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Abstract

Asbestos consists in natural minerals crystallized in a specific habit and possessing in
particular properties. In the case of Naturally Occurring Asbestos, usual methods
applied to the identification of mineral fibers and the determination of their possible
asbestiform nature seems not efficient, especially in the case of mineral fibers included

in mineral matrix.

We present a new in-situ method based on the use of confocal Raman-in-SEM imaging
implemented in a Scanning Electron Microscope as an efficient method for in-situ
mineralogy. The limitation of conventional methods is discussed. We applied 2D-
Raman imaging to the identification of sub-micrometric fibers included in different
mineral matrix. We were able to identify actinolite fibers down to 400 nm in diameter,

included in feldspar, quartz and/or calcite matrix.

Moreover, Confocal Raman allows the collection of 3D data that would provide access
to critical information on the morphology of the amphibole fibers in the volume, such
as aspect ratio, fibers distribution and amphibole volume fraction.

We performed this method on various examples of rocks containing actinolite fibers of
mean structural formula is: Nao,04-0,12Mg2,79-3,73Al0,29-0,58K0,01Ca1,79-1,908MnNo,01-0,00F€2*0,99-
1,01F€3%%0,12.0,25Si7,64-7,73022(OH)2. We demonstrated that coupling confocal Raman
imaging and SEM is a new and efficient in-situ method for identification and

morphological characterization of amphibole fibers.
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New methods are requested for characterizing asbestos fibers in a mineral matrix
SEM-Raman imaging is efficient for characterizing mineral fibers in-situ

Confocal Raman imaging makes 3D analysis possible

3D analysis provides information on the aspect ratio and volume fraction of asbestos

Fibers thinner than 400nm can be identified by confocal Raman in SEM (A = 532 nm)
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1. Introduction

The asbestos group consists of several natural minerals that crystallize according to a
specific habit and possess particular properties of flexibility, high tensile strength, and
resistance to heat and chemical degradation. Asbestos fibers usually cluster in bundles
with separable fibers and/or as long fibers made of small fibrils [1]. The term asbestos
refers to a fibrous serpentine called chrysotile and five amphiboles known as the
asbestiform varieties of riebeckite (crocidolite), anthophyllite (anthophyllite-asbestos),
grunerite (amosite), actinolite (actinolite-asbestos), and tremolite (tremolite-asbestos)
[2,3]. In the natural environment, a large set of metamorphic rocks may contain
asbestos fibers, such as meta-ophiolitic rocks of basic or ultrabasic compositions
(meta-gabbros, meta-basalts, serpentinites) (e.g. [4-6]) and hydrothermally altered
dolerites ([7]), more rarely in talc deposits ([8]), metamorphosed dolostones and iron
formations ([9]) and subalkaline plutonic rocks ([10]). Asbestos is listed as a Category
1 human carcinogen, because inhalation of asbestos fibers causes respiratory
diseases, in particular asbestosis, lung cancers, and malignant mesothelioma (e.qg.
[2,11-13]). Due to the pathogenicity of asbestos fibers, their use has been banned in
most countries around the world. In France, the total ban on asbestos is associated
with the decree n° 96-1133 (1997), which notably prohibits the manufacture,
processing, sale and import of asbestos fibers. At European level, the ban on asbestos
has been the subject of the directive n° 99/77/CE which should be implemented by
January, 1%, 2005 at the latest. The ban applies to natural materials that are quarried



and used for public works projects. Compliance with existing rules requires accurate
diagnosis of the asbestos or non-asbestos nature of materials likely to be exploited in

a quarry or involved in the operation of a construction site.

The use of electron dispersive X-ray spectrometry (EDS) or wavelength dispersive X-
ray spectrometry (WDS) within a scanning electron microprobe (SEM) or electron
probe microanalyzer (EPMA) to analyze asbestiform fibers of serpentines or
amphiboles present in a mineral matrix of a mineral mixture is challenging. The main
reason is the micrometric to submicrometric diameter of these fibers. In fact, under the
usual beam conditions (high voltage = 10 to 20 kV, beam current 5 to 20 nA) used in
SEM-EDS or EPMA analysis of silicate minerals, the asbestiform fiber diameter is
clearly smaller than the X-ray emission volume (approximately 1.5 — 3 um). As a result,
a portion of the X-ray emission detected is generated by the neighboring mineral grains

along with the fiber being analyzed (mixed analyses).

The Transmission Electron Microscopy (TEM) is well suited for the determination of
morphological and dimensional characteristics, and in conjunction with EDS analysis,
for chemical characteristics; and, along with electron diffraction, for crystallographic
characteristics of mineral fibers. TEM is considered as the reference method for
determining the asbestiform character of fibers in air [14,15]. However, in the case of
mineral fibers contained in a mineral matrix, the use of the TEM requires a complex
preparation including the reduction by fragmentation, sampling and milling of a
subsample (1 to 2 g), the calcination of the rock powder to remove organic matter and
then an acid attack to solubilize the constituents of the matrix such as calcite or
gypsum. The test sample (~ 20 mg) should then be mixed with water, sonicated, filtered
through a pre-metallized polycarbonate carbon membrane and covered with a second
layer of carbon before being examined. The preliminary crushing step causes many
difficulties because it can lead to excessive fragmentation of the non-asbestiform
three-dimensional amphibole crystals, and then the creation of somewhat elongated
fibriform fragments (cleavage fragments) which can be mistakenly identified as
asbestos [16]. An alternative protocol is based on thinning down a piece of the sample
by ionic beam or using a focused ion beam (FIB) in an SEM (SEM-FIB) to sample a
thin slice [17-21]. These two techniques are efficient but also difficult to achieve and
thus costly and not applicable to routine analysis. In addition, only fibers that are

elongated parallel to the surface can be investigated. EDS analysis on transmission



electron microscope can be used to analyze submicrometric fibers, but quantitative

analysis is not as precise as EPMA analysis.

Specific methods were developed for analysis of submicrometric objects included in a
matrix, such as coupling EDS/WDS measurements with Monte-Carlo simulation [22]
or development of special calculations [23], but these methods face a major challenge,
which is the knowledge of the shape of the analyzed particle (generally unknown in
the case of natural mineral particles/ fibers). Special methods based on the mix of bulk
analysis and stratified materials make it possible to produce satisfactory results in
specific cases such as grain boundary segregated phases in nickel alloys [24]. In

addition, these methods are not commercially available for routine analysis.

Lowering the high voltage to HV < 5 kV is an analytical method that seems suited to
this problem. The use of low voltage is known to notably reduce the analyzed volume
down to a submicrometric diameter [25,26]. However, this method encounters/faces
major challenges in both EDS and WDS, including the use of L (20<Z<50) and M
(2>50) lines, changes in the peak shape and position in WDS, heightened sensitivity
to surface carbon contamination, and uncertainty regarding the Mass Absorption
Coefficient (MAC) at low peak energy [27-29].

Other methods can be applied to the identification of amphiboles, such as X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR) or thermal analysis
[30]. But, these methods do not provide a morphological information needed for the
diagnosis, and as mentioned by these authors, since the amosite, crocidolite, actinolite
and tremolite are crystallographically very close together, the XRD patterns of the
amphibole minerals are similar and not really usable to differentiate amphibole
members. For thermal analysis, it can be possible to distinguish the different
amphiboles. But, in the case of our samples the objective is to work in-situ on natural
rocks (i.e. amphiboles mixed with numerous other minerals), several thermal
phenomena could occur on the same thermal range and this can significantly
complicate the analysis of the DTA (then it makes DTA not really applicable to « routine

» asbestos diagnosis).

We present a new and original in-situ approach of the asbestos diagnostic in natural
samples, based on the combined use of conventional petrographic / mineralogical
approach and the use of a fully integrated Raman-in-SEM system to perform analyses

on the same areas / amphibole fibers. This paper discusses the efficiency of this in-



situ analytical method. Conventional petrographic and mineralogical approach use
polarized light microscopy (PLM), scanning electron microscopy coupled with SEM-
EDS, and electron probe microanalysis (EPMA) for the location, morphological
description, and chemical analysis of fibrous or particulate amphiboles. The limits of
such conventional methods are discussed. The contribution and advantages of the
combination of Confocal Raman integrated into a SEM-EDS are presented as a new
in-situ method for the chemical, morphological, and structural identification and
description of extremely fine mineral fibers (diameter < 0.5 pum) contained in a natural
mineral matrix. We discuss the performance of high-resolution low vacuum Field
Emission SEM (LV-FE-SEM) in terms of imaging resolution (down to 1 nm) coupled
with EDS qualitative analysis (micrometric resolution), and high-resolution confocal
Raman Imaging (resolution close to the diffraction limit, down to 360 nm for a laser
wavelength A = 532 nm [31]). We present the data correlation that can be obtained
from the results from these techniques in the context of identification, description, and
counting of mineral fibers isolated in a natural mineral matrix. We apply this method to
multiple samples from various geological environments. We present and discuss 2D

(surface) and 3D (volume) analytical results.

2. Sampling, petrographic and mineralogical study

2.1. Sampling
Three samples were collected in France, two from the southern part of the Armorican
massif and one from the southwestern part of the Massif Central. The location of the

samples is shown on simplified geological map of France (figure 1 — after [32]).

Sample 1 was collected in the southern part of the Armorican massif from a geological
formation composed mainly of amphibolites (Pont-Léger and Boufféré Formation [33]).
These amphibolites are foliated rocks, weakly affected by greenschist recrystallization.
They are locally intersected by feldspathic veins that contain macroscopic crystals of

greenish, prismatic amphiboles.

Sample 2 comes from the southern part of the Armorican massif from a basic volcanic
complex that is more than 1000 m thick and contains underwater flows, breccias,
hyaloclastites, tuffs, cinerites, and sills [34]. In basalts, hydrothermal overprinting led

to crystallization of actinolite at the expense of magmatic pyroxenes [35,36].



Sample 3 was collected in a ten meter thick doleritic sill emplaced within Cambrian

schists in the southwestern part of the Massif Central (Monts de Lacaune [37]).

Samples were individually stored in a double bagging to avoid cross-contamination
and the spread of fibers in case of the presence of asbestos fibers. Since we have
used in-situ methods, the samples were prepared according to the usual methods in
petrography, namely the preparation of polished geological thin section. In particular,
no grinding was applied and no fiber sampling was performed to avoid any
contamination or cleavage fragment creation (that could result in an incorrect
diagnosis). Indeed, the grinding of an amphibole sample is likely to form fine and
elongated particles, of nanometric diameter, which, with the transmission electron
microscope, can easily be confused with true asbestos fibers and for which

differentiation criteria are not simple [38].

2.2. Petrographic study

The three sample were observed by polarized light microscopy (PLM) to describe the
mineralogy of the samples, and to identify areas of interest containing fibrous / fibrous-

like amphiboles. Examples of areas of interest are presented in figure 2.

Sample 1 is a dark, banded amphibolite composed of green amphibole (magnesio-
hornblende), plagioclase (andesine-oligoclase), epidote (clinozoisite), and ilmenite,
intersected by a plagioclase-amphibole vein. Matrix amphiboles form large, tri-
dimensional crystals slightly aligned and arranged flat in the banding. Morphological
characteristics of fibrous amphiboles associated with plagioclase-bearing veins are
shown on figure 2 (S1-A and S1-B). These amphiboles from the vein have fibrous
morphologies and form both moderately dissociated elongate particles and extremely

thin and sometimes curved fibrils.

Sample 2 is a hydrothermally altered basalt intersected by an amphibole-chlorite-
calcite-K-feldspar vein. Outside the vein, the sample has a pseudomorphic texture
characterized by the presence of colorless phenocrysts of clinopyroxene (diopside)
partially destabilized in amphibole. Inside the vein, the amphiboles are dispersed and

appear completely embedded in calcite and K-feldspar crystals. A view of the contact



between the hydrothermally altered basalt and the quartz-calcite- amphibole vein is
shown on figure 2 (S2-A). Clinopyroxene crystals are present in the basalt. The
amphiboles from the veins form randomly curved bundles with split ends and fibrils,

both extremely long and remarkably thin (Figure 2: S2-B).

Sample 3 is a dolerite intersected by an epidote-quartz-amphibole vein. Outside the
vein, the rock retains a recognizable doleritic texture despite a pervasive greenschist
overprint. The matrix consists mainly of crystals of altered plagioclase embedded in an
essentially chloritic background. Highly altered and partially chloritized pyroxene
crystals are preserved. The polymineralic vein appears zoned, with a quartz-epidote
central zone, that grades into an intermediate zone constituted by epidote and
amphibole (x chlorite) and then a quartz zone (x amphibole, chlorite) towards the
borders. Amphiboles from the vein form brownish, polyfilamentous bundles within the
intermediate zone and more or less elongated and thinnest bundles within the quartz
crystals of the external zones (Figure 2: S3-A). Fiber bundles regularly exhibit splitted
ends and frayed borders (Figure 2: S3-B).

2.3. Amphibole chemistry (EPMA)

The general chemical formula of the minerals of the amphibole supergroup can be
written as Ao-1B2CsTs022W2, where A = Na, K, Ca, Pb, Li; B = Na, Ca, Mn?*, Fe?*, Mg,
Li; C = Mg, Fe?*, Mn?*, Al, Fe3*, Mn3*, Cr3*, Ti#*, Li; T= Si, Al, Ti**, Be and W = (OH),
F, Cl, O%. Minor elements such as Zn, Ni2+, Co2+, V3+, Sc and Zr may also be
observed as C-site cations [39]. The amphiboles were analyzed with an electron probe
microanalyser (EPMA) CAMECA SXFive (CAMECA, Genneuvilliers, France) equipped
with five wavelength dispersive X-ray spectrometers (WDS) at BRGM (Orleans,
France). Ten chemical elements were analyzed (Si, Ti, Al, Cr, Mn, Fe, Mg, Ca, Na, K).
The operating conditions were accelerating voltage HV=15 kV and beam current
BC=12 nA. Samples were coated with carbon under secondary vacuum (thickness =
20 nm) using a CRESSINGTON 308Carbon (Cressington, Watford, UK). K Ka, Ti Ka,
Ca Ka and Cr Ka were measured on PET; Fe Ka and Mn Ka, on LiF; and Si Ka, Al Ka,
Na Ka and Mg Ka, on TAP. The phi-rho-Z method X-Phi [40] was used for quantitative
calculation. Classification of amphibole chemical analyses was done following the
2012 nomenclature recommended by the International Mineralogical Association [39].

Fe3+/ZFe, Mn3+/ZMn, OH content, and cation site assignments were determined



using the Excel spreadsheet of Locock [41]. Monte-Carlo simulation has shown
(CASINO 2.48 software [42]) that EPMA analyses are possible on fibers whose size
exceeds 2 microns in depth / width, i.e. more than 3-4 um in diameter to account for
the polishing effect on fiber dimensions. According to the nomenclature of Hawthorne
et al. [39], the analyzed amphibole fibers (larger than 3 um) are classified as calcic
amphiboles. Detailed analyses of analyzed amphiboles are given in table 1. Magnesio-
hornblende and magnesio-ferri-hornblende were mainly identified in sample 1, while
actinolite is present in the three samples. Depending of the sample, the actinolite fibers
are more or less iron-rich and magnesium-poor. The iron-rich and magnesium-poor
actinolite fibers were analyzed in the first sample (15.9-17.8 wt % and 12.5-13.1 wt %
respectively). In the others samples, the actinolite fibers have significantly lower iron
content (9.8-12.6 wt %) and higher magnesium content (15.9-18.3 wt %). SiO2, Al203
and CaO contents do not vary significantly in the three samples. TiO2, MnO, Cr203
and Na20 contents are always less than 1 %.

Sample 1 contains micron-sized fibers from which acceptable EPMA analyses can be
obtained. Conversely, in samples 2 and 3, fibers are mostly extremely thin, with a
diameter of less than 1 or 2 um. For these extremely thin and dispersed fibrils, EPMA
analyzes are often unsatisfactory from a stoichiometric point of view, because they

most likely incorporate a mixture of the analyzed fiber and matrix minerals.

Thus, the EPMA method is quite difficult to use to characterize the chemical
composition of asbestiform fibers as defined by EPA [43]. Figure 3 illustrates these
difficulties. In this figure, two fibers from sample 1, one thick (Xa) and the other quite
thin (Xf), are contained within an albite matrix. The EPMA analyzes of these two fibers
are shown in Table 2. The results obtained from the thick fiber (Xa) correspond to
actinolite analyzes. The results obtained from the fine fiber (Xf), on the other hand,
show abnormally high contents of SiO2, Al203, and Na20 and low contents of MgO,
CaO, and FeO. Thus, actinolite can be identified in Xa but not (or only with great
difficulty) in Xf.

3. SEM-EDS and Contribution of Confocal Raman imaging integrated within
SEM-EDS (RISE)

3.1. Methods



The three samples were observed under SEM using the backscattered detector
imaging (BSE) mode. SEM-EDS produces a general description of the sample (matrix,
fibers, mineralogical view of the rock), identifies the mineral matrix and areas of interest
(areas representative of the sample) for coupled SEM-Raman analysis. SEM-EDS
analysis was performed on a LV-FE-SEM TESCAN Mira 3 XMU (TESCAN, Brno,
Czech Republic) coupled to an EDAX Team (EDAX, Mahwah, USA) EDS system
(EDAX Apollo XPP Silicon Drift Detector).

Raman spectroscopy uses the principle of inelastic scattering of light (monochromatic
laser), so-called "Raman effect’. Raman spectroscopy is a nhon-destructive,
preparation-free method that can be used to study crystal chemistry and structure. It
can be easily applied to thin sections of rock. Because Raman spectra cannot be
collected from carbon coated samples, a Raman system integrated in a SEM can be
implemented only in a low-vacuum or an environmental SEM [44]. Information on local
chemistry can be obtained at a submicrometric scale using Confocal Raman
spectroscopy and Imaging [45,46]. Amphibole fibers that have the general formula Ao-
1B2CsTs022W2 can be identified by confocal Raman spectroscopy using a 532 nm laser
wavelength. Several differences are observed on the Raman spectra, depending on
the nature of the various cations filling the different sites (A, B, C, T) in the crystal

structure [47].

We conducted Raman imaging on three samples in the SEM chamber. The area of
interest was located using SEM imaging and EDS microanalysis. Then the SEM stage
was used to transfer the sample to the Raman imaging position (automated
movement). The advantage of this coupled system is the ability to conduct the different
analyses at exactly the same place and on the same fibers (assuming the fact that
nanometric fibers cannot been visualized under the optical microscope of a
conventional micro-Raman spectroscope). In this way, Raman spectral maps (2
dimensions X,Y (2D)) can be collected and analyzed to identify the mineralogical
nature of the fibers. In confocal Raman imaging, Raman spectra are collected point by
point in a 2D or 3D array consisting of ten thousands of complete Raman spectra.
Multivariate analysis tools are used to extract information from the acquired spectral
arrays [48]. Raman maps were collected on the three samples in areas previously
defined by SEM and optical microscopy. The array size, number of acquired spectra,

integration time per spectrum are listed in the corresponding figure captions.



Coupled SEM observations / Raman imaging in SEM (RISE) were performed on a
Tescan-Witec RISE microscope combining a TESCAN Mira 3 GMU LV-FE-SEM
coupled to a WITec Confocal Raman Imaging System (WITec, Ulm, Germany). The
RISE confocal Raman imaging system is equipped with a UHTS300 spectrometer, a
Zeiss 100x vacuum objective (Numerical Aperture 0.75) mounted inside the SEM
chamber, using a 532 nm laser radiation wavelength. Coupled SEM-EDS and Raman
imaging were performed on non-coated samples under low vacuum at HV = 15kV

under Nitrogen pressure P = 20 Pa.

3.2. Results
SEM-EDS:

Images of the three samples are presented in figure 4. The images were coupled with
gualitative EDS analyses. In fact, as pointed out previously for EPMA analytical
resolution, EDS resolution is the same, and the precision of EDS quantitative analysis
is much less than WDS (on EPMA). As a result, quantitative EDS analysis is not

effective for determining the amphibole nature of a thin fiber.

Figure 4 shows SEM images of different areas of the samples 1, 2, and 3, where

amphiboles are present.

Sample 1 (figure 4 a,b) has several large areas of amphibole surrounding plagioclase
with micrometric to submicrometric elongate amphibole particles. The aspect of these

elongated particles is fibrous and generally asbestiform.

In sample 2 (figure 4 c,d), numerous elongate asbestiform fibers can be observed.
Some fibers occur as bundles that measure several tens of microns wide, and some

are isolated in a K-feldspar matrix. Calcite is observed in places.

In sample 3 (Figure 4 e,f), amphibole fibers are observed within different matrix,

composed of quartz, epidote, and calcite.

2D confocal Raman imaging:

Figure 5 shows an area of sample 1 analyzed by confocal Raman imaging in SEM
(RISE). In this area, actinolite fibers are present within a matrix of albite. The width of



the actinolite fibers visible in this area ranges from large fibers of several um in

diameter to thin fibers of about 400 nm in diameter.

An area of sample 2 analyzed by Raman imaging is presented in figure 6. Sample 2
has fine fibers included in a mineral matrix identified as orthoclase by a combination of

gualitative EDS and Raman spectroscopy. Calcite is also present in this area.

The area analyzed in sample 3 (figure 7) looks like a loosely organized bundle. Thin
fibers are observed in a quartz matrix in combination with calcite particles. The aspect
ratio of these fibers is important, then the thinnest fibers can be considered as asbestos

fibers.

4. Contribution of 3D Confocal Raman imaging integrated into a SEM-EDS
(RISE)

4.1. Introduction and method
Confocal Raman imaging offers the ability to visualize three-dimensional volumes (3D)
of the different phases present in a sample. Due to the confocal setup, the focal plane
from which Raman spectra are collected can be varied, leading to an optical
nondestructive sectioning of the sample. 2D Raman images are collected from the
same sample area successively, by changing the focal plane in z-direction. The

primary limitation however is the transparency of the matrix to the laser beam.

The 3D volume analysis has several advantages. The first is the ability to describe the
particles in the volume, i.e. the true aspect ratio of the particles detected. In fact, The
PLO makes it possible to visualize fibers in a transparent volume at micrometric
resolution. In contrast, information obtained from the SEM is nanometric, and is only
two-dimensional (surface of the sample). As a result, it is not always easy to
discriminate between an elongated particle and a true asbestos fiber. 3D mapping
produces a precise description of the shape and aspect ratio of the amphibole, and it
also offers of accurately identifies the asbestos-containing character of the material. In
addition, calculations conducted on the 3D volume can be used to determine the
volume fraction of each phase. The results obtained on the three samples are

presented below.

The 3D view is obtained by collecting 2D maps equally spaced in Z. The volume is

reconstructed using ImageJ software [49].



4.2. Results
Figure 8 presents a 3D view of the area analyzed by 2D RISE (figure 5) in sample 1.
Fibers are visible but the most of them look wide. This can be explained by the
presence of a "compact” bundle of fine actinolite fibers or, more likely, the presence of
micrometric elongated crystals. In the latter case, a different technique is required to
make a determination, for example, either SEM-FIB or TEM observation on an SEM-
FIB extracted thin slice. In this case, the 3D view is a useful tool for locating the area

of TEM sample extraction.
The Raman volume analysis of sample 2 is presented in figure 9.

The actinolite fibers observed previously in the 2D volume in sample 2 appear to be
elongate with a high aspect ratio in the 3D view. This confirms that these are fiber

bundles, and the thinnest ones appear to be asbestiform.

The 3D view of the area presented in 2D on figure 10 (sample 3) shows numerous thin
fibers with no preferred orientation. The matrix is calcite with quartz. The 3D view
shows long fibers and probable fiber bundles, some of which are partially visible at the
surface, but others that are not visible. In this case, 3D is useful for revealing the

presence of fibers / fiber bundles below the surface of the sample.

5. Discussion

The identification and morphological characterization of fibrous amphiboles in a
mineral matrix is of great interest and of major importance for the extraction and
commercial exploitation of stones concerned, for prevention of the naturally occurring
asbestos (NOA) hazard, and also for safe extraction and manufacturing of building
stones and aggregates at the quarry. The chemical and morphological characterization
of very/extremely thin isolated fibers in a mineral matrix requires the use of several

microscopic and microanalysis techniques.

To address these considerations, EPMA is an efficient tool that can be used to
determine the chemistry of amphibole fibers / particles (diameter > 3 pm).
Unfortunately, the maximum diameter of asbestos fibers of amphiboles is 3 um and a

typical diameter is several hundred nanometers; as a result, EPMA can provide only



an approximate composition. Obviously, another tool is necessary to definitively

identify mineral fibers.

By extension the combination of polarized light microscopy, SEM coupled to EDS and
EPMA analyses is efficient in the identification of amphibole particles and/or fibers

larger than at least 3 um.

FE-SEM appears to be an efficient tool for the identification isolated fibers or
submicrometric objects in a mineral matrix. However, because the compositions of
amphiboles and other silicate minerals and the various members of the amphibole
group are similar, EPMA is required for a precise composition determination, including

minor and trace elements.

The use of a SEM coupled to EDS analysis (or EPMA) is an effective way to observe
and describe the morphology of actinolite or other elongate amphibole particles in a
mineral matrix. However it is inadequate for a complete and indisputable risk diagnosis,
because EDS or WDS spatial resolution is not high enough to analyze the
submicrometric diameter of asbestos fibers.

Raman spectroscopy is applied to the analysis of asbestos by different authors. In the
case of serpentines, Raman spectroscopy is able to differentiate chrysotile (only
fibrous, i.e. asbestos) and lizardite or antigorite (usually not fibrous, i.e. not asbestos)
[50-52]. However, fibrous antigorite can occasionally be found [53]. In this case, a
morphological characterization by a microscopy of nanometric resolution (i.e. SEM or
TEM) is necessary for a complete diagnosis. For amphiboles, the problem is more
complex, because each variety of amphibole classified asbestos can exist as massive
crystal or asbestiform fibers. As mentioned by Bard et al [54], the use of Raman
spectroscopy does not, on its own, make it possible to differentiate a massive
amphibole from an asbestos amphibole. In this case, the use of Raman spectroscopy
with an optical microscope does not allow a complete diagnosis, a morphological
characterization by a microscopy of nanometric resolution (i.e. SEM or TEM) is then
required for a complete diagnosis The use of Confocal Raman imaging in SEM (RISE)
is an efficient solution to this problem. SEM shows the morphology of actinolite (or
other amphibole) fibers, EDS gives an approximate composition, and high resolution.

Raman analysis (up to 360 nm @ A=532nm [31]) let the analyst confirm the



mineralogical nature of the fibers [47,55] and determine whether this mineral is on the

list of regulated asbestos mineral fibers.

RISE microscopy also makes it possible to obtain a 3D view of the distribution of each
mineral that is present in a volume of several thousand cubic micrometers. This 3D
view can be used to determine the elongation/diameter ratio, a decisive parameter for
the "asbestiform" nature of an amphibole particle. This is in fact one of the three
diagnostic criteria for asbestos (along with chemistry and crystallography, provided by
SEM-EDS and Raman spectroscopy, respectively). Moreover, the 3D view obtained
by RISE can reveal the presence of subsurface fibers through a non-destructive

analytical determination.

This approach can also be used to meet various needs of the extractive industry. The
nature and shape of fibers is a valuable indicator of the fiber emission risk during any
step of the aggregate production process (as an example, amphibolite rocks are widely
used for roadway construction or as ballast in railroad construction). The 3D view is
also the initial step in the determination of the volume content of asbestos fibers in a

rock (metal ore, for example).

6. Conclusion

This paper presents a new in-situ analytical method for the identification of asbestos
fibers in their natural state in rocks, based on a combination - within the same analytical
system - of SEM-EDS and confocal Raman imaging in the SEM (RISE). The integration
of a confocal micro-Raman system in a SEM makes it possible to determine a precise
location and to analyze the exact same area by both SEM-EDS a Raman. The spatial
resolution of a confocal Raman microscope is much higher than that of EDS and makes
it possible to identify mineral fibers thinner than 400 nm in diameter, which is sufficiently

accurate for amphibole fibers identification.

The combination of SEM-EDS and confocal Raman imaging leads to a precise in-situ
diagnosis of the nature and morphology of amphiboles fibers contained in a mineral
matrix, by determination of their mineralogical nature and their asbestiform (or non-
asbestiform) morphology, i.e. the determination of the three criteria required to
conclude to the presence of asbestos. This diagnosis is performed on polished



sections or geological thin sections and any fibers sampling or rock grinding is avoided
to eliminate the risk of any contamination and creation of cleavage fragments that could
result in an incorrect diagnosis. The use of this combined system makes it possible to
perform an accurate in-situ diagnosis on the health risk of rocks that contain
amphiboles. This method makes it possible to carry out a diagnosis prior to any

operation likely to suspend the asbestos fibers in the atmosphere.

In addition, the 3D volume analysis by Raman can be done in the SEM, due to the
confocality of the system. The 3D analysis makes it possible to visualize amphibole

fibers below the surface.
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