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Abstract. In today’s global market, the movement of raw materials and goods in the free global market can
lead to unintended consequences. One significant concern is the potential presence of contaminants and car-
cinogens, particularly when products originate from regions with less strict regulations and enforcement. This
issue is particularly pertinent in the natural raw materials utilized in the global building materials market, where
contamination by asbestos minerals can occur. Therefore, the screening of natural raw materials for asbestos
content is crucial to mitigate the risk of exposure to carcinogens for both workers and the general public. In
this study, we examine a challenging case involving a smectite–kaolinite clay from Gomsiqe–Puka, Albania,
possibly containing mineral fibres. Detection and quantification of asbestos in this material push the boundaries
of current experimental methods. Using transmission electron microscopy (TEM), micro-Raman spectroscopy,
and electron probe microanalysis (EPMA), we identified the presence of asbestos tremolite, along with a rare
fibrous variety of diopside. EPMA data allowed the advancement of some speculations on the origin of the ob-
served tremolites, showing that Al-rich tremolites are typical of oceanic settings and Al-poor tremolites are more
similar to continental tremolites.

We also investigated the impact of milling on the detection and quantification of mineral fibres, testing differ-
ent milling times. This investigation is crucial as it can influence the classification of the raw material as asbestos-
containing material or not. Our findings indicate that tremolite, cleavage fragments, and elongated particles break
down into smaller World Health Organization (WHO) fibres with increasing milling times (1–5 min). However,
prolonged milling (10 min) leads to overgrinding, resulting in a decrease in the number of counted WHO fibres
with a length exceeding 5 µm.
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1 Introduction

The family of recognized asbestos minerals includes
chrysotile (serpentine asbestos) and five amphibole species
(asbestos actinolite, “amosite”, asbestos anthophyllite, “cro-
cidolite”, and asbestos tremolite) (Gualtieri et al., 2022).
These six minerals are classified by the International Agency
for Research on Cancer (IARC) as Group 1 carcinogens.
Asbestos minerals can occasionally contaminate natural raw
materials exploited, marketed, and used in the global market
of building materials. In most of the European countries, if
asbestos is detected in a raw material or in any other com-
mercial product, regardless of the concentration, that mate-
rial is considered illegal (Italian Law No. 257/1992). In the
past, we reported the contamination of asbestos tremolite in
a sodium feldspar exploited from the Orani mine in Sardinia
(Italy) (Gualtieri et al., 2018a) and used for about 40 years
for the production of stoneware tiles, the contamination of
commercial brucite with chrysotile (Malferrari et al., 2021),
and the contamination of chrysotile in commercial magnesite
(Gualtieri et al., 2023b).

Since the presence of asbestos can classify a raw mate-
rial as illegal, it is critical to define what we mean by the
term “asbestos”. Unfortunately, to date the issue of a glob-
ally shared definition of “asbestos” is still open. Recently,
the International Mineralogical Association (IMA) Working
Group on “Asbestos, asbestiform minerals, and other res-
pirable minerals that pose potential negative health risks”
was unable to come to an agreement given the polarization
of views on several key definitions, including “asbestos”.
The unshared definition of “asbestos” that the working group
came out with has been the following:

A generic term applied to the asbestiform va-
riety of serpentine (chrysotile) and the asbesti-
form variety of amphibole group minerals (an-
thophyllite, cummingtonite–grunerite, tremolite–
actinolite and riebeckite), which have been ex-
ploited, prospected, described in the literature,
traded and sold commercially for their unique
physical properties resulting from fibril dimension
0.5µm or smaller in width (Gualtieri et al., 2023a).

The challenge escalates in scenarios where the presence
of asbestos nears the detection limits of experimental tech-
niques. In such instances, sample preparation can signifi-
cantly influence detection analysis outcomes. Although ex-
tensively discussed in the literature, the issue of sample
preparation, especially the grinding and milling steps im-
pacting the number and morphometry of detected mineral fi-
bres, remains contentious. Indeed, sample preparation alters
particle morphology crucial for characterizing, defining, and
distinguishing asbestos minerals (Siegrist and Wylie, 1980;
Schneider et al., 1998). For instance, the Occupational Safety
and Health Administration (OSHA) earlier defined an as-
bestos fibre as any particle of anthophyllite, tremolite, acti-

nolite chrysotile, “amosite”, or “crocidolite” > 5 µm with an
aspect ratio (length / width) ≥ 3 (NIOSH, 1972). Among the
various sample preparation methods, elutriation can be used
to separate the fine fraction from a heterogeneous sample
avoiding the grinding of the raw sample. It is obtained by
injecting a stream of gas or liquid through the soil sample,
which can extract mineral fibres among other particulate ma-
terials (Malinconico et al., 2022). An asbestos elutriator was
designed by Berman and Kolk (1997) for USEPA, but other
methods are available such as the ISO 22262-2 (2014) guide-
line.

Spurny et al. (1980) reported that mechanical and ultra-
sound treatments of asbestos and glass fibres may induce
changes in their physical and chemical properties. Milling al-
ters not only size distribution but also particle shape and crys-
tal structure of asbestos fibres. Early studies by Wylie and
Schweitzer (1982) on wollastonite fibres demonstrated that
the accuracy of shape characterization can be influenced by
various factors, including sieving and instrumentation, while
different grinding methods have minimal effects on fibrosity.
These authors found that prolonged grinding times tend to
produce slightly wider, less elongated wollastonite particles.

In their recent comprehensive review, Malinconico et
al. (2022) noted that the outcome of comminution of a natural
sample depends on the species (e.g. serpentines vs. amphi-
boles) and their variety. For presumably non-fibrous amphi-
boles, extended milling times induce the formation of cleav-
age fragments, from fracturing massive prismatic amphiboles
that can produce non-parallel side elongated particles with
steps, and alter both morphology and fibre concentration
(Bloise et al., 2018a; Baietto et al., 2019). For tremolite and
anthophyllite asbestos, an increase in lattice strain and a de-
crease in crystallinity were reported after just 30 s of grinding
(Bloise et al., 2018b). With longer milling times (> 10 min),
the lengths of asbestos amphiboles are likely to fall below
the World Health Organization (WHO) length limit of 5 µm
(WHO, 1986; Bloise et al., 2018b). Consequently, grinding
time can significantly influence analytical results (leading to
over- or underestimation) when quantifying only respirable
fibres in a sample.

Baietto (2019) also investigated the behaviour of asbesti-
form and non-asbestiform (prismatic) tremolite subjected to
mechanical actions, focusing on morphology changes post-
grinding. Initially fibrous tremolite particles exhibited re-
duced fibrosity after grinding, as the production of prismatic
elements became predominant. In turn, samples initially rich
in prismatic particles further increased in prismaticity.

Regarding chrysotile, variations were observed between
wet and dry grinding, with wet grinding promoting the sepa-
ration of chrysotile fibres into thin fibrils, while dry grinding
tended to break fibres, reducing aspect ratios (Salamatipour
et al., 2016).

Belardi et al. (2018) argued that commonly used count-
ing criteria for asbestos identification should not solely rely
on particle morphometric characteristics (length, width, etc.),
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as identifying asbestos fibres in dust generated after me-
chanical stresses requires a multidisciplinary/multiscale ap-
proach. These authors also found that using dimensional cri-
teria based only on particle width and aspect ratio may lead
to misidentification among different fibrous and non-fibrous
particles (Belardi et al., 2018).

In this study, we present a complex case study of a plas-
tic clay raw material extracted from the Gomsiqe–Puka mine
(Albania), unexpectedly containing mineral fibres, with con-
troversial detection and quantification of asbestos. X-ray
powder diffraction analyses (with an estimated lower detec-
tion limit of ca. 0.5 wt %) on the raw sample revealed the
presence of smectite and illite as major phases. Minor min-
eral fibres were discovered through transmission electron mi-
croscopy, micro-Raman, and electron probe microanalysis.
Various fibre species, including “asbestos” regulated ones,
were observed and classified based on their crystal chemical
and morphological characteristics. We systematically inves-
tigated the effect of milling on fibre liberation, detection, and
counting at different milling times, aiming to shed light on
the influence of sample grinding on asbestos fibre identifica-
tion and quantification.

2 Experimental part

2.1 Description of the natural material

The sample used in this study is a clay from the mining area
of Gomsiqe–Puka (Albania). This clay is mined as kaolin and
can be used as a component for the manufacture of traditional
ceramic tiles (Dondi et al., 2014). This kaolinite-rich clay
is an alteration product affecting gabbros and basalts of the
ophiolitic Mirdita unit and has been ascribed to a Pliocene–
Quaternary episode, although weathering of their paleosoils
could be older (Saccani and Tassinari, 2015; Nicolas et al.,
2017).

The Mirdita unit (Saccani and Tassinari, 2015) is con-
nected to the Dinaric ophiolites to the north and to the Pin-
dos ophiolites in Greece to the south (Hoeck et al., 2002).
The ophiolites of the Mirdita unit represent remnants of the
Mesozoic oceanic lithosphere within the Dinaride–Ellenide
segment of the Alpine orogenic system and can be di-
vided into a western (WMO) and an eastern (EMO) do-
mains, differentiated by stratigraphy, petrography, and geo-
chemistry (Saccani and Tassinari, 2015). Both ophiolitic do-
mains originated during the Middle–Upper Jurassic (161.2±
4.0 to 145.5± 4.0 Ma). The western massifs in the north-
ern Mirdita area (including Gomsiqe and Puka) are man-
tle domes, variously covered by a horizon of milonitic
plagioclase–amphibole peridotites. The western slopes of the
Puka massif are occupied by highly altered gabbros, locally
covered by unformed pillow basalts (Nicolas et al., 2017).
Serpentinization phenomena in these rocks can lead to the
formation of fibrous minerals such as chrysotile and amphi-
boles of the actinolite–tremolite series. Because clay-rich de-

posits affecting gabbros and basalts of the ophiolitic Mirdita
unit are in tectonic contact with the serpentinized peridotite
formations (Nicolas et al., 2017), contamination of the clays
by fibrous minerals is possible.

A representative batch of 5 kg of this raw material has been
provided for the study.

2.2 Experimental methods for the characterization of
the material

The mineralogical characterization of the sample was per-
formed by X-ray powder diffraction (XRPD) using an X’Pert
PRO PANanalytical θ/θ diffractometer (CuKα radiation,
40 kV and 40 mA), equipped with a real-time multiple-strip
detector and Ni filter on the secondary beam path. A 1/4° di-
vergence slit and a 1/4° antiscatter slit were used. Data were
collected from 3 to 80° 2θ , with a virtual scan time of 50 s per
step and step scan of 0.0167° 2θ . Qualitative phase analysis
was possible using the X-Pert High Score Plus software.

Thermogravimetric (TG) experiments were conducted us-
ing a Seiko SSC/5200 thermal analyser coupled with a
quadrupole mass spectrometer (ESS, GeneSys Quadstar
422) to analyse gases released during thermal reactions
(MSEGA). Gas sampling was carried out through an inert
fused silicon capillary system, which was maintained at el-
evated temperature to prevent gas condensation. Analysis of
chemical species evolved with temperature was performed
with background subtraction to establish baseline conditions
before gas analysis.

The experimental parameters included a heating rate of
10 °C min−1, a heating range from 25 to 1050 °C, and data
acquisition every 0.5 s. To also obtain mass analyses of the
evolved gases, a second measurement was taken in the same
thermal range at a heating rate of 20 °C min−1 purging with
helium gas at a flow rate of 100 µL min−1. The mass analysis
used the multiple ion detection mode, focusing onm/z ratios
17 and 18 for H2O, 30 for NO, 44 for CO2, and 64 for SO2.
Mass measurements were carried out using a secondary elec-
tron multiplier detector at 900 V with an integration time of
1 s for each mass measured.

Preliminary observation of the elongated particles in the
sample was done with a Meiji Techno stereomicroscope
(50×). Elongated particles and fibrous-like aggregates that
were identified were gently picked up to preserve their mor-
phology using tweezers and subsequently characterized with
electron microscopy and micro-Raman (see below).

Micro-Raman analyses were conducted on the aggregates
separated using the optical microscope with the confocal
micro-Raman LabRAM HR Evolution (Horiba Jobin Yvon,
Edison, NJ, USA). It was equipped with a red He–Ne laser at
532 nm (1 µm size spot), notch filters to eliminate the exciter.
A CCD detector with a front-illuminated open-electrode
multi-pin phase, with 1024×256× 16 pixels, and cooled by a
Peltier system was used. Spectra were recorded in backscat-
tering after focalization in several positions within a small
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area of the sample (ca. 100× 100 µm). The maximum laser
power employed was 20 mW, and the recording time for a
good signal-to-noise ratio was 10 s for 50 accumulations.
LabSpec 6 was used for the spectra elaboration.

All the scanning electron microscope (SEM) experiments
were conducted using a JSM-6010PLUS/LA (JEOL, Hills-
boro, OR, USA) equipped with an energy-dispersive X-
ray (EDX) microanalysis system (Oxford INCA-350) and
field emission gun scanning electron microscope FEI Nova
NanoSEM 450 FEG-SEM. All the samples were mounted on
an Al stub and coated with Au using a Balzers CED-010 car-
bon coater (10 nm thick).

Transmission electron microscopy experiments and 3-
dimensional electron diffraction (3DED) data (Gemmi et
al., 2019) were collected with a JEOL JEM-F200 Multi-
purpose transmission electron microscopy (TEM), operat-
ing at 200 kV and equipped with a Schottky field emission
gun (FEG) source. The 3DED acquisitions were performed
in STEM mode after defocusing the beam to give a quasi-
parallel illumination on the sample (Mugnaioli et al., 2009).
A beam size of ca. 30 nm in diameter was obtained by us-
ing the highest probe size and by inserting a 10 mm con-
denser aperture. The 3DED data were collected in discrete
steps of 1° on crystals identified by energy-dispersive X-
ray spectroscopy (EDS). All data sets were performed in a
range of ±30°. The camera length was 250 mm, correspond-
ing to a resolution in direct space of ca. 0.75 Å. ED data
were recorded with an ASI Cheetah hybrid pixel detector
(512× 512 pixels, 24 bit). Data were analysed by PETS2
(Palatinus et al., 2019) for cell and space group determina-
tion.

Major and minor element contents were measured by elec-
tron probe microanalysis (EPMA) at the joint laboratory
(LaMA) of the DST and CNR-IGG of Florence (Italy). The
instrument is a JEOL Superprobe JXA-8230, equipped with
five wavelength-dispersive spectrometers operating with dif-
ferent diffracting crystals and detectors (gas flow and sealed
Xe type). Each spectrometer holds two or four diffracting
crystals with specific resolution and sensitivity, dedicated to
the analysis of specific elements, including light elements,
distributed as follows: spectrometer 1 holds TAPJ, LDE1,
PETJ, and LDEB; spectrometer 2 holds LIFL and PETL;
spectrometer 3 holds LIFH and PETH; spectrometer 4 holds
LIF and PETJ; spectrometer 5 holds TAPJ and LDE2. A
solid-state (SDD) energy-dispersive detector (EDS) is also
present to quickly identify phases. The analytical conditions
were 15 kV accelerating voltage, 10 nA beam current, and
3 µm beam diameter. A ZAF data correction model was used
to get quantitative results. Counting times for major elements
were 15 s on peak and 7 s for both backgrounds (apart for
Na, 10 and 5 s, respectively); for minor and trace elements
they were 30 s on peak and 15 s for both backgrounds. F was
counted on LDE1 crystal, considering 30 s on peak and 30 s
on lower background. Standardizations were performed on
Astimex and Smithsonian (Fe and Ti) standards.

2.3 Milling experiments

The influence of the milling process on the morphometric
characteristics of the fibrous particles/aggregates detected in
the sample was investigated. To this aim, a representative
batch of 400 g of the investigated clay sample was collected,
quartered, and homogenized. A batch of 100 g was simply
hand-ground in an agate mortar for 1 min, while three other
batches of 100 g apiece underwent dry milling for 1, 5, and
10 min in a Fritsch pulverisette vibrating cup mill. In this
powerful mill, milling is performed by horizontal circular os-
cillations of the grinding set on a vibrating plate. The grind-
ing set consisting of ring and puck comminutes the grind-
ing sample with extremely high pressure, impact forces, and
friction. Successively, both the raw and the three batches ob-
tained from the milling experiments were analysed with SEM
described in Sect. 2.1, following the protocol reported below
in Sect. 2.4.

2.4 Morphometric analysis with SEM

The raw clay sample and the three batches obtained from the
milling experiments were systematically analysed with SEM
(see Sect. 2.1). An amount of 5 mg of each sample was sus-
pended in 200 m of deionized water with a 0.1 vol % surfac-
tant additive (dioctyl sodium sulfosuccinate, C20H37NaO7S,
CAS no. 577-11-7) and kept agitated. For each sample, the
same protocol was strictly applied: a volume of 1 mL of the
suspension was collected at the bottom of the glass bottle
containing the suspension, deposited directly on the 13 mm
wide carbon adhesive film attached on an Al stub, and dried;
a volume of 1 mL of the suspension was then collected at half
the height of the glass bottle containing the suspension, de-
posited directly on carbon adhesive film attached to the Al
stub, and dried; finally a volume of 1 mL of the suspension
was collected at the top of the glass bottle containing the sus-
pension, deposited directly on carbon adhesive film attached
to the Al stub, and dried. In this way, comparable amounts of
material were deposited for each sample. The Al stubs were
all coated with Au using a carbon coater (Balzers CED-010,
10 nm thick).

For each sample, the identification and counting of the fi-
brous particles were obtained by secondary electron imag-
ing, following the Italian Minister’s Decree 06.09.94 (AL-
LEGATO II B G.U. N. 288 10/12/1994). More than 1 mm2

of surface at 2000× magnification (400 analysis fields) was
covered. EDAX point analyses for the identification of the
nature of the fibres were done at 4000–10000× magnifica-
tions. For each sample, the following parameters were mea-
sured:

– number of observed elongate mineral particles (EMPs)
defined as “any mineral particle with a length (L) to
width (W ) ratio (aspect ratio) > 3, assuming the width
of a particle to be an apparent parameter defined as
the longest dimension of the particle in the plane per-
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Figure 1. The X-ray powder pattern of the investigated clay sam-
ple in the range 4–43° 2θ . Legend: ab – plagioclase albite; amp –
amphibole; kao – kaolinite; K-fe – potassium feldspar; qtz – quartz;
sm – smectite; tlc – talc.

pendicular to length and the shortest dimension of the
2-dimensional outline of a particle” (Gualtieri et al.,
2023a);

– number of observed WHO (World Health Organiza-
tion) (length L≥ 5 µm, width W < 3 µm and aspect ra-
tio L/W > 3) fibres;

– mean L, W , and aspect ratio of the counted EMPs;

– mean L, W , and aspect ratio of the counted regulated
fibres.

3 Results

The analysis of the XRPD pattern (Fig. 1) of the pale-green
clay sample reveals that the major phase of the sample is a
smectite (major peak at about 6.1° 2θ = 14.5 Å, indexed with
the montmorillonite JCPDS card 00-013-059) with subordi-
nate kaolinite (major peak at 12.4° 2θ = 7.14 Å; JCPDS card
01-075-0938) and plagioclase albite (major peak at 28.0°
2θ = 3.18 Å; JCPDS card 01-084-0982). Other minor de-
tected phases are talc (major peak at 9.50° 2θ = 9.30 Å;
JCPDS card 00-029-1493), amphibole (indexed as tremolite
with the major peak at 10.5° 2θ = 8.4 Å; JCPDS card 01-
085-0876), quartz (major peak at 26.6° 2θ = 3.34 Å; JCPDS
card 01-088-2487), and K-feldspar (indexed as microcline
with the major peak at 27.6° 2θ = 3.23 Å; JCPDS card 01-
083-1604). These phases allowed the indexing of all the
diffraction peaks in the powder pattern. Only the major peaks
of the mineral phases are reported in Fig. 1.

The first derivative of the thermogravimetric curve (DTG,
Fig. 2a and Supplement Table S1) shows nine distinct ther-
mal events, some of which are identified by a maximum (A,

Figure 2. Thermal behaviour of the clay sample. (a) TG (black line)
and DTG (grey line). (b) MSEGA curves for H2O (m/z= 18) and
CO2 (m/z= 44); the curves for NO (m/z= 30) and SO2 (m/z=
64) are not reported as these molecules were not detected. The slight
misalignment between the DTG and MSEGA curves is due to the
different heating rates (10 and 20 °C min−1, respectively – see Sect.
2.2. for further details).

B, D, E, F, H, and I) and others by shoulders (C and G).
As evidenced by mass spectrometry of the emitted gases
(Fig. 2b), all of these reactions involve the release of H2O,
except reactions F and G in which only CO2 is released (re-
action F) or CO2 and H2O are released simultaneously.

The thermal reactions A and B occur between 25 and
255 °C and are associated with the dehydration of smec-
tite (Földvári, 2011), resulting in an overall mass change
of 7.72 wt %; the presence of two distinct events indicates
that the interlayer is predominantly occupied by a divalent
cation (Guggenheim and Koster Van Groos, 2001). Reaction
C, which involves a mass change of 0.49 wt %, takes place
between 255 and 370 °C and is attributed to the thermal de-
composition of hydroxides not detectable through XRPD.
Reactions D and E, partly overlapping, occur between 370
and 615 °C and are attributed to the dehydroxylation of kaoli-
nite and smectite, respectively (Földvári, 2011; Guggenheim
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and Koster Van Groos, 2001), resulting in an overall mass
change of 6.08 wt %. Reactions F (partly overlapping with E)
and G occur between 615 and 750 °C, leading to a total mass
change of 1.08 wt %; considering that CO2 release occurs in
two steps (Fig. 2b), these reactions could be attributed to the
thermal decomposition of dolomite or calcite and dolomite
(Bloise et al., 2016; Mackenzie, 1970; Malferrari et al., 2021;
Taufiq-Yap et al., 2014), again not observable by XRPD.
Thermal reaction G is also associated with H2O release due
to an initial dehydroxylation reaction of tremolite (Apollaro
et al., 2018; Bloise et al., 2008). Reactions H (765–895 °C,
0.48 wt %) and I (950–1000 °C, 0.047 wt %) are attributed to
the dehydroxylation of talc (L’vov and Ugolkov, 2005; We-
sołowski, 1984) and tremolite (Bloise, 2023; Bloise et al.,
2017), respectively, with the latter forming meta-tremolite
(Gualtieri and Tartaglia, 2000).

The micro-Raman experiments were conducted on 30 dif-
ferent particles: 23 particles displayed a pattern like the one
shown in Fig. 3a; 5 particles displayed a pattern like the one
shown in Fig. 3b; 2 particles displayed a pattern like the one
shown in Fig. 3c. The analysis of the spectra allowed us to
identify an amphibole phase, presumably tremolite, for the
family of spectra equivalent to that in Fig. 3a and b. The ob-
served bands are interpreted as follows: 61, 115–119, 172–
175, and 217–225 cm−1 as lattice vibrations; 296–297, 364,
387–389, 408–409, and 524–528 cm−1 as Mg–OH and Fe–
OH vibrations, Si–O–Si bending motions, and OH librations;
668–670 and 737–739 cm−1 as strong Si–O–Si symmetric
stretching; 926–929, 1026–1027, and 1059–1064 cm−1 as
O–Si–O symmetric stretching and the O–Si–O and Si–O–
Si asymmetric stretching motions (Bersani et al., 2019; Rin-
audo and Croce, 2019). The two spectra equivalent to that
in Fig. 3c have been identified as a pyroxene phase. The
observed bands are interpreted as follows: 132, 192, 222,
and 240 cm−1 as lattice vibrations; 320, 355, 387, 421, and
463 cm−1 as non-tetrahedral cation vs. oxygen stretching of
M1–O and M2–O bonds (Huang et al., 2000; Tribaudino et
al., 2012); 505, 552, 662, 702, and 748 cm−1 as chain bend-
ing and/or stretching (Wang et al., 2001; Tribaudino et al.,
2012); 790, 851, and 906 cm−1 as T–O stretching peaks;
1008 cm−1 as stretching modes of Si and non-bridging oxy-
gen atoms within the SiO4 tetrahedron (Wang et al., 2001;
Tribaudino et al., 2012); and 1104 cm−1 as O–Si–O sym-
metric stretching and the O–Si–O and Si–O–Si asymmetric
stretching motions.

Figure 4 shows a selection of SEM pictures of various
elongated amphibole particles detected in the clay sample.
Specifically, we observed compact fibre bundles (Fig. 4a),
cleavage fragments (Fig. 4b), EMPs (Fig. 4c), and fibrous
particles or asbestiform fibres (Fig. 4d). The relative EDS
point analyses (Supplement Fig. S1) invariably point to a
tremolite composition with Si, Ca, and minor Fe and Al. In
the sample we also observed EMPs of various nature. Fig-
ures S2 and S3 report a selection of these particles with the
relative EDS point analyses. Specifically, an acicular particle

with a composition compatible with that of a mica is por-
trayed in (a); clay mineral particles in (b), (c), and (f); a tita-
nium oxide in (d); and cristobalite or quartz in (e).

The TEM study allowed us to confirm the identification
of three different families of elongated crystals. Figure 5
reports a selection of crystals representative of the three
families with an example of nano-beam electron diffrac-
tion (NED) pattern and relative EDS spot analysis. For each
crystal, 61 patterns (from −30 to +30°) were collected and
used for cell determination. The indexing of the tremo-
lite crystal reported in Fig. 5a yielded the following mon-
oclinic unit cell parameters: a = 9.83(3) Å, b = 18.21(4) Å,
c = 5.29(3) Å, and β = 104.34(8)°. The indexing of the Al-
rich tremolite crystal reported in Fig. 5b yielded the fol-
lowing monoclinic unit cell parameters: a = 9.86(4) Å, b =
18.18(4) Å, c = 5.30(3) Å, and β = 104.93(9)°. These pa-
rameters are in line with the unit cell parameters reported
in literature for fibrous tremolite samples (see, for example,
Verkouteren and Wylie, 2000). The indexing of the pyrox-
ene crystal reported in Fig. 5c allowed us to calculate the
following monoclinic unit cell parameters: a = 9.82(3) Å,
b = 8.98(5) Å, c = 5.26(4) Å, and β = 105.71(7)°. These pa-
rameters are compatible with the unit cell parameters re-
ported in literature for diopside (see, for example, Rutstein
and Yund, 1969; Thompson and Downs, 2008).

Figure 6 shows an example of an EDS map collected in
STEM mode from a fibrous tremolite aggregate. The distri-
bution of Al clearly shows that Al-rich and Al-poor fibres are
intergrown within the same aggregate.

The EPMAs were conducted on a statistically significant
number of crystals representative of the three families of
EMPs present in the sample: Al-rich and Al-poor tremolites
crystals intimately interdispersed (Fig. 7a) and elongated par-
ticles of pyroxene crystals (Fig. 7b). All the collected point
analyses are reported in Table S2 of this paper. Several out-
liers, likely due to contamination of clay phases, were re-
moved, and the chemical formula of the three phases was cal-
culated on the basis of 23 oxygens for the amphibole (tremo-
lite) and 6 oxygens for pyroxene (diopside). The calculated
chemical formulae are given below.

– Na0.08(Ca1.73Fe0.256Na0.015)2.00(Mg4.474Al0.166
Fe0.353Mn0.007)5.00(Si7.756Al0.234Ti0.01)8.00O22(OH)2
for Al-rich tremolite

– (Ca1.86Fe0.096Na0.045)2.001(Mg4.5Al0.095Fe0.395
Mn0.01)5.00(Si7.945Al0.05Ti0.005)8.00O22(OH)2 for
tremolite

– (Ca0.868Fe0.111Na0.022)(Mg0.856Al0.075Fe0.065Mn0.004)
(Si1.935Al0.055Ti0.01)O6 for diopside.

The statistics of the particles counted from the SEM quan-
titative analysis of the samples obtained from the milling ex-
periments (number of observed EMPs, number of observed
WHO fibres, and their mean length L, width W , and aspect
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Figure 3. A selection of micro-Raman representative patterns conducted on 30 different EMPs of the sample. (a) The trace displayed by 23
particles, (b) the trace observed for 5 particles, and (c) the trace observed for 2 particles.
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Figure 4. Gallery of SEM images of various elongated amphibole particles observed in the investigated clay sample: (a) compact fibre
bundle, (b) cleavage fragments, (c) EMP, and (d) fibrous asbestiform shape. All the particles have been identified as tremolite (the relative
EDS point analyses have been provided as Supplement S1).

ratio L/W ) are reported in Table 1. All the measured data are
available upon request to the corresponding author.

4 Discussion

4.1 Identification of the mineral fibres

In this study, we detected the presence of asbestos fibres (am-
phibole asbestos biodurable fibres: Gualtieri et al., 2018b) in
a plastic clay sourced from the mining district of Gomsiqe–
Puka in Albania, commonly utilized in the production of tra-
ditional ceramics. This material originates from the green
layers within a clay deposit associated with altered gab-
bros and basalts of the ophiolitic Mirdita (Saccani and Tassi-
nari, 2015; Nicolas et al., 2017). The primary newly formed
phases observed are smectite and kaolinite, while the pre-
dominant residual phase inherited from the original gabbroic
rock is plagioclase. Additionally, minor residual phases iden-
tified include talc, quartz, alkaline feldspar, and amphibole.

Tremolite–actinolite formation by oceanic hydrothermal
alteration of clinopyroxene and/or olivine in gabbroic rocks
is a common process in the oceanic crust (e.g. Cannat et al.,
1992; Nozaka and Fryer, 2011). However, tremolite could

also form in these rocks during obduction processes (e.g.
Zhao et al., 2021; Ábalos et al., 2022).

Our findings corroborate the assertion made by Gualtieri
et al. (2023b) that only a multidisciplinary approach ensures
the unequivocal identification of asbestos fibres in complex
natural materials such as the one examined here. As men-
tioned earlier, XRPD and thermal analysis traces (Figs. 1
and 2) indicated the presence of an amphibole phase but pro-
vided no insight into its crystal morphology, a crucial factor
for discriminating between asbestos and non-asbestos par-
ticles. Conversely, micro-Raman spectroscopy and electron
microscopy techniques revealed the fibrous nature of the par-
ticles and facilitated their mineralogical and chemical iden-
tification. TEM with relative EDS analyses and 3DED once
again were demonstrated to be powerful techniques for iden-
tifying and characterizing mineral fibres at the nanoscale us-
ing very small amounts of sample. The only disadvantage
is that these experimental methods are quite expensive and
time-consuming.

Three different types of EMPs were identified. Most of
them are classified as Al-rich tremolite and tremolite; a very
minor amount of EMP is instead classified as diopside. Ap-
parently, the Na and Al contents do not rule the crystal
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Figure 5. Selection of the results of the TEM experiments. STEM images, nano-beam electron diffraction, and EDS spots analysis of
(a) tremolite crystals, (b) Al-rich tremolite crystals, and (c) pyroxene crystals. The red circle indicates the approximate area of the analysis.
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Figure 6. Aluminium map collected with EDS in STEM mode from a fibrous tremolite aggregate. The map shows that Al-rich fibres are
intergrown with Al-poor fibres.

Figure 7. Example of grains analysed with EPMA: (a) aggregates of Al-rich and Al-poor tremolite crystals intimately interdispersed and
(b) aggregates of elongated particles of pyroxene crystals.

growth and crystal shape, as both the Al-rich and Al-poor
terms are fibrous with particles classified as asbestos.

Compositionally, the Al-rich tremolite is similar to other
tremolites found in oceanic settings (Table 2), showing
higher Al, Fe, and alkali content with respect to the Al-poor
term, which is instead more similar to continental tremo-
lites being enriched in Si and Ca and close to the end-
member composition of tremolite (Fig. 8). It is well known
that Al content in calcium amphibole is dependent on T and
P (e.g. Ernst and Liu, 1998), which are commonly higher
in an oceanic hydrothermal flux with respect to obduction
processes, while Di Giuseppe et al. (2021) suggested that
Na content in tremolites depends on Al exchanges. They
also show that oceanic and continental tremolites plot on
divergence Fe–Si and Mg–Si trends and that, in several
cases, ophiolitic tremolites follow the continental trend, be-

ing formed during obduction processes (Fig. 8; Di Giuseppe
et al., 2021). The finding of two different tremolite terms
entangled at the nano-scale in the same lithology (Fig. 6)
suggests that tremolite from the mining district of Gomsiqe–
Puka was originally formed in oceanic conditions (Al-rich
term) and partially modified during the obduction process up
to the Al-poor term by loss of Al, Fe, and Na in favour of Si
and Ca. These elements could be easily provided at the per-
colating fluids by plagioclase and/or carbonates, with the first
present in the rock protolith and the second occurring today
in the mineralogical association (and thus possibly precipi-
tated from the percolating fluids or already occurring in the
protolith).

Fibrous diopside is a rare occurrence in nature. Its pres-
ence in various geological settings has been sporadically doc-
umented (see, for instance, Belluso and Ferraris, 1991; Stripp
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Table 1. Number and morphometric parameters of the fibrous particles counted from the SEM quantitative analysis of the samples obtained
from the milling experiments. Standard deviations are in parentheses.

Milling time (min) 0 1 5 10

No. EMP 6(1) 2(1) 1 1
No. WHO fibres 2(2) 9(6) 9(0.7) 3(2)
Mean L EMP 29(41) 17.8(7.4) 15.2 11.5
Mean W EMP 7(13) 4.6(2.1) 5.9 3.9
Mean L/W EMP 4.7(5.4) 3.93(0.14) 3.8 3.02
Mean L WHO fibres 11 8.48(2.6) 8.19(4.3) 9.07(3.6)
Mean W WHO fibres 0.9(0.1) 1(0.3) 1.38(0.8) 1.21(0.9)
Mean L/W WHO fibres 12.4(1.9) 10(6.5) 7.18(4.7) 10.51(8.9)
C of WHO fibres (ppm/wt %) 250/0.025 1070/0.107 1968/0.1968 558/0.0558

Figure 8. Comparison between the composition of the major elements of the investigated tremolites and that of tremolite amphiboles from
oceanic and continental tectonic environments. Crossplot of (a) Al2O3 (wt %) versus SiO2 (wt %), (b) FeO (wt %) versus SiO2 (wt %),
(c) MgO (wt %) versus SiO2 (wt %), (d) Na2O (wt %) versus SiO2 (wt %), and (e) Na2O (wt %) versus Al2O3 (wt %). The ±1σ composi-
tional variability of the samples is within the symbol area (see text for details).
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Table 2. Comparison of the chemistry of our samples with that of fibrous tremolites of different origin and with different Al content, in
decreasing order (see text for details).

Sample Structure site assignment∗

A B C T

Al-rich sample Na0.08 Ca1.73Fe0.256Na0.015 Mg4.474Al0.166Fe0.353Mn0.007 Si7.756Al0.234Ti0.01

Al-poor sample – Ca1.86Fe0.096Na0.045 Mg4.5Al0.095Fe0.395Mn0.01 Si7.945Al0.05Ti0.005

Mid-Atlantic Ridge Na0.29 Ca1.92Fe0.08 Mg4.80Fe0.20 Si7.52Al0.48

Leka Ophiolite
Complex (Norway)

K0.01Na0.18 Ca1.76Na0.34 Mg4.50Fe2+
0.37Fe3+

0.02
Mn0.02Ni0.01Cr0.06

Si7.755Al0.30

Gouverneur Mining
District (NY, USA)

K0.12Na0.18 Ca1.8Na0.20 Mg4.94Fe0.06 Si7.80Al0.20

Kallidromon (central
Greece)

– Ca1.789Fe2+
0.139Mg0.07 Mg4.799Fe2+

0.025Fe3+
0.017Al0.046 Si7.954Al0.138

Çankırı/Ankara (cen-
tral Anatolia, Türkiye)

Na0.17K0.07 Ca1.59Mg0.19Mn0.002 Mg4.72Fe0.28 Si7.86Al0.1Fe0.06

Virtasalmi (Finland) – Ca1.96Na0.01 Mg5.03Fe0.03 Si7.98Al0.02

Susa Valley (Pied-
mont, Italy)

– Ca1.95Na0.05K0.01 Mg4.84Al0.01Fe2+
0.11

Fe3+
0.02Mn0.02

Si8

Lanzo Valleys (Pied-
mont, Italy)

– Ca1.96Na0.01K0.01 Mg4.69Fe2+
0.26Fe3+

0.03Mn0.03 Si8

Sample Genetic environment Reference

Al-rich sample ? This study

Al-poor sample ? This study

Mid-Atlantic Ridge Oceanic floor serpentinization Di Giuseppe et al. (2021)

Leka Ophiolite
Complex (Norway)

Oceanic floor serpentinization Iyer et al. (2008)

Gouverneur Mining District (NY, USA) Contact regional serpentinization Hawthorne and Grundy (1976)

Kallidromon (central Greece) Orogenetic subduction serpentinization
of marginal oceanic floor

Karipi et al. (2006)

Çankırı/Ankara (central Anatolia,
Türkiye)

Oceanic floor tectonically controlled
hydrothermal serpentinization

Külah et al. (2018)

Virtasalmi (Finland) Skarn continental regional metamor-
phism

Hytönen and Ojanperä (1976)

Susa Valley (Piedmont, Italy) Orogenetic subduction metamorphism Ballirano et al. (2008)

Lanzo Valleys (Piedmont, Italy) Continental orogenetic subduction
metamorphism

Pacella et al. (2008)

∗ Assuming the ideal formula AB2C5T8O22(OH)2.

et al., 2006) or noted as exceptional, as seen in the case of fi-
brous diopside inclusions found in demantoid garnet gems
from the Urals (Russia) (Krzemnicki, 1999). This marks the
first instance of observing and quantifying diopside EMPs
as dust contaminants in a natural material. It is worth noting

that diopside is neither classified nor regulated and poses no
health hazard.

It is crucial to emphasize that only a thorough investigation
using electron microprobe analysis enabled the discrimina-
tion of elongated diopside particles from elongated tremolite
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particles. Although diopside EMPs are present here in very
low concentrations, they could be confused for tremolite dur-
ing the quantitative SEM analysis. It is plausible to assume
that in other scientific or analytical case studies, fibrous diop-
side may have been mistakenly identified as fibrous tremo-
lite.

4.2 How milling affects identification and quantification
of the mineral fibres

The comprehensive investigation into the impact of the
milling process on both the identification and quantification
of asbestos tremolite fibres has provided some insights. Ta-
ble 1 and Fig. 9 present informative trends regarding the
number of counted particles and their size concerning milling
time, affirming the liberation of individual countable fibres
from cleavage fragments, and bundles during milling. In-
deed, there is a trend of a decrease in the number of tremolite
EMPs and elongated particles with increasing milling time
from 0 to 10 min (Fig. 9a and Table 1), while the coarser ag-
gregates release smaller WHO fibres, whose count increases
with milling times of 1 and 5 min, with the exception of the
point at 10 min. Correspondingly, the mean length (L) and
width (W ) of observed EMPs tend to decrease with increas-
ing milling time from 0 to 10 min (Fig. 9b, c and Table 1).
The mean length L of the WHO fibres also exhibits a de-
creasing trend with increasing milling times of 1 and 5 min
(Fig. 9b and Table 1), with the exception of the point after
10 min (see the explanation below). The mean width W of
the WHO fibres experiences a slight increase due to the sep-
aration of coarse aggregates and bundles, resulting in thicker
regulated fibres, with increasing milling times (Fig. 9c and
Table 1).

Our findings align with previous literature data. Wylie and
Schweitzer (1982) demonstrated that longer grinding times
produce less elongated wollastonite particles with lower as-
pect ratio. Schneider et al. (1998), using optical microscopy,
reported a decrease in length and diameter of tremolite fibres
in acid-washed dolomite and talc with milling times rang-
ing from 0 to 15 min. Baietto (2019) observed that tremolite
particles, initially fibrous in appearance, exhibited reduced
fibrosity after grinding as prismatic elements became domi-
nant.

Particular attention should be paid to samples subjected
to longer milling times (10 min), where overgrinding results
in fibre breakdown, leading to a decrease in the number of
counted WHO fibres with lengths exceeding 5 µm (Fig. 9 and
Table 1). This finding also concurs with existing literature.
Bloise et al. (2018b) noted that for extended milling times,
the lengths of asbestos amphiboles decrease and should fall
below the WHO limit of 5 µm, underscoring the significant
impact of milling time on the quantification of respirable fi-
bres in the sample.

Our results reveal that sample comminution affects both
the identification and quantification of tremolite asbestos in

Figure 9. Statistics of the particles counted from the SEM quanti-
tative analysis vs. milling time: (a) plot of the number of observed
EMPs and WHO fibres, (b) plot of the mean length L of the ob-
served EMPs and WHO fibres, and (c) plot of the mean widthW of
the observed EMPs and WHO fibres.
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the sample, thereby influencing its classification as asbestos-
containing or asbestos-free material.

Towards an effective global harmonization system (GHS),
the European Union REACH compliance prohibits any in-
tentional use of asbestos, but allows the presence of category
1A carcinogens, including asbestos, as contaminant in con-
centrations < 0.1 wt % without obligation of labelling. The
REACH compliance is conflicting with more severe domes-
tic laws of some parties that apply “zero tolerance” for as-
bestos like France, Germany, and Italy. In these countries, the
presence of asbestos, irrespective of its concentration, is ade-
quate to classify a material as asbestos-contaminated and de-
clare it illicit (Décret 96-1133, 1996; Gesetz 162, 1993; Ital-
ian Law 257, 1992). As per domestic legislation, assessment
of asbestos presence is confirmed when a single particle ob-
served with SEM displays the chemical composition of one
of the six asbestos species and meets regulated dimensions
(L≥ 5 µm, W 5 3 µm, and L/W = 3). Milling increases the
number of regulated fibres, thereby enhancing the likelihood
of identifying an asbestos fibre. While the probability of as-
bestos fibres’ presence in the raw sample is minimal, it in-
creases in samples milled for 1 and 5 min before drastically
decreasing under overmilling conditions (10 min).

As said, European Union REACH compliance (EC
2006/1907, 2006) permits the unintentional presence of as-
bestos in a commercial product in concentrations< 0.1 wt %
without obligatory labelling. Consequently, precise asbestos
quantification is vital and potentially influenced by com-
minution. In this specific case, we followed the protocol for
asbestos quantification in massive materials using SEM, as
outlined by Italian legislation (Italian Ministry of Health,
1994), which is akin to the International Standard Organi-
zation (ISO) Methods 14966 (ISO, 2019) and 22262-1 (ISO,
2012). Concentration (C) of asbestos fibres (in ppm) can be
calculated using the following equation:

C = [(A ·wa)/(n · a ·W )] · 106,

where A= filter surface (mm2) = 132.73 mm2; wa = total
weight of counted tremolite asbestos fibres (mg) assuming
that the volume of a single fibre is approximated to that of
a cylinder, and the weight is calculated assuming an average
density of tremolite of 3050 mg cm−3; n= number of anal-
ysed fields= 400; a = field surface (mm2)= 0.003149 mm2;
W =weight of the sample on the filter (mg)= 0.018 mg. The
last line of Table 1 reports the concentration C calculated for
the regulated (asbestos) fibres in the raw and milled samples.
The calculations demonstrate that milling alters the classifi-
cation of the raw material: the raw sample is within the lim-
its of the REACH compliance (< 0.1 wt %) and marketable,
while the samples milled for 1 and 5 min result illegal as
asbestos concentration is > 0.1 wt %. Overmilling (10 min)
brings back the concentration of asbestos in the sample to
values < 0.1 wt % and marketable.

5 Conclusions

In this study, we conducted a comprehensive characterization
of a clay sourced from the green horizon of the mining area of
Gomsiqe–Puka in Albania. We aimed to highlight the chal-
lenges associated with detecting the presence of asbestos, es-
pecially when it occurs at concentrations near the detection
limit. Accurate identification and quantification of asbestos
fibres are crucial for correctly classifying and regulate these
materials.

Our analysis revealed that the clay primarily comprises
newly formed smectite and kaolinite, alongside residual pla-
gioclase. Additionally, minor phases such as talc, quartz, al-
kaline feldspar, and amphibole were detected. Our focus was
on the minor amphibole phase to determine whether its shape
was fibrous asbestiform. Through electron microscopy and
EPMA techniques, we unequivocally identified three distinct
types of amphibole-like EMPs. The majority were classi-
fied as Al-rich tremolite and tremolite, while the third type
was identified as pyroxene (diopside). Notably, this marks
the first observation and measurement of dust-contaminating
natural materials containing fibrous diopside, which, unlike
amphibole asbestos, is not classified or regulated as haz-
ardous.

The Al-rich tremolite identified here is similar to tremo-
lites found in oceanic settings, with higher Al, Fe, and alkali
content with respect to the Al-poor term, which is more sim-
ilar to continental tremolites enriched in Si and Ca and close
to the tremolite end-member composition.

Our systematic investigation into the influence of milling
processes on the identification and quantification of asbestos
tremolite fibres revealed significant findings. We observed
that the number of tremolite EMPs, cleavage fragments, and
elongated particles decreased with milling times (1–5 min),
with smaller WHO fibres emerging. However, prolonged
milling (10 min) resulted in overgrinding, leading to a de-
crease in the number of counted WHO fibres with lengths
exceeding 5 µm. Thus, our results indicate that sample com-
minution affects both the analytical identification and quan-
tification of amphibole asbestos, consequently impacting its
classification as a hazardous or non-hazardous material. The
raw sample appeared to comply with REACH directive lim-
its as far as the permissible concentration of carcinogens
(< 0.1 wt %) is concerned. On the other hand, the samples
milled for 1 and 5 min exceeded the permissible asbestos
concentration, whereas overmilling (10 min) again reduced
the asbestos concentration to below 0.1 wt %.

These results raise a fundamental question: should sam-
ples be ground for regulated asbestos fibre analysis and
counting in massive materials? The Italian Decree 06/09/94
recommends comminution before sample preparation but ac-
knowledges its approximate nature and the physical changes
induced in the sample. Nonetheless, comminution mimics
common manufacturing and wear processes, enabling a more
accurate assessment of potential exposure risks under critical
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operational conditions. Particularly, considering the intended
use of the clay in ceramic formulations, which involves wet
milling during the ceramic process, controlled milling of the
sample before asbestos fibre identification and quantitative
determination seems justified.
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