these disadvantages may be 
overcome by combining several techniques (e.g. X-ray Powder Diffraction to micro-
Raman or IR spectroscopy), aimed at exploring the structure and chemical composition 
both at bulk and surface levels. It is well-known that unequivocal identification of 
asbestiform minerals requires sophisticated single-crystal X-ray diffraction or 
transmission electron microscopy techniques (Cavariani et al. 2010; Ballirano et al. 2017). 
Conversely, it is important to note that all analytical instruments can provide a useful 
contribution in the study of fibrous and asbestiform minerals. The introduction of a 
particular methodological protocol depends exclusively by the questions we have to 
answer, that is to say, the required observation scale. It should be remembered that 
most of the analytical techniques involved in the study of mineral fibres are conducted 
on a small quantity of sample, generally on few micrograms of material, which have to be 
selected in a representative way. During the phases of sample collection and 
preparation, all portions which appear macro- and microscopically different must be 
examined. 

A short description of the main performances (advantages and/or disadvantages) of 
analytical instruments involved in this study is here reported. 

 

II.2.1. MICROSCOPIES 

The largest use of microscopic methods in the investigation of asbestos is a direct 
consequence of importance of morphology and size distribution in the evaluation of the 
asbestiform nature. In a research setting, all microscopic instruments may be used. 
Nevertheless, only by comparing analytical performances of different microscopes, the 
analyst can select the most appropriate analytical procedure (Table II.4). Optical 
techniques are usually applied both to the description of thin sections, for purpose of 
petrographic description and classification of rock samples, and to grain mounts, for 
identification of individual mineral grains using oil immersion methods. The main 
advantages of Polarized Light Microscopy (PLM) are to confirm the presence/absence of 
asbestos fibres in bulk materials and to determine their morphology (asbestiform vs. 
non-asbestiform). Electron microscopy techniques, instead, are of special importance 
into the investigation of smaller fibrous minerals and their admixture, because the 
smallest particles (fibres and fragments) cannot usually be solved by optical microscopy. 
Generally, Scanning Electron Microscopy (SEM) provides useful information on the 
texture of fibrous minerals, and on the distribution of minerals in them; whereas the 
higher resolution of Transmission Electron Microscopy (TEM) allows a more detailed 
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PLM/DS analyses were performed with the kind contribution of Dott. Orietta Sala, at the 
accredited laboratory of Arpae, at Reggio Emilia, in Italy. The following refractive indices 
were used for the identification of the asbestos fibres: RI 1.550 for chrysotile, RI 1.580 
and 1.605 for tremolite, and the intermediate RI 1.5680 for not-chrysotile serpentine. 
Two microscope equipments (Leica DIALUX 20 EB and Leica DM4 B) have been used for 
the qualitative observations of samples. 

 

II.2.1.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is one of the techniques most commonly used in the 
study of mineral fibres. It allows obtaining high-magnification imaging, in which the 
complete characterisation of shape, size and aspect-ratio can be determined (Fig. II.15). 
SEM is often involved in the estimation of percentage of asbestos fibres (usually as area 
or particle percent), by visual or point counting methods. Qualitative or semi-quantitative 
chemical analysis is routinely performed on asbestos by means of an EDS system. 
 

Figure II.15. Aggregates of chrysotile fibres observed by SEM (Cattaneo et al. 2012). 
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Figure II.16. TEM/SAED/EDS investigation of several serpentine minerals (modified after Wagner 
2015). 

 

Dorling and Zussman (1987), who examined about 50 samples of massive, prismatic, 
acicular and asbestiform tremolite and actinolite, assumed that chainwidth defects are 
more abundant in asbestiform amphibole than in massive amphibole. 

Micrographs and TEM analysis included in this manuscript were carried out on natural 
samples with different transmission electron microscopes (TEM): 

a) JEOL ARM 200F STEM, at Department of Materials Chemistry, National Institute 
of Chemistry, Ljubljana, Slovenia. The study was conducted By Dr. Ruggero 
Vigliaturo 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 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 
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have been applied. All the samples were tested for stability under the electron 
beam and the observations were made accordingly; 

b) 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 double tilt holder. This set of measure was conducted 
with the kind contribution of Dott. Nicola Bursi Gandolfi; 

c) JEOL JEM 1400 Plus equipped with an Oxford-X-Max EDS, at ISEA Laboratory, 
University of New Caledonia. The microscope operating at 120 kV, was equipped 
with double tilt holder. This set of measure was conducted by Dr. Michael Meyer 
and interpreted by Dr. Ruggero Vigliaturo; 

 
The natural particle size of fibrous minerals permits preparation of the samples from 
suspension to obtain the specimen transmission. In addition, because of the poor 
flexibility of amphibole fibres, especially for tremolite-actinolite minerals, a gentle 
grinding procedure is required to reduce the fibres length. On the contrary, the grinding 
of chrysotile fibres in a mortar forms a matted aggregate which can be powdered with 
great difficulty. Generally, a few milligrams of sample are gentle grinding in ethanol (or 
sometimes in water) in an agate mortar. After suspending the powder in ethanol (or 
water), the suspension is subjected to ultrasound treatment in order to minimize fibre 
aggregation. Finally, one or several drops of the suspension were deposed on a carbon-
supported Cu or Cr TEM grid. 

 

II.2.2. X-Ray POWDER DIFFRACTION 

Although X-Ray Powder Diffraction (XRPD) has been implemented in several countries 
(e.g. Italy) as one of the standard methods for determining asbestos content in bulk 
materials (e.g. DM 06/09/94), XRD methods have not been largely used for asbestos 
characterization. The very small quantity of samples commonly available for 
measurements of ACMs is the main reason for the low utilisation of this technique. 
However, with sample sizes of 100 mg and more, XRD can be a valuable method not only 
to identify the main minerals present but also to estimate mineral abundance. It is worth 
noting that only a sophisticated Rietveld approach allows obtaining reliable results for 
quantification. Furthermore, XRPD does not provide information about the morphology 
of materials. By definition, XRPD easily detects minerals present at 1 wt.% or lower. 
Actually, it is less sensitive with serpentine minerals (Nichols et al. 2002; Ballirano et al. 
2017). 

As a general rule, XRPD allows to easily distinguish a serpentine group mineral from an 
amphibole group mineral. However, a correct determination of which serpentine or 
amphibole mineral are presents results more difficult, or even not possible. Diffraction 
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Table II.9. Assignment of peaks in the Raman spectra at low-wavenumber and high-wavenumber regions of the main serpentine minerals obtained by 
Petriglieri et al., (2015), Groppo et al., (2006) and Auzende et al., (2004). 



 
75 

groups of water molecules (3550-3850 cm-1 high-wavenumber range) play a decisive role 
in the discrimination of these phases. OH group is a powerful probe to investigate the 
local geometry at the atomic scale, being very sensitive to variations in the geometry of 
the layers. Even cell size, symmetry, and octahedral site occupancy (cation substitutions) 
influence the number and position of the OH stretching bands (Balan et al. 2002; 
Auzende et al. 2004). For this reason, minerals of serpentine group show a characteristic 
doublet (Fig. II.19, Table II.9), indicating the kind of local arrangement of the structure. 
The precise attribution of the Raman peaks in the high-wavenumbers part of the spectra, 
in terms of vibrations of the different OH groups occurring in the serpentine minerals, 
was obtained by Auzende et al., (2004), during investigation of the behaviour of 
serpentines at increasing pressures. The vibrations of the outer hydroxyl groups are 
assigned to the strongly pressure-dependent modes, while the inner ones are allocated 
to those less pressure sensitive (Auzende et al. 2004). The new assignment of the OH 
stretching bands allows a better attribution of the various OH bands to the different 
serpentine minerals, with a unique correspondence. This evident variability in the 
position and shape of the peaks has allowed a good discrimination of the four phases 
(Lemaire et al. 1999; Auzende et al. 2004; Ulrich 2010; Petriglieri et al. 2015). 

Raman spectra of amphibole asbestos are generally sufficiently different to allow 
discrimination, as reported in table II.10 (Rinaudo et al. 2004). The members of the series 
tremolite-actinolite are an exception (Wang et al. 1988). Actually, an interesting 
preliminary study of Bersani et al., (2014) proposes two simple and independent  
 

Figure II.20. Raman spectra at high wavenumbers of minerals of tremolite-actinolite series with 
different X ratios (Bersani et al. 2014). 



 
76 

 

Table II.10. Comparison of the Raman spectra of asbestos amphiboles anthophyllite, tremolite, 
amosite and crocidolite, obtained by several authors using different excitation wavelengths: 632.8 
nm (Rinaudo et al. 2004); 785 nm (Lewis et al. 1996); 632.8 nm (Bard et al. 1997); 514 nm (Blaha 
and Rosasco 1978). m: medium; s: strong; sh: shoulder; v: very; w: weak. 
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methods to evaluate the composition of nephritic minerals from their Raman spectrum. 
The first method is based on the position of Raman peak observed at 675 cm-1, 
associated to symmetrical stretching of Si-O (Ag mode). A linear correlation between the 
peak position and the increasing Mg content is observed. Substituting Mg2+ with the 
heavier Fe2+, a downshift from 675 cm-1 in pure tremolite to 667 cm-1 in Fe-rich actinolite  
(X=Mg/(Mg+Fe2+)=0.5, at the border with ferro-actinolite) occurs. On the other hand, the 
second method depends on the ratio of the OH stretching band areas. In the high-
wavenumbers region (3600-3700 cm-1) a number of OH stretching bands (from 1 to 4) is 
present. The number and relative intensity of these bands depend on the Mg/(Mg+Fe2+) 
value (X value). This is due to the fact that in nephrites the OH group vibrations are 
influenced by the three metal sites where Fe2+ or Mg2+ could be present. When only Mg 
is present (as in pure tremolite), only one peak (at 3675 cm-1) is observed. As the amount 
of iron increases, the other peaks, related to different combinations of Fe2+ and Mg2+ in 
the sites close to OH, arise at lower wavenumbers (Fig. II.20). From a simple statistical 
model based on the population of the three sites, the following relation useful to 
estimate the X value from the Raman spectrum was proposed: X=(A12)/(1/3+A12), where 
A12 is the ratio between the areas of OH Raman bands at about 3675 and 3660 cm-1, 
often the most visible ones. This second method is nearly insensitive to the spectrometer 
calibration (Bersani et al. 2014). 

The micro-Raman technique has also confirmed that asbestos and non-asbestiform 
minerals might occur in the same samples, intimately associated at the microscale, even 
in the same micro-textural sites (Groppo et al. 2006; Petriglieri et al. 2015). The  
 

Figure II.21. Raman map obtained in the OH stretching region. Green, chrysotile; red, antigorite 
(Petriglieri et al. 2015). 
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II.3 . Sampling m eth od 

Correct sampling is a delicate operation which requires the utmost care. Concerning 
asbestos, an inaccurate procedure of sampling can affect not only the goodness of the 
analytical result, but it can also compromise the safety of people exposed (workers, 
population, analysists, etc.). Moreover, sampling has to be consistent with the objectives 
of the research. This work aims to improve the actual procedure envisaged by mining 
geologists for the mineral identification on field, and to evaluate the impact of 
weathering on the recognition of asbestos and on fibres genesis. Consequently, an 
exhaustive sampling of the different types (mineralogy and alteration status) of mineral 
fibres naturally occurring in geological units of New Caledonia is required. In order to 
estimate the alteration status to which rock fragments have been subjected, samples 
have to be preliminary classified according to the nomenclature used in mining context. 
For this reason, in January 2016 sampling was conducted by the geological sector (by 
Dott. Stéphane Lesimple) of mining companies of New Caledonia (Comité Interminier 
Amiante). 58 samples identified by mining geologist as antigorite, chrysotile and 
tremolite, plus 2 not-identified asbestiform fibres, were collected (Table II.11). Sampling 
was carried out in open mines context (outcrops, quarries, tracks, pit), in different 
 

Figure II.22. Geological map of the potential occurrences of asbestos with sampling sites. The 
three major sites of nickel activity are magnified (modified after DIMENC 2010). 
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Table II.11. Extract of sampling report. Samples not included in this work  are highlighted in grey. 
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Figure III.4. Identification of fibrous antigorite by PLM/DS, RI 1.5680. a) hand specimen; b) 
bundles of fibrous-lamellae; c) PC: pale-blue to white, no halo; d) DF: blue/blue indigo. Sample 6. 

 

field observation mode. PLM/DS has proved to be a powerful diagnostic tool also in the 
identification of natural fibres. Unfortunately, no guidelines are provided by regulations 
for the discrimination of non-asbestos serpentine minerals, and in particular to fibrous 
antigorite. As widely reported in literature, lizardite has a mean RI between 1.54 and 
1.55, while the slath-shaped lamellae of antigorite generally show an higher RI, on 
average 1.566 (Deer et al. 1992). Therefore, a specific work aimed to find the RI liquid 
that match most closely the refractive index value of antigorite has been carried out. 
 

Figure III.5. Textural appearance of antigorite in thin section, with parallel and perpendicular 
orientation to lamellae elongation, respectively: a) fibrous-lamellar blades; b) interpenetrating 
texture - (PLM cross-polarizing images). 
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The RI 1.5680 has provide to be the RI liquid that mostly matches the antigorite phase, 
showing characteristic dispersive colours which permit to distinguish antigorite from 
chrysotile. As clearly shown in figure III.4, antigorite fibres show a silky fibrous-lamellar 
shape, with a pale-green to white colour. In phase contrast observation mode fibres 
show a pale-blue to white colour, without halo (Fig. III.4c), whereas they are amazing in 
blue indigo colour in dark field observation (III.4d). 

Furthermore, PLM/DS was tested on not-identified 39 and 40 samples (Annexe IC), 
involving four RI 1.550, 1.5680, 1.580 and 1.605 liquids. While sample 39 has identified as 
fibrous antigorite (RI 1.5680), sample 40 showed the presence of both antigorite (RI 
1.5680) and chrysotile (RI 1.550) fibres. These first results have been confirmed by other 
analytical techniques (Annexe II). 

Several important informations about mineralogy, texture and alteration state were 
obtained by the examination of petrographic thin sections. Generally, the petrographic 
description of the main textures of serpentine minerals is made according to the 
classification of Wicks and Whittaker (1977) (e.g. Andreani et al. 2007; Ribeiro Da Costa 
et al. 2008; Frost et al. 2013; Mothersole et al. 2017). Commonly, the petrographic 
images are used to show the mineralogy assemblages constituting the rock and to 
describe the general mineralogical context. It should be noted that, especially for 
antigorite variety, this classification is strictly related to the preparation of the thin 
 

Figure III.6. Textures of fibrous antigorite observed by PLM (cross-polarizing images). a) star and 
fan formed aggregates; b) interpenetrating texture; c) lath-shaped lamella; d) fibrous-lamellar 
blade. Sample 35. 
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Figure III.7. Kink bands in antigorite (cross-polarizing images). Sample 24. 

 

section itself. As shown in figure III.5, depending on the shear direction of the original 
sample we can observe antigorite lamellae parallel (Fig. III.5a) or perpendicular to their 
direction of elongation (Fig. III.5b). Antigorite is typically recognized for its non-
pseudomorphic interpenetrating or interlocking texture; actually this texture should be 
observed in any direction not-parallel to the elongation of the lath-shaped crystals. 
Therefore, antigorite samples consisting of randomly orientated aggregates of fibrous-
lamellae show a greater types of shapes and intergrowths, as shown in figure III.6. Only 
one antigorite specimen has shown a kink bands structure (Fig. III.7). 

 

Figure III.8. Chrysotile occurrences observed by PLM (cross-polarizing images). a-c)cross-veins; d) 
zebra-like appearance, with brown-black and whitish stripes. 
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Chrysotile samples occur as veins, generally characterized by a banded columnar 
structure perpendicular to the vein-wall (cross-type; Fig. III.8a-c). This type of vein has a 
variable birefringence that can reach anomalous 2nd order colours (Fig. III.8b). Even if 
fibres are often not parallel to each other, they clearly show a preferred orientation 
perpendicular to the vein-wall. On the other hand, massive samples of chrysotile show 
the typical zebra-like appearance, with brown-black and whitish stripes (Fig. III.8d). Fibres 
are not distinguishable optically, but under crossed polars a not homogeneous extinction 
across the vein suggest their presence (Fig. III.8d). Furthermore, the extinction position of 
chrysotile fibres is typically parallel to their long c-axis. Crack-seal and isotropic veins of 
chrysotile have not been observed. Generally, oxides (e.g. magnetite) are concentrated 
at the vein walls or among antigorite fibrous-lamellae. 

Tremolite samples show as prismatic, acicular or needle-like crystals of different sizes. 
Most of tremolite crystals display a high relief, almost one good cleavage, and 
interference colours of 1st and 2nd orders (Fig. III.9). No changes in morphology are 
generally observed. Conversely, in a few samples tremolite appears highly fractured, 
often related to a higher degree of alteration. Secondary serpentine, probably antigorite, 
was detected in all tremolite thin sections (Fig. III.9b); minor chlorite and talc have been 
occasionally observed. 

 

 

Figure III.9. Tremolite crystals observed by PLM (cross-polarizing images). Bundles and 
aggregates of acicular crystals more or less fractured occur. 
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Figure III.10. PLM cross-polarizing image showing an unusual and potential new type of texture, 
characterized by star and fan formed aggregates. Sample 18. 

 

Although the 2-dimensional nature of thin sections makes difficult to distinguish the 
crystal habit (e.g. asbestiform, fibrous, acicular and lamellar), PLM observations allow to 
evaluate the intergrowth of different, fibrous or not, phases in their textural context, 
revealing also the presence of potential new type of texture (Fig. III.10), as will be 
discussed in Chap. III.4. Samples that appear massive, lamellar, not altered in the hand 
sample can display their fibrous shape  already at the PLM scale. It should be 
 

Figure III.11. Blades of antigorite observed by a) PLM - interpenetrating to fibrous serpentine 
antigorite (cross-polarizing image), and b) SEM - antigorite blade morphology (Ribeiro Da Costa et 
al. 2008). 
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geologist as not altered (#1), actually exhibit the appearance of several individual fibres 
at the surface. As shown in figure III.13, bundles of parallel elongated lath-shaped 
crystals may present regular or irregular endings. These fragments exhibit the typical 
habit of phyllosilicate minerals, characterized by the overlapping of platy sheets. 
Aggregates of randomly oriented not-elongated blades may also occur. However, most of 
antigorite samples maintain their lamellar habit displaying a gradual fibrous endings. 
Fibrous-lamellar endings generally appear bent, slinky to curvilinear. It should be noted 
that antigorite blades are not comparable in size, showing different dimensions 
depending on sample observed. In addition, antigorite showing a more fibrous aspect can 
display the appearance of flexible whitish fibres at the surface. Here, a partial conversion 
into chrysotile is suggested (Annexe IIIA). Chrysotile displays a more complex morphology 
(Annexe IIIB), although in literature it is usually described as bundles of flexible and 
sinuous whitish fibres. Several samples, showing a massive compact appearance, have 
proved to be formed by the close overlapping of thin fibres, as clearly shown in figure 
III.14. A careful observation of fracturing and cleavage highlights the presence of thin 
fibrils. Contrary to what expected in literature (e.g. Andreani et al. 2004), Caledonian 
samples show a high density of tubes, in which no residual porosity remains between 
them. Unfortunately, due to the sample geometry, it is not possible to measure the tube 
dimensions. 

 

Figure III.14. SEM images of compact bundle of parallel fibrils of chrysotile. Sample 23. 
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Figure III.15. SEM images of fibrous tremolite. a) prismatic  and acicular crystals; b) intergrowth of 
tremolite fibres and serpentine. Sample 41. 

 

SEM images of tremolite samples show the most common prismatic elongated and 
acicular, needle-like shapes (Fig. III.15a and Annexe IIIC). The tremolite crystals are 
arranged in parallel aggregates and/or randomly arranged around the common c-axis. 
For each sample, the presence of secondary antigorite and/or chrysotile serpentine is 
observed (Fig. III.15b). Here, the two phases are closely intergrown. According with PLM 
observation tremolite fibres appear more or less fractured, displaying differences in size 
as the degree of alteration increase. 

TEM microscopy was applied only to three serpentine samples (samples 18, 33 and 57) 
which have proved to be more difficult in interpretation. No TEM analyses were carried 
out on tremolite samples. TEM confirms to be the most complete method in the 
characterisation of mineral fibres, allowing the identification of all particular cases.  
 

Figure III.16. TEM/SAED of a single chrysotile fibril. An orthogonal symmetry is observed in SAED. 
Sample 57. 
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Figure III.17. Bright Field (BF) and Medium Angle Annular Dark Field (MAADF) STEM coupled with EDS mapping have been applied on chrysotile bundles. The 
chemical analysis is only semi-quantitative. Sample 57. 
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Only at TEM-scale magnifications it is possible to observe certain structural details, such 
as an unusual enlargement of internal nanotube of chrysotile samples and/or several 
intimate mineral associations at the microscale. A typical example of identification of a 
single fibril of chrysotile is shown in figure III.16 (sample 57).  According to Wagner 
(2015) the diffraction pattern shows a strong ortho-type SAED symmetry. It is important 
to remember that from a statistical point of view the acquisition of a few SAED patterns 
is not representative in the evaluation of clino- and orthopolytypes percentage. Anyway, 
these measurements confirm chrysotile as major serpentine phase of sample 57. In 
addition to common TEM identification (Imaging, SAED and EDS), Bright Field (BF) and 
Medium Angle Annular Dark Field (MAADF) STEM coupled with EDS mapping have been 
applied on a few bundles of fibres, as shown in figure III.17. While BF and MAADF 
observation modes allow to better evaluate the morphology, increasing the contrast 
between fibres and the background, EDS mapping give a qualitative information on 
chemical composition. Serpentine minerals are not very resistant under the electron 
beam (Fig. III.17). This constraint has limited the number of analysis conducted; despite 
this limitation, no chemical differences between serpentine types have been observed. 
Furthermore, the observation of fibrils perpendicular to the fibre axis has allowed to 
detect the individual hollow-cored of chrysotile fibres (Fig. III.17). All measures carried 
out on sample 57 detect the only presence of chrysotile. 

 

 III.1.2. X-Ray POWDER DIFFRACTION 

X-ray powder diffraction (XRPD) was performed on all samples, using an internal 
standard, for the qualitative determination of the main crystalline components. 
According to our proposals, all procedures involved have to be compatible with their 
implementation in the mining professional sector. For these reasons no quantification 
 

Figure III.18. XRPD patterns of a) chrysotile - sample 33; and b) antigorite - sample 19. Peak 
positions are reported as d-spacing (Å). 
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Figure III.24. Comparison of spectra recorded with a micro-Raman spectrometer (473.1 nm laser) 
and  a portable Raman device (532 nm laser).  Sample 33. 
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resolution shall be taken into account. In addition, the quality of the signal-to-noise ratio, 
and consequently the quality of the spectra, may be affected by the fluorescence 
interference. Despite all these intrinsic differences, spectra appear perfectly comparable 
at both low- and high-wavenumbers regions, allowing the identification of the mineral 
phase. 

Finally, the spectra obtained for tremolite samples, show the worst signal-to-noise ratio, 
compared to those of antigorite, due to increased fluorescence interference. Anyway, 
the identification of the predominant phase was not compromised. On the other hand, it 
was not possible to discriminate any secondary phase (e.g. antigorite, chrysotile; Annexe 
II). OH stretching peaks in high-wavenumbers region are often  partially covered by 
fluorescence interference. 

 

 III.1.4. PERFORMANCES AND LIMITS OF MINERALOGICAL MONITORING 

In the context of mining professional sector, the development of a user-friendly efficient 
analytical strategy, able to discriminate the potential asbestiform fibres from not-harmful 
fragments, is the first requisite in the implementation of the actual monitoring plan 
prevention. Data achieved describe a complex situation. Each instrumental device implies 
advantages and limits. This means that a multidisciplinary routinely approach is the only 
strategy possible to answer to worker and population requirements. At present, there is 
not a technique capable to instantly characterize an asbestos fibre on field, providing 
information about size and distribution, morphology, chemical composition and 
alteration grade. The acquisition of all these parameters is necessary for determining the 
real risk associated to fibres exposition. It is worth noting that all these considerations 
may applied to all type of unconfined sites of exposition, including environmental and 
domestic expositions. 

Polarized Light Microscopy is a preliminary essential technique in the study of textures 
and mineralogical associations. It has proved to be a valuable tool in the investigation of 
morphologies but, unfortunately, it cannot be suitable for monitoring operations. Timing 
of preparation of thin sections is too longer (4-5 days) compared to professional 
timelines. On the other hand, this approach allows to describe the huge variability in 
morphology displayed by Caledonian samples. Regardless of the mineralogical nature of 
sample observed (e.g. chrysotile), no modifications have been observed in texture, at the 
micro-scale, on the basis of different geological context (mainly serpentine sole and 
lateritic profile). Also in sample which looks like lamellar and not altered at the hand-
scale, optical proprierties have shown a perfect correspondance with their real 
mineralogical nature (sample 30 as example). In fact, optical properties are comparable 
for all chrysotile (or antigorite) samples. No changes are observed, for example, by 
increasing the state of alteration. Conversely, the incongruity recorded in texture at the 
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Laboratory results have suggested PLM/DS and portable Raman spectroscopy as the 
potentially decisive tools in the detection and characterization of asbestos fibres on field, 
for both serpentine and amphibole. The employment of these specialized tools may 
provide extremely effective in the improvement of the performance and in the rapidity 
of data acquisition and interpretation. Moreover, a further development on analytical 
identification of the alteration effects will be discussed in the following paragraphs 
(Chap. III.3). 

Finally, it is worth noting that the implementation of other analytical techniques such as 
Infrared Spectroscopy (IR) and thermal analyses (TGA, DTA , DSC) will allow to complete 
these data in order to obtain an exhaustive overview on behaviour of altered asbestiform 
fibres of New Caledonia. 
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III.2 . Analyti cal versus in si tu visual identi f ication of  asbestos 

Data obtained with analytical mineralogical techniques have been compared with the 
identification realized on field, by mining geologist, employing visual morphological 
criteria, as illustrated in table III.1. The plan prevention followed by the geological sector 
of mining companies is not sufficient for discriminating asbestos fibres from not-asbestos 
fragments. The main reason lies in the great variability in texture and morphologies of 
these samples, as a consequence of the huge impact of supergene alteration in the 
genesis of asbestos minerals.  

Crucial is the case of the sample 33. This sample, coming from the mine site of Tontouta, 
was identified by the mining geologist as antigorite, degree of alteration number #1; it 
was manipulated and stored as a not altered, non-pathogenic and non-dangerous rock 
fragment. At the hand-sample scale it appears pale-green to white, formed by the 
overlay of parallel and welded well-grown lamellae (Fig. III.25 - Annexe I). Contrary to 
expectation all analytical techniques confirm that it is chrysotile (Annexe II).  

 

 

Figure III.25. Sample 33. a) hand specimen; b) Raman spectrum of chrysotile (handheld device, 
532 nm laser); c-d) SEM images showing a compact bundle of parallel chrysotile fibrils. 
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Figure III.26. PLM/DS identification of sample 33, RI 1.550. a); parallel welded lamellae; b) PC: 
pale-blue with orange halo. 

 

Despite its macroscopic lamellar massive aspect, PLM observations on thin section show 
the typical zebra-like appearance of chrysotile samples (Fig. III.8d). Meanwhile, PLM/DS 
observations on mount particles confirm the identification of chrysotile fibre using the 
standard RI 1.550 oil. Fibres observed in phase contrast mode exhibit the typical pale-
blue colour with the orange halo (Fig. III.26b) and appear blue to purple in dark field 
observation. Increasing the magnification, SEM images display a compact bundle of 
parallel fibrils of chrysotile (Fig. III.25c,d). Similarly to what observed for sample 23 (Fig. 
III.14), fibrils are tightly welded and no residual porosity remains between them. Also 
TEM analyses confirm the identification of chrysotile (Fig. III.27). According to Wagner 
(2015) the diffraction pattern shows a strong ortho-type SAED symmetry. Furthermore, 
both micro-Raman spectroscopy and portable Raman equipment were applied on this 
sample, allowing the identification of the chrysotile variety. As shown in figure III.24, the 
 

Figure III.27. TEM/SAED of a single fibril of ortho-chrysotile. Sample 33. 
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Table III.1. Comparison between in situ visual and analytical identification. Misinterpretation are 
highlighted in pink. 
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acquired spectra appear perfectly comparable. Spectrum obtained with handheld device 
(Fig. III.25b) shows a slightly fluorescence interference, which do not compromise the 
quality of data. 

These new results could involve a reviewing of prevention procedures. The adoption of 
completely different actions in the manipulation and storage of rock fragments at the 
outcrop is now imperative. In order to improve the current prevention plan, the 
employment of routinely techniques, which consider the possibility to introduce a 
benchtop and/or a portable device, might be the answer to requirements of mining 
sectors. Portable devices may provide a non-subjective and reliable answer without 
delay. Both PLM/DS and Raman portable apparatus satisfy these requirements. 
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Figure III.29. SEM images of two samples of antigorite #1. Several breathable fibrous-lamellae 
occur at the surface. Samples 13 and 19. 

 

lamellar shape morphology (Fig. III.30b). We can also state that most of samples 
identified as degree of alteration #4 show a more pronounced flexible, curvilinear aspect. 
At this point, in order to evaluate the presence of any changes in crystalline structure of 
antigorite and tremolite by increasing alteration, the powder diffraction patterns were 
compared (Fig. III.31). In both antigorite and tremolite varieties, no changes are 
observed. XRPD patterns appear perfectly comparable, no differences occur in peak 
positions (no shift), or even in peak broadening. FWMH and peak area values were 
determined after deconvolution with a Gaussian curve approximation. Thus, XPRD 
analyses suggest that, at this scale of observation, weathering do not cause modification 
in the crystallographic structure of the asbestos varieties. Additionally, no neo-formed 
mineral phases associated to supergene alteration have been recorded. 

 

Figure III.30. SEM images of antigorite. a) bundles of fibrous lamellae with splaying ends (#1 - 
sample 13); b) lamellar-bladed elongated particles  (#4 - sample 15). 
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Figure III.32. Evaluation of the impact of alteration status on morphology of antigorite samples. A comparison between pure (only antigorite) and mixed 
antigorite-chrysotile samples was realised. Increasing the degree of alteration a gradual increase in porosity was observed. 
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dissolution relative to chrysotile (Lin and Clemency 1981). It is worth noting that the 
dissolution process is incongruent, because Mg from the octahedral sheets is generally 
released more rapidly than Si from the tetrahedral sheets (Lin and Clemency 1981). The 
amount of the mineral dissolved is also a function of the total surface area exposed to 
contact with the water. The more surface area is exposed, the more mineral dissolves in 
a given time. Dissolution kinetics have a more pronounced influence on antigorite than 
on chrysotile, allowing the mechanical modification of fibrous-lamellae, which 
fragmented and cleaves in progressively thinner fibres. This might explain the surface 
modifications observed for Caledonian samples. 
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III.4 . A new  specific te xtu re:  the  case of sample 18 

Easily recognisable for its peculiar morphological aspect, the sample 18 was collected at 
the Kouaoua mine site, on the road track. Identified by mining geologist as antigorite, 
degree of alteration #2, at hand-sample scale it exhibits an unusual lamellar aspect, 
consisting of overlapping of dried-like yellowish to pale-green lamellae (Fig. III.33, 
Annexe IA). The unusual aspect was confirmed by optical observations of petrographic 
thin section (PLM). It shows an uncommon texture, characterized by star and fan formed 
needle-like aggregates. Although it was immediately identified as a serpentine mineral, 
the cross-polarizing images do not show the typical blue-grey-to-dark interference 
colours of 1st order (Fig. III.10). Firstly, a rock fragment specimen was investigated with 
the portable Raman equipment. A Raman spectrum of an unusual antigorite was 
recorded (Fig. III.33). The appearance of the characteristic peak at about 1044 cm-1 
suggests the presence of the antigorite phase. On the other hand, in the OH region, the 
typical doublet attributed to antigorite present in fact a little shift in peaks position (Fig. 
III.33), suggesting the presence of another mineral phase in addition to antigorite. 

To confirm these preliminary results, some fibre bundles have been analysed with 
PLM/DS method, using RI 1.550 and 1.5680 oils. As clearly shown in figure III.34, fibres 
exhibit an intermediate behaviour. From a morphological point of view, they display a 
more rigid lamellar shape, characterized by the occasional presence of smaller thin fibres 
with splayed ends. Colours staining observations confirm the attribution to a serpentine 
mineral, but they are not sufficient to discriminate the variety. Fibres immersed in RI 
1.550 oil show pale-blue with a soft orange halo in phase contrast mode and a violet to 
yellow colour in the dark field mode. Using the RI 1.5680 fibres show a whitish to pale-
blue colour with a soft orange halo. In dark field observation they appear blue to blue 
indigo. Fibres show the staining colours of both antigorite and chrysotile varieties. 

 

 
Figure III.33. Investigation of sample 18 by means of portable Raman equipment (532 nm laser).
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.

Figure III.36. micro-Raman investigation of sample 18 (473 nm laser). Up) Unidentified Raman 
spectrum of serpentine. The typical peak of antigorite at about 1043 cm-1 occur in low-
wavenumbers region; Down) Deconvolution of OH stretching band (high-wavenumbers region). 
OH stretching peaks of lizardite (-Lz), antigorite (-Atg) and chrysotile (-Ctl) are observed. 



 
123 

Figure III.37. Electron microscopy investigation of sample 18. TEM/SAED shows a mixed phase 
constituted by the intimately intergrowth of chrysotile fibres (left) and antigorite blades (right). 
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IV.1. Leaching m eth odologies and sample selections 

Because of humid tropical to sub-tropical conditions, chemical processes at the rock/ fluid 
interface play an important role in the supergene alteration. The circulation of water 
represents one of the main strong agent in chemical alteration. Surface waters trickle 
down and penetrate rocks, permeating fractures and shear zones. In this context, several 
chemical reactions may be involved at the interface mineral/water: dissolution, redox 
reactions, hydration, decarbonation, and the most common: hydrolysis. The most soluble 
elements are leached by water leading to asbestos destructuring. The hypothesis is that 
asbestos destructuring, caused by elements leaching, favours fibres emissions. 

Element solubility varies considerably depending on the considered element and on the 
considered mineral. Therefore, the study of major and trace element concentrations may 
represents a tracer of alteration in altered rocks. The study of element concentrations in 
regard in the various altered samples is conducted in the first part of this chapter. The 
aim is to investigate the variation in chemical compositions in fibrous minerals of New 
Caledonia subjected to different degree of alteration. For this purpose, chemical 
signatures of different mineralogy with distinct alteration degrees were compared. 

Since weathering alteration is a multi-factors process, laboratory experiments are also 
required to investigate the influence of physico-chemical parameters on chemical 
alteration. To mimic chemical alteration of asbestos, batch experiments have been 
conducted over time. Asbestos are immersed in water and elements concentrations are 
measured overtime in the supernatant. Additionally, the supernatant is filtered to 
evaluate its fibres content. 

A preliminary survey on serpentine samples of New Caledonia, to quantify the chemical 
exchange occurring at the interface minerals/water, was carried out by Bras (2013). 
Preliminary test bench experiments, able to reproduce the weathering alteration of 
asbestos minerals, were carried out over time. The comparison of chemical 
concentrations of primary mineral-fragments and solid-residues could be a powerful 
diagnostic method for the investigation of chemical alteration processes. The aim of the 
second part of this chapter is to compare the capacity of fibres emission of asbestos after 
leaching experiments. 

 

IV.1.1. ANALYSES OF MAJOR AND TRACE ELEMENTS CONTENT 

Major and trace elements have been measured in rock samples and in the supernatant 
after batch leaching experiments. Main element concentrations (MgO, FeOtot, Al2O3, 
Na2O, CaO, P2O5, K2O, and MnO, in wt.%) were measured on Caledonian samples at the 
AETE-ISO platform, OSU-OREME at the University of Montpellier (France), with a Thermo 
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on a shaking table. A strong mechanical shaking was not recommended in order to avoid 
fibres release related to mechanical impacts. Two extracting solutions were used, a MES 
buffered solution (2-morpholin-4-ylethanesulfonic acid), 0.01 M, pH = 5.6 and a DTPA 
buffered solution (diethylenetriaminepentaacetic acid), 0.005M, pH = 7.3. The pH of rain 
water ranges from 5.5 to 8.0. With the MES solution we wanted to mimic an acidic rain 
water (best conditions to solubilize elements) but with no chelating properties of the 
solution since MES is a buffer known to have no chelating properties. DTPA is a strong 
chelating agent, with best chelating properties at slightly basic pH DTPA was used to 
emphasize elements solubilization and then to emphasize fibers release if fiber release is 
related to elements solubilization. Batch leaching is conducted for each time. Each entire 
extracting solution is filtered with a Cellulose nitrate filter, Sartorius Stedim, pore size 
0.45µm. The suspended particulate matter collected on the filter was rinsed, dried and 
weighed. Twelve chemical blanks have been realized. 
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Table IV.1. Major elements concentrations of Caledonian samples. 
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Figure IV.2. FeOtot wt.% versus MgO wt.% for all the samples identified by mining geologists as 
antigorite. Concentrations of antigorite minerals of the Voltri Massif (Alps, Italy) are also reported 
for comparison (Cannaò et al. 2016). 

 

poorly released by spring water due to its poor solubility. As example, Critelli et al. (2015) 
have established a simulation of the time evolution of soluble concentrations of Mg and 
Fe from serpentine (Fig. IV.3). In tropical climate, recurrent weathering of serpentine 
should result in increasing of FeOtot concentration in the residual altered antigorite. So, 
the lower MgO and higher FeOtot concentrations of our samples identified by mining 
geologists as antigorite, compared with the expected concentrations in antigorite, can 
result from weathering under the tropical climate of New Caledonia. Hence, even the 
samples classified with degree of alteration #1, consist of significantly altered serpentine 
and not of alteration-free minerals. These results are consistent with the previous 
identification of some fibres as serpentinite with degree of alteration #1, in SEM images. 

However, in figure IV.2, no evidence of correlation between the decrease of MgO, and 
the increase of FeOtot, and, on the other hand, the increase of alteration degree can be 
observed. Even if chrysotile and antigorite believe to the same iron-magnesian 
phyllosilicate group, their mineralogy is distinct. For example, magnesium is not exactly 
located in the same crystallographic sites in the two serpentines, and this can affect 
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Figure IV.4. FeOtot wt.% versus MgO wt.% for all the samples identified by analytical mineralogy 
as antigorite. Concentrations of antigorite minerals of the Voltri Massif (Alps, Italy) are also 
reported for comparison (Cannaò et al. 2016). 

 

The correlation between decreasing MgO concentrations and increasing degree of 
alteration is not so clear, even if the most altered antigorites have particularly low MgO 
concentrations. 

 

IV.2.2. CHRYSOTILE SERPENTINITES 

Samples identified by mining geologists as chrysotile display only a degree of alteration 
#3. Samples 23 and 33, firstly identified as antigorite by miners, have been reclassified as 
chrysotile following the results obtained from analytical mineralogy. These too samples 
belong to a degree alteration #1. This sampling is not complete enough to allow a 
discussion of the influence of weathering on chemical compositions of chrysotile 
serpentines. The chemical compositions of these three chrysotiles show concentrations 
of major elements similar to those of the antigorites (Fig. IV.5). 

The samples identified by analytical mineralogy as chrysotile have low MgO (27 to 29 
wt.%), and high FeOtot (2 to 7 wt.%) contents. These values are distinct from the 
concentrations previously obtained by the XRF analyses of the chrysotile sampled in the 
ophiolit ic sole (Ulrich et al. 2012). 
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Figure IV.5. Major elements data for samples identified by analytical mineralogy as chrysotile and 
antigorite. 

 

 IV.2.3. TREMOLITES 

Ten samples identified by mining geologists as tremolite have been analyzed for major 
elements. Unfortunately, no one of these samples are single mineral. The analytical 
mineralogy allowed the identification of complex mixing between tremolite and some 
 

Figure IV.6. CaO wt.% versus FeOtot wt.% for all the samples identified by mining geologists as 
tremolite. Sample 38 and 48 has been identified by analytical mineralogy as antigorite/chrysotile 
and antigorite, respectively. 
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Table IV.2. Trace elements concentration of Caledonian Samples 
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serpentines, mainly antigorite and chrysotile. Moreover, the degrees of alteration #1 and 
#4 are represented only by one sample each. Finally, on the basis of analytical 
mineralogy, samples 38 and 48 are not tremolite minerals but a mixing of antigorite-
chrysotile and antigorite, respectively. These conclusions are strengthened by their 
chemical compositions. They do not have the usual high CaO and Na2O concentrations 
expected for tremolite and observed for the other amphibole samples. On the contrary, 
the samples 38 and 48 have the highest concentrations of MgO and FeOtot than all 
samples identified by mining geologist as tremolite (Fig. IV.6). 

In all our samples of asbestiform minerals, the transition metals Cr, Mn, Co, V, Sc, Cu and 
Ni are the most concentrated (Table IV.2), together with the Fluid-Mobile Elements 
(FME) Li and As. This feature is consistent with the contents generally found in the 
ultrabasic complexes (Deschamps et al. 2012, 2013). Zn is also relatively concentrated in 
all our asbestiform samples. Unfortunately, no variation of trace element concentrations 
can be clearly link to the increasing alteration. 
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 Time Mg Ca Fe Mn Ni Co Cr 

1 hours (mg/g/100cm²) (µg/g/100cm²) 

MES 

2 0,013 n.d. 5 0,9 88 2 0,4 
4 0,014 n.d. 3 0,2 95 2 0,6 
8 0,025 n.d. 14 0,1 207 4 1,7 
24 0,030 n.d. 7 1,6 278 4 1,3 
96 0,042 n.d. 13 1,4 444 7 1,8 
576 0,000 n.d. 6 9,2 3203 42 12,4 
1440 0,002 n.d. 35 13,2 4111 47 15,9 
1440 0,001 4,0837E-05 0 10,2 4718 62 10,4 

DTPA 

2 0,001 9,5451E-05 105 128,3 2680 221 14,6 
4 0,105 0,03103833 73 86,9 1780 157 15,2 
8 0,210 0,02773067 178 196,8 4117 352 15,8 
24 0,323 0,02641428 1247 456,4 8429 739 33,4 
96 0,281 0,02552405 1200 2333,3 14965 5500 41,0 
576 0,455 0,0030524 4100 6933,3 45586 8473 91,7 
1440 0,281 0,00186812 2394 3641,7 23971 4190 43,8 
1440 0,085 0,00081221 881 903,5 7660 1093 17,0 

41 hours Mg Ca Fe Mn Ni Co Cr 

MES 

2 0,06 nd 0,0 0,0 5,9 0,0 0,2 
4 0,07 0,0065 0,0 0,0 32,0 0,0 2,0 
24 0,13 nd 3,9 0,0 55,9 0,0 3,2 
96 0,45 nd 0,0 5,6 24,1 0,2 1,9 
576 0,11 0,0030 0,0 0,4 31,7 0,0 2,5 
1440 0,13 0,0035 0,0 0,4 0,7 0,0 1,2 
1440 0,15 0,0032 0,0 0,0 1,2 0,0 2,0 

DTPA 

2 0,01 0,0003 26,8 3,6 1,6 0,1 0,7 
4 0,01 0,0023 20,8 2,7 13,3 0,7 0,5 
24 0,07 0,0051 179,6 39,5 110,9 5,4 3,9 
96 0,13 0,0018 393,6 53,4 140,3 4,8 6,9 
576 4,97 0,0745 15401,5 1939,8 1699,6 90,5 419,2 
1440 4,01 0,0881 8229,1 2306,0 1270,6 57,9 198,8 
1440 3,26 0,0557 10471,7 2082,2 902,2 53,8 237,7 

57 hours Mg Ca Fe Mn Ni Co Cr 

MES 

2 0,03 0,007 0,0 0,0 23,1 2,0 4,0 
4 0,11 0,020 0,0 0,0 71,3 4,4 28,5 
8 0,07 0,011 0,0 0,0 47,5 2,8 18,9 
24 0,07 0,000 0,8 0,5 94,8 5,0 21,7 
96 0,15 0,034 0,0 3,5 73,5 6,5 6,8 
576 0,28 0,033 0,0 1,3 171,5 12,2 116,0 
1440 0,35 0,043 3,5 2,5 206,4 15,3 43,4 
1440 0,29 0,026 0,0 0,0 159,1 9,0 137,8 

DTPA 

2 0,26 0,038 143,7 367,1 1168,8 213,7 29,6 
4 0,47 0,134 996,9 273,6 2622,7 608,4 47,3 
8 0,41 0,057 888,9 176,7 1542,7 404,9 130,8 
24 0,50 0,051 2164,5 393,0 5850,4 812,4 90,1 
96 0,87 0,134 4626,2 4730,5 10054,4 2689,7 179,3 
576 0,88 0,099 6387,3 11032,0 26498,2 8973,0 153,3 
1440 1,06 0,133 13010,6 3880,6 30815,1 4329,6 429,1 
1440 0,93 0,084 13500,8 12496,0 43274,7 13134,7 447,5 

Table IV.3. Elements concentrations of Mg, Ca, Fe, Mn, Ni, Co and Cr in the extraction solution, 
MES or DTPA for various extracting times. n.d. for not detected  



 
140 

Figure IV.8 pH increase with time in the extracting solution for leaching experiments with two 
solutions, MES solution and DTPA solution and for 3 samples :antigorite (sample 13), tremolite 
(sample 41) and chrysotile (57).* for experiments conducted with several pieces of asbestos 
leading to possible mechanical alteration during shaking. 

 

The leaching experiments with MES, for antigorite and chrysotile, show an increase of 
Mg concentrations in the supernatant solution, with time (Fig. IV.9). These results are 
consistent with the decrease of MgO concentrations as a consequence of alteration 
increase, observed in natural samples of antigorite. 

For the transition element, only Cr shows an increasing concentration with time in MES 
solution, in the samples of serpentines (Fig. IV.10). The other transition elements such as 
Co, Mn, Ni are not solubilized. It is also the case for Fe. The solutions resulting from 
leaching experiments in MES and including tremolite samples have very low 
concentrations, even for the longest times. 

 

 

Figure IV.9. Mg concentration in the supernatant as a function of time for leaching experiments 
with two solutions MES and DTPA, and for antigorite (sample 13) and chrysotile serpentinite 
(sample 57). 
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Figure IV.10 Cr concentration in the supernatant as a function of time for leaching experiments 
with two solutions MES and DTPA, and for antigorite (sample 13) and chrysotile serpentinite 
(sample 57). 

 

IV.3.2. SUSPENDED PARTICULATE MATTER COLLECTED ON THE FILTER 

After filtration, the filter is dried before weighing. The weight of suspended particulate 
matter released during leaching experiment is then studied. Suspended particulate 
matter is a mixture of fibers and non-fibrous material, but they are mainly fibers (Fig. 
IV.11). Even though a meticulous analysis of filters is required, we assumed that the 
suspended particulate matter content on the filter can give us a good estimation of the 
amount of fibers released during leaching experiments. 

The amount of suspended particulate matter is different for the three samples with very 
small amount for tremolite (Fig. IV.12). Regarding the maximum of suspended particulate 
matter obtained with DTPA (0.0028 g, 0.0000242 g and 0.0056 g for respectively 
antigorite, tremolite and chrysotile), tremolite releases suspended particulate matter 120 
time less than antigorite and 230 less than chrysotile. Regarding the maximum 
 

Figure IV.11. Pictures of two filters after leaching of a) sample 13 (extraction in DTPA) and of b) 
sample 41 (extraction in MES). 
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Figure IV.13. Suspended particulate matter increase with time for leaching experiments with two 
solutions, MES solution and DTPA solution and for 3 samples :antigorite (sample 13), tremotile 
(sample 41) and chrysotile (sample 57).* for experiments conducted with several pieces of 
asbestos leading to possible mechanical alteration during shaking. 

 

of suspended particulate matter obtained with MES (0.000156 g, 0.0000 96 g and 0.0016 
g for respectively antigorite, tremolite and chrysotile), tremolite releases suspended 
particulate matter 162 times less than antigorite and 1666 times less than chrysotile. The 
low amount of suspended particulate matter for tremolite could result from its less 
porous properties. 

Results demonstrate that the weight of suspended particulate matter increases with time 
(Fig. IV.13). Values increase until a maximum value before decreasing. In DTPA, the 
maximum amount of suspended particulate matter is obtained at 24 hours for sample 
13, at 96 hours for sample 41 and at 8 hours for sample 57. In MES, it is obtained at 576 
hours for samples 13 and samples 41 and at 24 hours for sample 57. After the maximum 
value, the amount of suspended particulate matter collected on the filter decreases. This 
observation is surprising and probably related to the physico-chemical properties 
evolution of the extracting solution. For high extraction times, the decrease of element 
concentrations in solution is probably related to element precipitation in the solution 
due to their solubility controlled by pH (Fig. IV.8 and Fig.IV.11). It is then possible that 
small precipitates slip through the filter. More investigations are anyway needed to 
better understand the low content of suspended particulate matter collected on the 
filter for high extraction times. In order to avoid the solution saturation and to better 
control the pH of the solution, extractions should be performed with higher volumes (i.e. 
a liquid/solid ratio equal or below 1/10 instead of 1/5). 

It is also important to underline that the amount of suspended particulate matter is 
usually higher when the extracting solution is DTPA (Fig. IV.13). After 24 hours, the ratio 
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of the amount of suspended matter collected after extraction with DTPA on the amount 
collected after extraction with MES is around 9 for sample 13, around 5 for sample 41 
after 96 hours and around 15 for sample 57 after 8 hours. It is then obvious that the 
amount of suspended particulate matter collected after extraction of elements with 
DTPA is much more important than in MES. Fibers emission is then undoubtedly due to 
elements solubilization. 
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V.2 . Evaluati on of th e p resence of  f ibrous m inerals i n the  

ore deposit soi ls 

A preliminary study on the potential presence of free fibres in contaminated nickel ore 
deposit soils was carried out. Soils derived from rocks containing asbestiform minerals 
also contain fibres that may potentially become airborne (Nichols et al. 2002). On the 
other hand, the impact of chemical and physical weathering processes reduces the 
amount of asbestos in soils over time. We know very little about the rates of weathering 
and leaching of asbestos in soil environments, but the available information suggests that 
a substantial reduction in the amount of chrysotile may take hundreds or thousands of 
years, depending on the soil environment (Nichols et al. 2002). Acid leaching removes 
magnesium from chrysotile fibres relatively rapidly, leading to their disintegration. 
Chrysotile is in fact more soluble in the presence of H2O and at low pH (Nichols et al. 
2002). A longer time is expected for amphibole asbestos dissolution. Amphibole asbestos 
are typically more resistant to attack by acids, and are more frequently found in soils 
(Trescases 1997; Gunnar Hillerdal 2003). Likewise, soils can become enriched in 
amphiboles with time. Asbestos fibres, at least chrysotile fibres, are therefore expected 
to be less abundant in moderately acid soils with reddish hues (Nichols et al. 2002). 

The investigation on the presence of mineral fibres in soils started after the identification 
of asbestos related pathologies in human populations not-occupationally exposed to 
asbestos. Contaminated soils may expose local populations, because they contain 
pathogenic fibres easily dispersed in air because of the dry climate (e.g. alternation of 
hot and rainy/cool seasons). Soils containing less than 1 wt.% of asbestos fibres can 
release a large quantities of fibres into the air and may constitute an health risks (Gunter 
et al. 2007). The fibres contained in soils become airborne when the soils are disturbed 
either by natural processes (mainly wind) or by human activities (such as agriculture, 
planting trees, bushes, mining extraction) or a combination of the two. Similar situations 
have been observed in areas of Cyprus, Greece, Turkey, and also in New Caledonia where 
tremolite is present in the soils (Gunter et al. 2007; Lahondère 2007). In these particular 
cases the exposure was high because the local rocks were widely used as whitewash, 
stucco, or plaster for houses (Browne and Wagner 2001). Tremolite-asbestos fibres were 
also detected in the soils of an area in Basilicata (Southern Italy), and they derive from 
the natural weathering and erosion of serpentinite (Burragato et al. 2006). 

There are only a few detailed studies on the chemical and mineralogical composition of 
soils containing asbestos fibres, the most of them concerning investigations of asbestos 
amphiboles (e.g. Thompson et al. 2011). Investigations on tremolite and actinolite 
amphibole asbestos in soils display that their habits are not substantially differ from their 
counterparts in parental rocks. In fact, fibres eroded from the rocks, transported and 
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Figure V.5. SEM images of fibrous, potentially breathable, particles occurring in red limonite 
standard sample. 

 

investigated by XRPD and SEM-EDS. The red limonite sample shows an homogeneous 
mineral composition, consisting of Fe-oxyhydroxides, mainly goethite, with subordinated 
gibbsite and talc (Fig. V.4). On the contrary, SEM/EDS analyses have shown the presence 
of serpentine fibrous elongated particles, as reported in figure V.5. Moreover, yellow 
limonite sample shows a more complex mineral association dominated by serpentine, 
mainly antigorite, with subordinat quartz, talc and goethite (Fig. V.4). By contrast, no 
fibrous particles were observed with SEM investigation. Serpentine antigorite is in the 
form of well-formed lamellae. 

 

Figure V.6. XRPD and SEM investigation of red limonite soil. Serpentine varieties appear in the 
form of fibres. 
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Figure V.7. XRPD investigation of soft yellow limonite soils. Intensities are normalized with respect 
to the major reflection. 

 

A further investigation was carried out on four more homogeneous soil samples, 
personally collected from a specific and well-characterized mining front. Compared to 
standard red limonite references, these samples shows a complex mineralogical 
association dominated by Fe-oxyhydroxides, mainly goethite, with subordinated gibbsite, 
or by a wide variety of Ni-rich hydrous Mg-silicate, such as serpentine, talc, chlorite and 
smectites, as shown in figure V.6. However, the yellow limonite portion presents a 
homogeneous mineral composition, consisting in quartz, talc and serpentine minerals 
(Fig. V.7). On four samples analysed, three of them contain antigorite and/or lizardite 
varieties. Only in one sample of red limonite, serpentine varieties appear in the form of 
fibres (Fig. V.6). 

SEM-EDS analyses confirm the presence of the asbestiform varieties of the serpentine 
family into the ore deposit soils. Further analyses are required to better understand the 
real risk related to manipulation of these contaminated lateritic soils. 
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V.3 . In si tu identi f ication o f  m ineral f ibres w ith  port able 

Raman equipment  

Two fieldtrip at the open mines of Balangero (Italy) and Tontouta (New Caledonia) have 
been organized to test portable Raman equipment on field, directly at the mining front, 
under normal environmental conditions (sun, strong wind, high temperature, etc.). 

The first test was performed at Balangero, in Northern Italy (Fig. V.8). Balangero is a 
village located in the province of Turin which hosts one of the ancient largest and most 
productive asbestos mine in Italy (1918-1979). During the 1960s, chrysotile production 
was between 100 000 and 150 000 metric tons per year. In the 1980s chrysotile 
production declined until the mine closed in February of 1990 (Ross and Nolan 2003). 
The Balangero serpentinite body (about 7 km2) formed from a spinel-plagioclase 
lherzolite and is interpreted as a satellite body of the Lanzo massif. The asbestos ore 
contains massive, schistose, and highly fractured serpentinite rock. Long- and short-fibre 
chrysotile is present in the mine but only the short -fibre chrysotile was of commercial 
use. The short-fibre asbestos occurs as a stockwork of slip-fibre veins >2 mm thick. 
Furthermore, there is an estimated 10 volume% of tremolite in the tailings (Ross and 
Nolan 2003). At present a great work of environmental rehabilitation and restoration 
(e.g. increasing of the stability of the slopes, re-vegetation of the area) is in progress. 

On 37 spot analyses, 33 have provided a positive response to test, allowing the 
identification of the typical mineralogical association, consisting of antigorite, chrysotile, 
(fibrous) diopside, chlorite, lizardite and balangeroite. 

 

Figure V.8. Portable Raman test at the ex-open mine of Balangero (Torino, Italy). All 
measurements were carried out in safety conditions (PPE). 
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Figure V.9. Portable Raman test at the open mine of Tontouta (New Caledonia).  

 

Raman portable device was successfully tested at the open pit of Tontouta, in New 
Caledonia (Fig. V.9). To verify the user-friendliness of the device, this set of 
measurements was not carried out by specialized technicians, who are generally more 
familiar with this kind of devices. So, on 30 spot analyses, 20 were positively identified. 
Samples of antigorite, chrysotile and altered serpentine, probably saponite, were 
identified. An example of a raw Raman spectrum of antigorite, recorded with portable 
equipment, is illustrated in figure V.10. Peaks observed at both low- and high-
wavenumbers allow to identify the antigorite phase. A slightly fluorescence interference 
occur. 

Overall 67 spot were analysed: 80% were successfully identified with the handheld 
 

Figure V.10. Example of raw Raman spectrum obtained with portable device (532 nm laser). 
Raman spectrum of antigorite. 
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Raman device. Portable Raman has proved to be a reliable user-friendly techniques in the 
identification of mineral fibres on mining front, under temperate and sub-tropical climate 
conditions. Moreover, only a little training formation is required to operators for its 
employment. On the other hand, the implementation of another complementary 
analytical methodology, as for example PLM/DS, could be the answer for the 
discrimination of not-identified spot samples (the remaining 20%). 
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Conclusion 
In the geological context of New Caledonia, in which weathering processes and 
supergene mineralizations are the main responsible of fibres realise of asbestos minerals, 
the development of a user-friendly efficient analytical strategy, able to discriminate an 
asbestiform fibre from a not-harmful particle, is the first requisite. At present, there is 
not a technique capable to instantly characterize an asbestos fibre in situ, providing 
information about size and distribution, morphology, chemical composition and 
alteration grade. However, the acquisition of all these parameters is necessary for 
determining the real risk associated to fibres exposition. A multi-disciplinary routinely 
approach, based on the use of complementary simply-to-use but reliable analytical 
methods is the only strategy possible. In addition, the instrumental apparatus has to 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 
(PLM/DS) and portable Raman spectroscopy, in the more traditional laboratory strategy, 
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 characterisation of asbestos fibres for both serpentine and amphibole. Furthermore, 
they provide extremely effective even in the presence of strongly fibrous and altered 
samples. PLM/DS observations have 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 oil it is also 
possible to discriminate antigorite from chrysotile fibres (RI 1.550 oil). Repeating analyses 
on more particles, PLM/DS may be an efficient tool in characterisation 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 pits of Balangero (Italy) and Tontouta (New 
Caledonia), have confirmed its high diagnostic power. In order to guarantee the optimal 
employment of both the devices, a training formation of the operators is required. An 
analytical routinely protocol based on the utilisation on complementary methods allows 
to ensure the successfully identification of samples observed. On the other hand XRPD 
cannot be involved in a routinely in situ monitoring systems. Despite the possibility to 
employ a benchtop XRPD instrument, the low sensitivity in the detection of the different 
varieties of serpentine and amphibole groups prevents the implementation of this 
methodology. Tests conducted on ore deposit soils confirm the impossibility to detect 
with certainty asbestiform phases by means of XRPD method. 

It is worth noting that this simply monitoring strategy may applied to all type of 
unconfined sites of asbestos exposition, including environmental and domestic 
expositions. 
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The plan prevention followed by the geological sector of mining companies is not 
adequate in the discriminating of asbestos fibres. The comparison of data obtained by 
analytical techniques with field identification confirm that the visual morphological 
criteria are not sufficient to discriminate asbestos fibres from not-asbestos. The great 
impact of supergene alteration in the formation of fibres is closely correlated to the large 
variability in texture and morphologies displayed by samples. Geochemical analysis 
suggests that there is a correlation between the loss of elements after leaching processes 
and the formation, and consequent emission, of fibres. Chemical exchanges at 
rock/water interface contribute at the dissociation process of fibres. 

Analyses on major elements show a lower Mg-content in all antigorite serpentine, 
compared to literature data. Moreover, increasing the degree of alteration, antigorite 
show a progressively loss of Mg. We can therefore assume that, regardless of the degree 
of alteration displayed, all antigorite samples present an initial degree of alteration. No 
fresh samples have been observed. These results are consistent with morphological 
observation. SEM images of samples identified as antigorite, degree of alteration #1, 
exhibit the appearance of individual thin, potentially breathable, fibres at the surface. In 
addition, increasing the degree of alteration fibrous-lamellar antigorite does not exhibit a 
modification in morphology. By contrast, they appear progressively more porous. The 
physical-mechanical effect of fluid circulation within fibres and lamellae, associated to 
chemical elemental exchange at rock/waters interface favoured the dissociation of fibres 
and their release in the environment. The same approach will be investigated for 
chrysotile and tremolite samples. A more complete sampling is necessary to investigate 
this phenomenon. 

Leaching experiments allow simulating chemical alteration of asbestiform minerals. In 
laboratory, parameters influencing mineral dissolution can be test one by one. The 
Raman spectroscopy analyses and SEM images of the solid residue of the suspended 
particulates, after leaching experiments, could allow to evaluate the physical-mechanical 
and chemical effects of fluid circulation on fibres release. The kinetic of each processes 
can also be evaluated. 
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ANNEXE I                A 

Samples classification according to mining criteria (on field survey): ANTIGORITE #1 

- Samples subjected to misinterpretations are marked with a pink rhombus - 
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Samples classification according to mining criteria (on field survey): ANTIGORITE #2 
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Samples classification according to mining criteria (on field survey): ANTIGORITE #4 
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