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Abstract: Naturally occurring asbestos (NOA) represents a matter of social and environmental
concern due to its potential release in the atmosphere during rock excavation and grinding in quarry
and road tunnel activities. In most cases, NOA occurs in serpentinites, i.e., rocks deriving from
low-grade metamorphic hydration of mantle peridotites. The potential release of asbestos fibers from
serpentinite outcrops depends on several features, such as serpentinization degree, rock deformation,
weathering, and abundance of fibrous veins. In this study, we selected a set of serpentinite samples
from a representative outcrop in Tuscany (Italy), and we analyzed them by Optical, Scanning, and
Transmission Electron Microscopies. The samples were treated by grinding tests following the
Italian guidelines Decrees 14/5/96 and 152/2006 for the determination of the Release Index (RI),
i.e., the fiber amount released through controlled crushing tests. The fine-grained powder released
during the tests was analyzed by quantitative Fourier transform infrared spectroscopy (FTIR) to
determine the variety and the amount of released fibers and to assess the potential hazard of the
different serpentinite samples. Results indicate that the amount of released fibers is mostly related to
serpentinite deformation, with the highest RI values for cataclastic and foliated samples, typically
characterized by widespread occurrence of fibrous veins. Conversely, massive pseudomorphic
serpentinite revealed a very low RI, even if their actual chrysotile content is up to 20–25%. Based on
our original findings from the RI results, a preliminary investigation of the outcrop at the mesoscale
would be of primary importance to obtain a reliable hazard assessment of NOA sites, allowing the
primary distinction among the different serpentinites lithotypes and the effective fiber release.

Keywords: asbestos; NOA; serpentinites; fibrous vein; abrasion tests; release index; FTIR

1. Introduction

The term “asbestos” refers to a group of silicate minerals, in particular chrysotile
Mg3Si2O5(OH)4, the fibrous variety of serpentine, and five amphiboles: grunerite (Fe,
Mg)7Si8O22(OH)2 (commercial name amosite), riebeckite Na2(Fe,Mg)5Si8O22(OH)2 (com-
mercial name crocidolite), anthophyllite (Mg,Fe)7Si8O22(OH)2, tremolite Ca2Mg5Si8O22(OH)2,
and actinolite Ca2(Mg,Fe)5Si8O22(OH)2. Asbestos minerals have fibrous habit (i.e., lower
than 3 µm in diameter and more than 5 µm in length) and are characterized by unique
physical, chemical, and mechanical properties. Their unique properties explained the past
extensive use of asbestos in a wide range of applications (e.g., [1–4]). Asbestos has been
widely used in construction industries due to physical properties such as sound absorption
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and thermal insulation (e.g., [1,5]). Cement–asbestos is a composite material where asbestos
fibers are included within a cement matrix, and it has been extensively used in roofing and
other building components (e.g., [6–8]). Asbestos has been also used in plastic materials
and in the textile industry as a structural stability agent [9].

The huge and widespread occurrence of asbestos-containing materials and, subse-
quently, of related wastes (ACM and ACW, respectively) now represents a serious environ-
mental and health problem, since it is well known that the inhalation of asbestos fibers is
responsible for asbestosis and pleural cancer (e.g., [10–17]). Asbestos use has been therefore
regulated and/or banned in many countries by the International Ban Asbestos Secretariat,
and main efforts are now dedicated to accurate monitoring of potentially harmful occur-
rences and to ACM/ACW safe management. The potential hazard of specific occurrences
and samples can be evaluated by (1) quantitative determination of airborne particulate,
following the procedures of [18], which is mostly applied to the case of potentially exposed
workers, and (2) quantitative determination of asbestos content in massive samples [19].
In the case of the industrial materials (both ACM and ACW), the identification and the
quantification of asbestos fibers does not pose any analytical problem since the fibers are
chemically and mineralogically distinct from the matrix in which they are included (for
example a Ca-silicatic cement or a polymeric matrix).

The main problem in ACM and ACW management is represented by the enormous vol-
umes involved, which require complex and costly treatments and/or removal and disposal
in controlled landfills. However, we must keep in mind that asbestos fibers may also occur
in natural occurrences [20–24]. The study of massive rocks is more complex than synthetic
ACM, and even a correct fiber identification may be complicated by intrinsic difficulties,
arising from analytical resolution limits and from typical mineralogical–microstructural
characteristics of asbestos-bearing rocks. The Italian Ministerial Decree of 14 May 1996 [19]
reports a list of asbestos-bearing rocks and defines the procedures for monitoring and
risk assessment of naturally occurring asbestos (NOA) sites. Serpentinites are the most
common lithologies hosting asbestos fibers (chrysotile and, subordinately, tremolite, antho-
phyllite, and/or actinolite amphiboles), finely intermixed with the equivalent non-fibrous
phases. As an example, a massive retrograde serpentinite, with typical mesh and bastite
pseudomorphic textures, is formed by a nanoscale mixture of chrysotile fibers and lizardite
lamellae, together with polygonal and polyhedral serpentine (e.g., [25–29]). This complex
nanostructure, with fibrous and non-fibrous serpentines finely intergrown, may severely
complicate an accurate identification of the different serpentine polymorphs.

Optical polarizing microscopy and scanning electron microscopy (SEM) are relatively
fast and easy methods; in most cases, they provide a reliable asbestos identification, but
their resolution limits hamper an accurate and precise quantification of asbestos fibers.
Chemical approaches (such as X-ray spectroscopy coupled with SEM) are also failing, as
the compositional differences between chrysotile and non-fibrous serpentines are mini-
mal, and they are lost when analyzing mixed, polymineralic volumes [24]. Conventional
X-ray diffraction methods do not provide unequivocal answers in the case of bulk serpen-
tinite samples [30], as well. As a matter of fact, the differences in diffraction patterns of
lizardite and chrysotile (possibly complicated by the concomitant occurrence of polygo-
nal and polyhedral serpentine) are very subtle and are lost when analyzing a polyphasic
bulk sample. The only successful technique would be transmission electron microscopy
(TEM), whose spatial resolution allows the detection of nano-sized serpentine fiber and
crystals/lamellae [31]. Unfortunately, TEM cannot be considered as a routine technique for
the identification (and quantification) of asbestos fibers, being considerably complex and
time-consuming. Promising analytical perspectives for fiber identification as well as for
quantitative purposes are represented by Raman and Infrared spectroscopies [32–38] and
thermal analysis [39–41]. These methods seem to be successful in serpentine polymorphs’
discrimination, allowing the obtainment of calibration curves using controlled mixtures
of chrysotile + lizardite and chrysotile + antigorite standards, and providing relatively
accurate quantitative estimates of the chrysotile content [40].
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Some authors suggest a different approach to NOA hazard assessment, based on
the hypothesis that the fiber content (and their potential release) in massive, undeformed
samples rarely exceeds the contamination threshold for the Italian laws [42]. Giacomini
et al. [21], Labagnara et al. [43], and Gaggero et al. [22] report quantitative field survey and
geomechanical analyses of shear zones, fracture, and vein occurrences in Ligurian ophiolite
outcrops, indicating possible analytical protocols for asbestos reliable estimations in natural
occurrences and samples. The key feature when dealing with NOA is not the actual fiber
content but the effective fiber release, especially during excavation and grinding processes
in quarries, roads, and tunnels (e.g., [21,22,43]). The abovementioned Decree 14/5/96 [19]
also introduced the Release Index (RI), which indicates the number of fibers released by
natural massive samples during controlled mechanical wear tests [44]. However, no release
test data are available to date. For this purpose, we performed an RI test on a selected set of
serpentinite samples from Tuscany (Italy), characterized by different microstructures and
variable deformation extent, aiming to (a) find a correlation between field/petrographic
evidence and actual asbestos release and (b) suggest a reliable strategy for risk assessment
in the complex case of natural occurrences. This work aims therefore to contribute and
strengthen the multi-analytical approach from the field to the lab scale. Indeed, in our
opinion the multi-analytical approach represents the most reliable way to assess the actual
asbestos hazard of specific natural occurrences, combining engineering-geological and
laboratory expertise.

2. Materials and Methods
2.1. Geological Occurrence and Serpentinite Samples

The study area is located in the eastern part of the Tuscany Region (Italy), into the
surroundings of the Rognosi Mounts, Arezzo province (Figure 1). The Rognosi Mounts
represent the product of the NE-verging Northern Apennines fold and thrust belt devel-
oped because of Cenozoic collision between the Corso–Sardinian block and the Adriatic
plate [45,46]. In particular, the Ligurian Units are allochthonous terrains scraped off from
Alpine Tethys oceanic crust, and they correspond to the uppermost tectonic units in the
Apennine nappe pile. These units were thrusted from west to east over the developing
thrust wedge, which progressively incorporated tectonic units deposited as Miocene sili-
ciclastic turbidite sequences in the Adriatic foredeep [47,48]. Consequently, the Ligurian
Units are tectonically superposed onto the Miocene turbidites, which, in the study area,
are represented by the Falterona Sandstones. The geology of the study area includes
Middle Jurassic–Lower Cretaceous magmatic and sedimentary rocks [49,50]. This unit
includes peridotites, gabbro dykes, basalts, and ophiolitic breccias that are overlain by
Upper Jurassic radiolarite (Diaspri Formation Auct.), Lower Cretaceous Calpionella Lime-
stone, and Palombini Shale Formations, the latter grading upwards into the Aptian to
Eocene Sillano Formation, in turn followed by the Eocene Monte Morello Formation. This
stratigraphic succession continues with the Argille Varicolori Formation and ends with the
Monte Senario Sandstone Formation, testifying the foredeep evolution of the sedimentary
basin [50]. In the present study, we carefully analyzed and sampled 15 different serpentinite
outcrops, as reported in Figure 1. The investigated samples (name, lithotype, and experi-
mental determinations) are shown in Table 1. Ten samples (from “1S” to “10S”), located in
the Coreca area (Calabria Region, Italy), are used for comparison (Figure 2). In this area,
the Apennine Unit (Triassic dolostone and dolomitic limestone) is overthrusted by the
ophiolitic sequences (belonging to Gimigliano-Monte Reventino Units) [51,52]. Calabrian
samples belong to the Gimigliano-Monte Reventino Units, consisting of serpentinites,
metabasalts, metagabbros/metadolerites with a metasedimentary cover represented by a
sequence of marble and calcschists and quarzites [53,54]. The metamorphic units are sealed
by the Miocene sedimentary sequences consisting of calcareous sandstones, calcarenites,
clays, marls, and Messinian limestone (“Calcare di base”). Pleistocene terraced deposits,
consisting of conglomerates and sands, outcrop at the top of the succession [51].
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Figure 1. Serpentinite outcrops, sample location (coordinate system: Gauss-Boaga, west zone) and
geological map (adapted from Db Geologico Regionale [55]).

Table 1. List of samples and corresponding analyses. Asbestos quantification after wear tests has been
determined by FTIR and SEM counting, for the Monti Rognosi and Calabria samples, respectively.

# Sample Lithotype Optical
Microscopy SEM/EDS

Wear Test and
FTIR Analysis or
SEM Counting

1 MtRog_01 Massive serpentinite X X X
2 MtRog_02 Cataclasite X X X
3 MtRog_03 Massive serpentinite X X X
4 MtRog_04 Cataclasite X X X
5 MtRog_05 Serpentine veins X X X
6 MtRog_06 Serpentine veins X X
7 MtRog_07 Cataclasite X X X
8 MtRog_08 Serpentine veins X X
9 MtRog_09 Massive serpentinite X X
10 MtRog_10 Serpentine veins X X
11 MtRog_11 Massive serpentinite X X
12 MtRog_12 Massive serpentinite X X

13 MtRog_13

a = massive serpentinite (dunitic
protolith); b = massive serpentinite;

c = foliated serpentinite with
pseudofibrous vein

X X

14 MtRog_14

a = massive serpentinite; b = antigorite
and tremolite veins; c = foliated

serpentinite with sigmoidal chrysotile
veinlets

X X

15 MtRog_15 a = massive serpentinite; b = cataclasite;
c = splintery antigorite vein X X

16 1S Massive serpentinite X X X
17 2S Massive serpentinite X X X
18 3S Massive serpentinite X X X
19 4S Massive serpentinite X X X
20 5S Massive serpentinite X X X
21 6S Massive serpentinite X X X
22 7S Massive serpentinite X X X
23 8S Massive serpentinite X X X
24 9S Massive serpentinite X X X
25 10S Massive serpentinite X X X

The Monti Rognosi outcrops allow a wide variety of serpentinite lithotypes to be inves-
tigated, characterized by different serpentinization degree, weathering, and deformation
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extent and mechanism. The first lithotype is represented by typical massive serpentinites
(MS in Figure 3), unaffected by deformation and weathering processes. MS samples consist
of a fine-grained, dark green matrix with pale green lamellae up to 5 cm wide in size,
corresponding to mesh and bastite retrograde pseudomorphic textures after olivine and
pyroxene, respectively. In some outcrops, bastites are absent, suggesting local dunitic pro-
toliths. From a mineralogical point of view, meshes consist of lizardite-rich rims and cores,
these last formed by a random ultrafine association of lizardite lamellae, chrysotile and
polygonal serpentine fibers, and poorly crystalline serpentine. This ultrafine association of
different serpentine varieties also occurs in bastite lamellae.
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serpentinites (CS), dominated by brittle fracturing and grain size reduction.
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The second lithotype is represented by scaly, foliated serpentinites (FS in Figure 3),
characterized by lens-shaped bodies of dark green massive serpentinite MS (from meter
to millimeter in size), surrounded by pale green, fibrous, and splintery serpentine veins.
Foliated serpentines result from deformation processes dominated by pressure solution
mechanisms mostly involving mesh cores [56], followed by precipitation of fibrous and
pseudofibrous serpentines in shear corridors and veins. Serpentine veins and envelopes
may consist of fibrous chrysotile (i.e., asbestos), polygonal serpentine, or antigorite (i.e., ser-
pentine varieties that are not classified as asbestos minerals), and rarely, fibrous amphibole
(i.e., asbestos). The third lithotype corresponds to serpentinites deformed with a predom-
inant brittle cataclastic mechanism (CS in Figure 3). Both MS and FS lithotypes may be
involved in cataclastic fracturing, resulting in poorly coherent samples, with random clasts
of MS, FS, and serpentine veins, embedded within a fine-to-ultrafine serpentine matrix.

2.2. Release Index Determination: Experimental Details

Mechanical stresses during handling operations and excavation were simulated using
a mechanical apparatus, which allows the production of fine particles from the chipping
and the abrasion processes on the rock materials [23]. In detail, following the Italian
legislation [19], grinding tests were carried out using a mechanical apparatus consisting of
a steel rotary cylinder with a diameter of 300 mm, an axial length of 400 mm, and a rotation
speed equal to 50 rpm [57] (Figure 4). Rock samples for the grinding test were prepared
following the Italian legislation guidelines (stone fragments with size of 5–50 mm, sample
weight equal to 0.5 kg), and the self-milling duration was set to 4 h. Upon completion of
the grinding test, the material was filtered (sieve pass equal to 1 mm) and oven-dried for
12 h at 105 ◦C. All the steps of the analysis procedure, such as the selection of the sample,
rock fragments preparation, extraction of the grinding material from the apparatus, sample
filtration, and the drying phase, were carried out using adequate protection devices and
under a fume hood, to prevent the operator from the exposure to asbestos fibers.

Geosciences 2024, 14, 210 7 of 17 
 

 

 
Figure 4. Grinding test mechanical apparatus scheme: (A) steel cylinder; (B) rotating rollers; (C) 
tilting of the cylinder through the hand screw; (D) security grid; (E) faucet with valve. 

2.3. FTIR Method for Asbestos Quantification 
FTIR analysis was carried out on reference samples (e.g., tremolite, serpentine 

polymorphs: chrysotile, antigorite, lizardite), on mixtures of the reference samples with 
known concentrations, and on selected serpentinites from the Monti Rognosi outcrops 
(Table 1). Data were obtained by a Spectrum 100 FTIR spectrometer (PerkinElmer, 
Waltham, MA, USA) using a mixture of powdered sample (obtained after the grinding 
test) and KBr in a ratio of about 3:300. The sample/KBr mixture was put into a steel 
cylinder and placed under a press (10 tons) for about 5 min, obtaining compact and 
transparent pellets [58,59]. Before data acquisition, the pellets were kept in an oven 
overnight (at approximately 100 °C) to eliminate adsorbed atmospheric humidity. Semi-
quantitative assessment of asbestos concentrations in NOA samples was carried out 
through the application of calibration curve method [60], applied to the most suitable IR 
peaks (e.g., OH stretching signals; [61]). 

3. Results 
3.1. Petrographic Description of Massive, Foliated, and Cataclastic Serpentinites 

Under polarizing microscope, MS revealed typical retrograde pseudomorphic 
textures. Serpentinization starts along olivine microcracks, with the crystallization of 
lizardite “columns” (grey rims in Figure 5a), oriented perpendicular to the rim boundary, 
and of magnetite (opaque micrograins in Figure 5a, aligned along the rim boundaries). 
The orientation of lizardite columnar crystals is responsible for the typical “wavy” 
extinction of rims. Mesh cores (Figure 5b), deriving from successive fast hydration, are 
microgranular or cryptocrystalline, being formed by fine–ultrafine random association of 
different serpentine varieties (both fibrous and non-fibrous). As stated above, this 
complex ultrafine association occurs also in bastitic lamellae (arrow in Figure 5c), deriving 
from ortho- and clinopyroxene crystals. In most cases, peridotitic minerals are completely 
replaced by serpentine minerals, except for some patches where abundant relics of olivine 
(yellow cores in Figure 5a), ortho- and clinopyroxenes are still preserved, together with 
spinel anhedral grains. Figure 5c shows an example of hourglass texture, i.e., a sort of 
mesh texture in which cores were not formed: olivine serpentinization resulted only in 

Figure 4. Grinding test mechanical apparatus scheme: (A) steel cylinder; (B) rotating rollers; (C) tilting
of the cylinder through the hand screw; (D) security grid; (E) faucet with valve.

2.3. FTIR Method for Asbestos Quantification

FTIR analysis was carried out on reference samples (e.g., tremolite, serpentine poly-
morphs: chrysotile, antigorite, lizardite), on mixtures of the reference samples with known
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concentrations, and on selected serpentinites from the Monti Rognosi outcrops (Table 1).
Data were obtained by a Spectrum 100 FTIR spectrometer (PerkinElmer, Waltham, MA,
USA) using a mixture of powdered sample (obtained after the grinding test) and KBr in
a ratio of about 3:300. The sample/KBr mixture was put into a steel cylinder and placed
under a press (10 tons) for about 5 min, obtaining compact and transparent pellets [58,59].
Before data acquisition, the pellets were kept in an oven overnight (at approximately 100 ◦C)
to eliminate adsorbed atmospheric humidity. Semi-quantitative assessment of asbestos
concentrations in NOA samples was carried out through the application of calibration
curve method [60], applied to the most suitable IR peaks (e.g., OH stretching signals; [61]).

3. Results
3.1. Petrographic Description of Massive, Foliated, and Cataclastic Serpentinites

Under polarizing microscope, MS revealed typical retrograde pseudomorphic tex-
tures. Serpentinization starts along olivine microcracks, with the crystallization of lizardite
“columns” (grey rims in Figure 5a), oriented perpendicular to the rim boundary, and of
magnetite (opaque micrograins in Figure 5a, aligned along the rim boundaries). The ori-
entation of lizardite columnar crystals is responsible for the typical “wavy” extinction of
rims. Mesh cores (Figure 5b), deriving from successive fast hydration, are microgranular or
cryptocrystalline, being formed by fine–ultrafine random association of different serpentine
varieties (both fibrous and non-fibrous). As stated above, this complex ultrafine association
occurs also in bastitic lamellae (arrow in Figure 5c), deriving from ortho- and clinopyroxene
crystals. In most cases, peridotitic minerals are completely replaced by serpentine minerals,
except for some patches where abundant relics of olivine (yellow cores in Figure 5a), ortho-
and clinopyroxenes are still preserved, together with spinel anhedral grains. Figure 5c
shows an example of hourglass texture, i.e., a sort of mesh texture in which cores were not
formed: olivine serpentinization resulted only in columnar lizardite crystallization, whose
orientation is responsible for the characteristic “hourglass” extinction mode.

For the purposes of this study, it is remarkable that chrysotile fibers are widespread
also in massive serpentinites, within mesh cores and bastites, up to approximately 25% [39].
However, we also remark that this value is to be considered as purely indicative, due
to the possible macro- and micro-scale variability of massive serpentinites (for example,
relative core vs. rim development, bastite abundance, as well as frequency of sigmoidal
fibrous microveins, see below). Figure 6a,b refer to lens-shaped portions occurring in
foliated serpentines and show the almost complete disappearance of mesh cores due to
preferential pressure solution and the progressive evolution of mesh rims to isoriented
lizardite “ribbons”. The other consequence of pressure solution processes is the pervasive
precipitation of fibrous and pseudofibrous serpentine in veinlets, corridors, shear zones,
from micrometer to meter thick. Figure 6c shows a typical example of chrysotile sigmoidal
veinlets, cutting both mesh, hourglass and bastites pseudomorphic textures. Chrysotile
fibrous veins are easily recognizable at the petrographic observation due to their exception-
ally high birefringence color, up to red–light blue tones. Figure 6d refers to a different kind
of serpentine vein, predominantly consisting of polygonal serpentine fibers and resulting
from crack and seal crystallization mechanisms [56,62]. As stated above, other common
serpentine veins are those formed by predominant antigorite, in tiny lamellae elongated
parallel to shear direction (Figure 7). We remark therefore that the extent of pressure
solution processes and the subsequent precipitation of new serpentines are fundamental to
determine the overall fiber content in a specific serpentinite outcrop.

Both MS and FS lithotypes may be affected by brittle fracturing, resulting into cataclas-
tic serpentinites CS (Figure 8a), where fragments of meshes (Figure 8b), bastites (Figure 8c),
and serpentine veins are embedded within a fine-to-ultrafine matrix of serpentine grains.
Usually, cataclastic serpentinites (CS) are poorly coherent. Therefore, if cataclasis has
involved serpentinites with abundant fibrous veins, we may reasonably expect, for this
kind of lithotype, the highest potential of fiber release.
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Figure 7. SEM images (both backscattered, BSE, and secondary electrons, SE) of different pale green
veins and shear zones, surrounding massive dark green serpentinites: (a) Chrysotile isoriented fibers
from a monomineralic sigmoidal vein, up to 500 µm thick; (b) Chrysotile long fibers from a larger
shear zone; (c) Antigorite lamellae from a splintery pale green vein; (d) Tremolite fibers in irregular
veins and patches within cataclastic serpentinites.
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3.2. Grinding and FTIR Tests Results

Abrasion test, density (g/cm3), bulk density (g/cm3), relative density (%), and Release
Index results are shown in Table 2.

Table 2. Abrasion test, density (g/cm3), bulk density (g/cm3), relative density (%), and Release Index
results from the FTIR analysis related to the collected samples.

Sample Lithotype Starting
Weight (g)

Final
Weight (g)

Powder
Weight (g)

Density
(g/cm3)

Bulk
Density
(g/cm3)

Relative
Density

(%)

Release
Index (-)

MtRog_01 MS 500.62 478.07 22.55 2.70 2.65 98 0.01
MtRog_02 CS 500.32 469.05 31.27 2.75 2.54 92 0.76
MtRog_03 MS 500.20 462.20 38.00 2.66 2.56 96 0.20
MtRog_04 CS 500.50 437.86 62.64 2.71 2.52 93 0.66
MtRog_05 FS 500.15 410.70 89.45 2.73 2.54 93 0.53
MtRog_06 FS 500.22 360.86 139.36 2.67 2.49 93 0.00
MtRog_07 CS 500.48 432.62 67.86 2.71 2.59 95 0.58
MtRog_08 FS 500.12 487.50 12.62 2.68 2.60 97 0.00
MtRog_09 MS 500.34 475.26 25.08 2.72 2.61 96 0.00
MtRog_10 FS 500.65 479.80 20.85 2.81 2.65 94 0.01
MtRog_11 MS 500.23 481.10 19.13 2.70 2.60 96 0.00

The samples are relatively constant in terms of density, with minimum and maximum
values of 2.66 g/cm3 (MtRog_03) and 2.75 g/cm3 (MtRog_02), respectively. The same
considerations can be extended to the bulk density results, with the minimum value equal
to 2.49 g/cm3 (MtRog_06) and the maximum value equal to 2.65 g/cm3 (MtRog_01 and
MtRog_10). Relative density values range from 92% (MtRog_02) to 98% (MtRog_01). The
last column in Table 2 reports the RI determinations obtained by FTIR quantitative analysis
on the powders released during wear tests. The highest values of RI are always related to
cataclastic serpentinites (CS), with values ranging from 0.58 to 0.76 (Table 2 and Figure 9).
It is worth noting that massive serpentinites (MS) systematically provide the lowest values
of the release index (often close to zero), indicating that this kind of lithology does not
release asbestos fibers. The case of foliated samples is more complex, showing both values
typical of massive serpentinites (RI close to zero) and higher values, approaching those of
cataclastic serpentinites. We suggest that this variability reflects the strong heterogeneity of
hand samples, where massive lenses of serpentinite are surrounded by fibrous, splintery
veins, at any scale (from the outcrop to the micron scale).
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represents data within the first and the third quartiles; the dot symbol represents the mean value; the
line within the box represents the median value.
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For comparison, the Release Index values obtained for massive samples from different
outcrops (Calabria serpentinites) and using a different counting method (traditional SEM
fiber counts on the released powder fraction) are reported in Table 3. These results con-
firm that, independently from the outcrops and the methodological method, undeformed
massive serpentines have a very low RI (Figure 10).

Table 3. Abrasion test, relative density (%), and Release Index results from the optical analysis related
to the Calabria collected samples.

Sample Lithotype Starting
Weight (g)

Final Weight
(g)

Powder
Weight (g)

Release
Index (-)

1S MS 502.20 394.13 108.07 0.03
2S MS 501.80 473.06 28.74 0.00
3S MS 503.40 449.00 54.40 0.04
4S MS 509.77 408.07 101.7 0.07
5S MS 503.74 487.11 16.63 0.00
6S MS 506.07 420.63 85.44 0.04
7S MS 510.80 421.15 89.65 0.01
8S MS 505.37 483.54 21.83 0.00
9S MS 505.50 472.50 33.00 0.02
10S MS 502.40 480.04 22.36 0.03
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4. Discussion

In this paper, we studied a set of serpentinite samples characterized by different ser-
pentinization degree, deformation extent, and style, to establish their potential asbestos
hazard. Preliminary investigation allowed us to identify three main lithotypes that are
common in every retrograde serpentinite outcrop around the world: (1) massive pseudo-
morphic serpentinites; (2) foliated serpentinites, formed by pressure-solution deformation
mechanisms, followed by fibrous serpentine precipitation in veins and shear corridors;
(3) cataclastic serpentinites, dominated by brittle fracturing and grain size reduction. It
is worth noting that brittle cataclastic deformation may affect both massive serpentinites
(where chrysotile fibers are ultrafinely associated to non-fibrous serpentines) and foli-
ated serpentinites (where chrysotile fibers occur in monophasic veins). We remark that,
differently from MS and CS, foliated serpentinites (FS) are characterized by a strongly
heterogeneous microstructure and mineralogy, being formed by pods and lenses of MS
(ultrafine compact association of different serpentine polymorphs) and monomineralic
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veins and corridors (that may consist of chrysotile or chrysotile + polygonal serpentine or
antigorite). This heterogeneity occurs at the outcrop scale (with chrysotile fibrous veins
up to 5 cm wide) down to the micron scale (e.g., see Figure 6c). This feature may strongly
complicate sample representativeness. In all cases, our study confirms that the amount,
distribution, and release potential of chrysotile fibers in the environment is mostly driven
by deformation style and extent, with a hypothetical increasing hazard scale from massive
serpentinite, foliated serpentinite, and cataclastic serpentinite. In this context, a first attempt
towards the assessment of the asbestos hazard related to a generic serpentinite outcrop has
been carried out by Gaggero et al. [22], with a modified version of the UNI EN ISO 14689-1
protocol (“Indagini e prove geotecniche—Identificazione e classificazione delle rocce”) [22]
that considers the geometry relationships between vein networks and the undisturbed
outcrop volume. These authors suggest a protocol that overcomes the Italian guidelines [19]
and that includes the engineering geology and geological characterization of outcrops by
mineralogical, petrological, and geotechnical analyses, with the quantitative determination
of the asbestos in bulk samples. As stated in the Section 1, however, a reliable hazard
assessment of NOA should consider the number of fibers that could actually be released
in the environment. This can be performed through quantitative estimates of the released
powders after normalized wear tests (release index determination).

Systematic determinations of the Release Index for a representative set of serpentinite
samples were not available so far. Our paper filled this gap, providing a comprehensive RI
dataset for the main lithotypes occurring in retrograde serpentinites. RI results confirm
our hypothetical hazard scale, with the highest RI for cataclastic serpentinites showing
abundant “clasts” of fibrous and splintery veins (i.e., foliated serpentinites that experienced
subsequent brittle deformation). We remark that all CS samples always provided high RI
values, well above the normative limits (RI threshold equal to 0.1) [19]. Conversely, the RI
data for FS are quite inhomogeneous, with values close to zero or close to those expected for
CS. This variability is probably due to the intrinsic heterogeneity of FS samples, as detailed
above. The most important result, however, comes from massive, undeformed serpentinites.
In fact, disregarding the actual occurrence of chrysotile fibers in pseudomorphic textures
(up to 25%), massive serpentinites do not release fibers. This means that a homogeneous
and undeformed outcrop of massive serpentinite could be excavated and quarried with
close to zero hazard. The absence of asbestos fibers in the released inhalable powders
can be explained by considering the ultrafine, close association of fibrous and non-fibrous
serpentines. In other words, the compact and interpenetrated nanostructure of chrysotile
fiber + lizardite lamellae in meshes and bastites hampers the release of single isolated (and
then inhalable) fibers, even during wearing.

Future study will be dedicated to the realization of a detailed standardized procedure
for asbestos hazard assessment in retrograde serpentinitic outcrops. The study will include
a mesoscale quantitative analysis with areal and volumetric estimations of MS, FS, and CS.
Starting from a terrestrial photogrammetric survey [63], the interpretation of the produced
digital surface model and orthophoto will allow to carry out a geostatistical analysis of joint
number, length, and frequency. It will be based on the ‘P’ system, introduced by Dershowitz
and Herda [64], with the aim of proposing a possible hazard threshold on asbestos fibers
release between massive and cataclastic outcrops. Moreover, the procedure for asbestos
hazard assessment will include: (1) petrographic investigation of the main lithologies;
(2) mineralogical characterization of fibrous and pseudofibrous veins; (3) asbestos fibers
identification and quantification in released inhalable fraction, only for the most critical sites.
Such a reasonable and non-alarmistic approach represents the only viable way to obtain an
overall picture of the potential hazard of serpentinite outcrops, expanding our attention
and our experimental efforts from the hand-sample to the meso- and regional scales.

5. Conclusions

This study provides new insights into the correlation among mineralogy, petrography,
deformation features of a serpentinite outcrop, and its asbestos Release Index. Preliminary
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geological and minero-petrographic survey of the study area allows us to identify three
main lithotypes with different serpentinization degree, deformation extent, and style. We
remark that the three lithotypes (i.e., massive, foliated, and cataclastic serpentinites) occur
in all retrograde serpentinites around the world, and they can therefore be considered as a
sort of representative “end members”, at least for the purpose of this paper, which is the
evaluation of asbestos hazard in the NOA context.

The most important conclusion of our study is the experimental demonstration that
undeformed massive serpentinites do not represent an asbestos hazard, since they have an
RI systematically close to zero, disregarding the fact that they contain up to 25% chrysotile
fibers. This specific result should represent the common starting point to establish the best
procedure for accurate assessment of asbestos hazard in retrograde serpentinite outcrops.
Our results strengthen previous studies that have suggested mesoscale geomechanical
analysis as the most reliable way for asbestos hazard evaluation.
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