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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Fibrosity parameter quantifies asbestos- 
like fragmentation behaviour.

• Fp combines EMP20% and EMP stability 
under controlled milling.

• Fp distinguishes retained from progres-
sively lost fibrosity.

• Macroscopically elongated tremolite 
showed non-asbestos-like morphology.

• Quantitative workflow supports 
morphological screening of fibrous 
minerals.
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A B S T R A C T

Hazard assessment of naturally occurring asbestos and asbestos-like minerals (NOA) is hindered by the lack of 
standardized criteria for quantifying asbestos-like morphology. This work introduces the fibrosity parameter 
(Fp), an experimental approach for classifying suspected fibrous minerals. Fp combines standardized mechanical 
stress with automated morphometric analysis to evaluate changes in the percentage of elongate mineral particles 
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(EMP) during milling. The approach was tested on five antigorite and three tremolite samples spanning fibrous, 
lamellar, and prismatic morphologies, using crocidolite, amosite, MMVF, and talc as references. Fp is defined by 
EMP% after 20 min of milling (EMP20%) and the slope of EMP% between 2 and 20 min (S). Thresholds of 
EMP20% = 50% and S = −1 distinguished four morphological scenarios: 1) asbestos or asbestos-like, 2) pre-
cautionary asbestos-like, 3) non-asbestos-like, and 4) non-asbestos. Fibrous antigorite samples and one tremolite 
retained high EMP contents and behaved comparably to asbestos references, whereas another macroscopically 
fibrous tremolite progressively lost fibrosity and was classified as non asbestos-like. Thus, macroscopic fibrosity 
is not a reliable proxy for asbestos-like fragmentation behaviour. Fp provides a quantitative and reproducible 
morphological screening tool that complements broader hazard assessment. However, Fp is not a stand-alone 
predictor of pathogenicity.

1. Introduction

The widespread occurrence of naturally occurring asbestos (NOA) 
globally demands an advanced geological hazard evaluation to establish 
health protection from asbestos during large infrastructure projects 
[1–5]. The term NOA is used to distinguish naturally occurring asbestos 
and asbestos-like minerals from the term "asbestos", which specifically 
defines only six commercially-relevant mineral fibres (i.e., chrysotile, 
crocidolite, amosite, anthophyllite asbestos, actinolite asbestos, and 
tremolite asbestos) that were widely employed in the past century and 
are responsible for the most severe occupational epidemic in human 
history [6–10]. NOA are rock and soil forming minerals in mafic and 
ultramafic rocks, as the result of natural geological processes [11–13]. 
From the point of view of hazard evaluation, NOA includes hazardous 
fibrous minerals (e.g., fuoroedenite, erionite, and winchite) which share 
with asbestos some key physico-chemical properties relevant for 
toxicity, including an asbestos-like morphology, but that do not strictly 
comply with regulatory definitions of asbestos derived from commer-
cially available fibres ([13]; EU Directive 2023/2668/EC). For instance, 
NOA may show a chemical composition or a mineral structure that 
differs from that of the six phases identified as asbestos and yet the 
exposure to those minerals might represent a hazard for humans 
[14–18]. Human activities (e.g., construction of infrastructure) and 
natural processes (e.g., erosion, weathering) may disturb and mobilize 
fibres, thus posing a risk for human health and the environment. The 
emergence of asbestos-related diseases associated with non-industrial 
exposure (e.g., [19–25]) requires updating hazard assessment, moni-
toring, and mitigation strategies in these emerging scenarios [26,27]. 
The largely unexplored impact of exposure to NOA prompted the Eu-
ropean Parliament to pass a resolution that aims to raise awareness of 
the social and health implications of their occurrence in large areas of 
several European countries ([28]; 2019/2182(INL)). In this context, the 
natural occurrence of several asbestos-like minerals may pose a risk to 
workers and the residential population, but the lack of proper tools to 
evaluate their hazard dramatically impairs the enforcement of effective 
safety procedures (e.g., [29–31]).

The identification of the asbestos morphology of fibre bundles and 
individual fibres in bulk industrial and commercial materials, commonly 
referred to as Asbestos-Containing Materials (ACMs), is widely regulated 
by environmental, health and safety agencies (e.g., US Environmental 
Protection Agency, World Health Organization, International Agency for 
Research on Cancer). The United States Environmental Protection 
Agency (EPA) and the World Health Organization (WHO) defined 
asbestos respirable fibres as particles which may present the following 
characteristics: i) length L > 5 µm, width W < 3 µm, and length to width 
ratio > 3 (aspect ratio, AR=L/W; WHO 1997 counting criteria [32]); ii) 
high or extremely high aspect ratios, ranging from 10:1–100:1 or higher; 
iii) very thin individual fibres, usually less than 0.5 μm in width; iv) high 
curvature and flexibility; v) parallel fibres occurring in bundles char-
acterised by splayed ends (EPA, 1993; ISO 10312:2019; WHO 1997 
[32-34]). It is worth noting that not all five of these parameters are strict 
morphological properties of the mineral that can be objectively assessed 
during analysis. In 2011, the NIOSH introduced the term Elongate 
Mineral Particles (EMP), expanding the dimensional boundaries of 

“asbestos respirable fibre” to all the potentially hazardous elongate 
mineral particles with AR > 3 and length > 5 µm (NIOSH, 2011 [35]). 
However, such standardized and harmonized procedures are currently 
lacking for NOA.

To classify NOA in the context of their potential hazard, a quanti-
tative parameter to express the fibrosity of a suspected hazardous EMP is 
needed ([36–39] and references therein). In recent years, increasing 
attention has been devoted to linking the morphometry of EMP with 
pathological outcomes [40–43], although these approaches remain 
largely focused on industrial asbestos and do not adequately address the 
complexity of NOA. Several mathematical approaches have been re-
ported in the literature to investigate the asbestos morphological 
behaviour of industrial asbestos. Most of these works aim to establish 
quantitative relationships between airborne asbestos characteristics 
(exposure or inhalation indexes) and health outcomes, particularly the 
risk of developing asbestos-related diseases such as mesothelioma and 
lung cancer. Large databases incorporating key dimensional parameters 
(length, width, and AR), along with data from epidemiological and 
toxicological studies, were analysed using descriptive statistics, corre-
lation and regression analysis, and Monte Carlo simulation to develop 
mathematical algorithms for predicting the carcinogenic potency of 
airborne asbestos ([41] and references therein). A pioneering attempt to 
develop a mathematical index (i.e., fibrosity index) for the discrimina-
tion of asbestos habit based on fibre length and width measurements was 
performed on a set of commercially milled asbestos minerals by Siegrist 
and Wylie, (1980) [44]. Later, different procedures complementing or 
overcoming the aspect ratio (e.g., [44–49]) and the width [13,40,43]
criteria have been proposed by the scientific community. These studies 
confirm dimensions as one of the main drivers of asbestos carcinoge-
nicity [50].

A mathematical framework for estimating the asbestos-like 
morphology of NOA, consisting of the size and distribution, remains 
undeveloped. Currently available approaches often take an overly 
simplistic approach to describing the minerals’ morphometric parame-
ters, relying mainly on the average length and diameter of a heteroge-
neous population of fibrils, fibres, and bundles. In the Fibre Potential 
Toxicity Index (FPTI), an empirical model for predicting the toxicity of a 
mineral fibre, the mean length and diameter of a preparation of the 
unknown mineral are used as two of the key parameters governing the 
overall mineral toxicity, jointly with surface reactivity and dissolution 
rate [36,51]. However, this approach does not account for the vari-
ability and spread of the particle population. In the realm of NOA, the 
average dimensions of a possible asbestos-like mineral are evaluated 
after a non-standardized comminution process of a hopefully pure vein 
of a single mineral phase. Mechanical comminution of both massive and 
asbestos-like minerals produces a continuous range of particle habits 
and sizes [52], generating heterogeneous particle populations in which 
critical subpopulations may be overlooked when only mean values are 
considered. Militello et al. (2020, 2021) demonstrated that grinding 
both non-asbestos and asbestos-like amphiboles, specifically massive 
tremolite and tremolite asbestos, can generate a spectrum of particles 
and EMPs [53–55], but neither the comminution method nor grinding 
time substantially alters the predominant asbestos-like morphology. 
Thus, the aspect ratio remains largely unaffected by external processing, 

J.R. Petriglieri et al.                                                                                                                                                                                                                            Journal of Hazardous Materials 516 (2026) 143415 

2 



even if the individual distributions of length and width are influenced 
[43,56].

The definition of asbestos-like morphology in mineral fibres is not 
unambiguous or performed under harmonized procedures. Assessing 
whether a naturally occurring mineral that displays a fibrous 
morphology at the macroscopic scale also exhibits an asbestos-like 
morphology at the microscopic level is a significant challenge for the 
analyst and a dramatic source of uncertainties in geological hazard of 
natural sites [53,55]. While a mineral may appear fibrous and charac-
terised by elongated lamellar, acicular or needle-like structures when 
observed with the naked eye or low magnification, it might not possess 
the distinct morphometric properties that define asbestos-like fibres. 
Although a comprehensive morphological definition of asbestos is still 
under debate [57], it is largely held that asbestos minerals consist of 
bundles of long and thin particles that exhibit poly-filamentous behav-
iour. Asbestos minerals preferentially split along their growth axis, 
which results in the formation of long and thin fibres (i.e., fibres with 
high aspect ratio; IARC 2012 [58]). This peculiar morphology, here 
referred to as asbestos-like morphology, persists even under strong 
mechanical stress (e.g., comminution; [55,59]). Indeed, asbestos fibres 
are generated through a crystal growth mechanism that is clearly 
recognized by the mineralogical community but does not include clear 
morphometric boundaries [43]. Applying an increasing mechanical 
stress on non-asbestos fibrous minerals will promote the cleavage of 
elongated particles into isometric particles. Generally, non-asbestos 
fibrous minerals split perpendicularly to the growth direction and 
generate the so-called “cleavage fragments” [60]. This mechanism im-
plies the loss of the fibrosity of non-asbestos minerals, even when they 
show a clear fibrous morphology at the macroscopic scale. On this basis, 
different conceptual fragmentation behaviours may be distinguished. 
Mineral occurrences may either retain a high proportion of elongated 
particles under progressive mechanical stress, displaying an 
asbestos-like morphology, or they may predominantly generate iso-
metric particles, displaying a non-asbestos morphology. Intermediate 
behaviours include initially populations that progressively lose elon-
gated particles during milling and populations that retain a high EMP 
content despite a measurable decrease in fibrosity. The partial overlap 
between EMPs, cleavage fragments, and regulated asbestos and 
asbestos-like fibres commonly occurs in scientific literature and labo-
ratory practice, further complicating the identification and classification 
of hazardous fibres.

This work introduces the “Fibrosity parameter (Fp)” to quantitatively 
evaluate the asbestos-like morphology of a suspected fibrous mineral in 
natural sites. A protocol was therefore designed to verify whether a 
mineral that is suspected to have asbestos-like properties preserved its 
fibrous morphology after a standardized mechanical stress, such as 
milling. The particle and fibre length and width size distribution were 
estimated by means of light microscopy coupled with automated image 
analysis (FPIA) and Scanning Electron Microscopy (SEM). This multi- 
technique approach allows thousands of particles to be measured with 
respect to SEM investigation alone, providing a reliable statistical 
analysis to comparatively classify minerals under investigation. Fp was 
evaluated on a set of antigorite and tremolite samples showing a fibrous 
to lamellar/prismatic morphology at the macroscopic scale. Data on 
investigated minerals were compared with data obtained with asbestos 
and non-asbestos standards, i.e., UICC crocidolite and amosite, and Man 
Made Vitreous Fibres (MMVF) and talc. A quantitative assessment of the 
asbestos-like morphology of the minerals was proposed.

Fp offers a practical, reproducible approach that laboratories could 
easily adopt for screening and monitoring purposes. Its implementation 
would support a more quantitative classification of asbestos-like 
morphology of a suspected mineral fibre, complementing current 
morphological assessments towards hazard analysis.

2. Materials and methods

2.1. Materials

A set of five macroscopically lamellar-to-fibrous antigorite and three 
macroscopically prismatic-to-fibrous tremolite samples were investi-
gated in this study. The potential asbestos-like morphology was 
compared with the asbestos morphology of UICC Crocidolite [61] and 
long amosite [52,62], and with the non-asbestos morphology of Man 
Made Vitreous Fibres (MMVF10; [63]) and lamellar talc from the Fon-
tane deposit, hosted in pre-Carboniferous rocks of the Dora-Maira Massif 
(Western Alps, Italy; [64]).

2.1.1. Antigorite samples
Antigorite samples were collected from veins in i) antigorite ser-

pentinite of Palmaro-Caffarella Unit, Voltri Massif (Atg-1, Atg-2, Atg-5) 
(Varenna Valley, Liguria, Italy; [65]); ii) antigorite serpentinite of 
Gimigliano-Monte Reventino Unit, Southern Ligurian Domain (Atg-3) 
(San Mango d’Aquino, Calabria, Italy; [56]); and iii) weathered anti-
gorite serpentinite of Koniambo Massif, Peridotite Nappe (Atg-4) (Ton-
touta, Nouvelle-Calédonie, France; [15].

2.1.2. Tremolite samples
Tremolite samples were from: i) a vein in antigorite serpentinite of 

Cerogne-Ciantiplagna Unit, External Piemonte Zone (Trm-1) (Sauze 
d’Oulx, Piemonte, Italy; [66]; ii) a vein in a talc-chlorite-schist mass 
included within the antigorite serpentinite of the Internal Piemonte 
Zone (Trm-2) (Bracchiello abandoned quarry, Ceres, Piemonte, Italy; 
[67]); and iii) dolomitic marble of Campolungo Zone, Simano Nappe, 
Lower Penninic Units (Trm-3) (Campolungo, Ticino, Switzerland; [68].

Samples differ macroscopically from fibrous (Atg-1, Atg-2, Atg-3, 
Atg-4, Trm-1, Trm-2) to non-fibrous lamellar or prismatic morphology 
(Atg-5, Trm-3). Mesoscale features of antigorite veins and fragments 
embedded in their host rocks are reported in Supplementary Materials
(S1). The mineralogical identification of the selected vein fragments was 
preliminarily assessed using X-ray powder diffraction (XRPD), micro- 
Raman spectroscopy, and scanning electron microscopy (SEM), and 
representative results for each sample are reported in the Supplementary 
Materials (S2).

2.2. Methods

2.2.1. X-ray powder diffraction (XRPD)
The bulk mineralogy was determined by qualitative XRPD analysis 

using a Rigaku Miniflex 600 diffractometer. Intensity measurements 
were run at 40 kV and 15–40 mA, using CuKα radiation (λ = 1.54178 Å) 
over a 2θ range from 3 to 90◦ 2θ in steps of 0.02◦, with a counting time 
of 1 s per step. The limit of detection of XRPD depends on the mineral 
phase and is usually 1 wt% for crystalline secondary and accessory 
phases, and 5 wt% for serpentine and amphibole minerals. Represen-
tative diffraction patterns of each antigorite and tremolite sample are 
reported in Supplementary Materials S2.

2.2.2. Micro-Raman spectroscopy
Raman spectra were obtained with a Horiba HR800 Raman spec-

trometer equipped with an Olympus BX41 confocal microscope, a 600- 
grooves/mm holographic grating monochromator, and a high-gain 
Peltier-cooled CCD. A Nd solid state laser at 532-nm was used as exci-
tation, and neutral density filters were used to avoid sample heating. Up 
to 15 spectra were obtained on vein fragments using a 10× objective. 
The spectrometer was calibrated using the 520.7 cm−1 Raman peak of 
silicon before each experimental session. Spectra were collected as fol-
lows: 6 acquisitions for 20 s in the low and high wavenumber spectral 
range were averaged and background-subtracted with LabSpec® soft-
ware. Representative Raman spectra of each antigorite and tremolite 
sample are reported in Supplementary Materials S2.
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2.2.3. Ball mill grinding
A fixed aliquot of the < 2 mm fraction (1.8 g) was dry ground in a ball 

mixer mill (Retsch MM200) for 2, 5, 10, and 20 min at 27 Hz using an 
agate jar (15 mL) with 4 agate balls (5 mm diameter).

2.2.4. Flow particle image analysis (FPIA)
Particle size distribution of comminuted specimens in a range of 

0.8–300 µm was obtained by Flow Particle Image Analysis (FPIA) using 
the Sysmex FPIA-3000 apparatus (Malvern Instruments). Specimen 
powders were dispersed in ultrapure water (0.5 mg/mL) and sonicated 
for 30 s at 10 W. Each suspension was passed through a cell where im-
ages of particles were captured using stroboscopic illumination and a 
CCD camera (20× magnification lens). Particles with a Circular Equiv-
alent Diameter (CED) of less than 4 μm were excluded from counting. 
The CED 4 μm threshold was selected based on the instrumental 
detection limit. Because CED is the diameter of the circle having the 
same projected area as the particle image, CED threshold of 4 μm does 
not correspond to the measured Length and Width. According to A 
= πCED2/4, a CED of 4◦μm corresponds to a projected area of approxi-
mately 12.57 μm2. The criterion may therefore exclude particles with 
small projected areas, particularly short and thin particles, but does not 
systematically remove all particles with submicrometric widths. 
Removing particles below a particular size threshold, consisting of high 
numbers of low-volume particles, reduces the risk of under-sampling 
high-volume particles whilst having minimal effect on the overall geo-
metric distribution of powder samples [69]. Particle dimensions were 
quantified as length (L), defined as the length of the longer axis of the 
particle image when bounded by two pairs of parallel lines, and width 
(W), defined as the length of the shorter axis under the same conditions. 
Data were evaluated and plotted using OriginPro Software (Adalta, 
Italy).

2.2.5. Scanning electron microscopy (SEM)
Secondary Electron (SE) and Backscattered Electron (BSE) images 

were acquired at 10–15 kV, 100 pA by Scanning Electron Microscope 
(SEM) TESCAN VEGA 4 equipped with an Oxford Ultim Max 40 EDS.

Preliminary morphological analyses were performed on representa-
tive vein fragments mounted on aluminium stubs using conductive 
carbon adhesive tabs and gold-coated. BSE images were acquired at 
about 100x, 750x and 3000x magnification (Field of View, FOV 3490, 
558, and 140 µm, respectively; image dimension 1024 ×1024 px).

Quantitative morphometric analyses were subsequently performed 
on the milled powder samples. The sample preparation procedure was 
adapted from ISO 14966:2019 [74]. Approximately 5 mg of each spec-
imen powder was weighed and suspended in an aqueous solution con-
taining 0.1% surfactant. A known volume of the suspension was filtered 
through a polycarbonate membrane filter (25 mm diameter; 0.8 µm pore 
size) to obtain a deposited powder mass of approximately 0.01–0.1 mg. 
The filters were then dried and gold-coated. SE images were collected at 
2500x magnification (FOV 112 µm; image dimension 1024 ×1024 px; 
pixel size 0.109 µm px-1).

3. Results

3.1. The fibrosity analytical approach

The analytical approach for determining the “fibrosity parameter” 

aims to assign a morphological classification to a specific mineral 
occurrence to evaluate its asbestos-like nature. Although asbestos min-
erals cannot be defined solely based on morphological data, a necessary 
condition is that the fibres can split almost indefinitely along crystal-
lographic planes parallel to the crystal growth axis. Given that poten-
tially fibrous minerals occur in nature with a wide diversity of 
morphologies and structural features, we have developed a quantitative 
approach to assess whether a mineral exhibits fragmentation behaviours 
morphologically comparable to that of asbestos. The approach involves 

five main steps: i) preliminary sample preparation for subsequent mill-
ing; ii) standardized progressive mechanical stress; iii) morphometric 
analysis; iv) data analysis; and v) obtaining the fibrosity parameter (Fp). 
The experimental setup is schematically illustrated in Fig. 1. 

i. Sample preparation. This step is devoted to producing powder 
specimens that are representative in both mass and particle size. 
Vein samples were collected from natural outcrops by hand- 
picking with tweezers after gently removing the superficial 
portion of the potentially weathered material. A fixed aliquot of 
vein fragments (10 g) was gently hand-crushed and sieved to 
obtain a homogenous size fraction < 2 mm. Statistically relevant 
mass and size reduction steps were carried out by applying the 
approach adapted to NOA by Turci et al. (2020) [70], derived 
from Pierre Gy’s theory ( [71] and therein).

ii. Standardized mechanical stress. It consists of a controlled ball 
milling procedure at multiple time points in the 2–20 min range. 
The fraction < 2 mm was ground following the comminution 
procedure (see par. 2.2.3) for 2, 5, 10, and 20 min (from t2 to t20). 
The shorter time (2 min) induced a gentle material separation, 
producing fibres and particles that could be analysed by electron 
microscopy. The protocol was previously validated for antigorite 
and tremolite samples for toxicological assays (e.g., [15]). The 
2 min time point was selected as the initial stage of milling ki-
netics. The morphometric data obtained were analysed to char-
acterize particle populations in terms of mineral morphology and 
size distribution. The following time points produced a further 
reduction of the particle dimensions. Furthermore, the milling 
procedure was designed to be carried out in a relatively reason-
able amount of time, making the implementation of this approach 
feasible in any conventional analytical lab. After grinding, pow-
der samples were sieved at 300 µm to refine the size range of the 
samples and to remove, if present, larger particles that exceeded 
the upper limit of detection of light and electron microscopy.

iii. Morphometric evaluation. Particle shape and particle size distri-
bution of powdered samples in a range of 0.8–300 μm were ob-
tained by optical light microscopy coupled with an automated 
image analysis (FPIA). More than 1500 individual particles were 
analysed for each specimen (Supplementary Materials, S3). 

Scanning electron microscopy was used to confirm the reli-
ability of the automated morphometric evaluation carried out 
with FPIA. Length, width, and AR of 300 individual particles were 
measured for the two endpoint grinding times (t2 and t20) for each 
sample (Supplementary Materials, S5). The mean difference be-
tween methods was minimal (-0.09) and most data points fell 
within the 95% limits of agreement.

iv. Data analysis. The morphometric data obtained were analysed to 
characterize particle populations in terms of particle morphology 
and size distribution. Concerning counting criteria, in this work, 
we adopted the morphometric definition of particles and elon-
gated mineral particles introduced in Petriglieri et al. (2023) 
[65]. Specifically, we defined:

− particles (PAR), any non-elongated mineral particle that has a length 
to width ratio (AR) lower than 3;

− elongated mineral particle (EMP), any mineral particle with a length 
to width ratio (AR) greater than 3. AR is defined assuming the width 
of a particle to be an apparent parameter defined as the longest 
dimension of the particle in the plane perpendicular to the length and 
the shortest dimension of the two-dimensional outline of a particle 
(according to [35] and Report IMA 2022 [72]);

− non-respirable fibre (NRF), any EMP with a length greater than 5 µm 
and a width greater than 3 µm;

− respirable WHO fibre (WHO), any EMP that has a length greater than 
5 µm and a width lower than 3 µm. This definition is consistent with 
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the counting criteria proposed by WHO (1997) for the determination 
of airborne asbestos fibres in occupational monitoring.

v. “Fibrosity parameter (Fp)”. Fp classifies the morphology of suspected 
fibrous minerals by considering two criteria: 1) the percentage of 
EMP out of the total features detected at t20 (EMP20%); and 2) the 
slope of the linear regression interpolating the EMP% at the four 
timepoints (EMP2%, EMP5%, EMP10%, and EMP20%).

3.2. Morphological description of antigorite and tremolite vein fragments 
at the macroscale

At the macroscopic scale, antigorite and tremolite vein fragments 
displayed a range of appearances, from markedly fibrous and predom-
inantly splintery (Atg-1, Atg-2, Atg-3, Atg-4, Trm-1, Trm-2) to massive 
(Atg-5 and Trm-3). Their colours varied from green blue (Atg-2, Atg-3, 
Atg-5) to whitish (Atg-1, Atg-4, Trm-1, Trm-2, Trm-3), as illustrated in 
Fig. 2. Samples Atg-1, Atg-2, and Atg-3 showed a weak cohesion and 
flexible and noticeably friable aspect, dominated by elongated crystals 
cracking into thinner curvilinear laminas. Samples Atg-4, Trm-1, and 
Trm-2 showed a weak cohesion and occurred as centimetre-long bundles 
of parallel elongated lath- and acicular-shaped crystals presenting 
splayed or frayed ends. Sample Atg-5 and Trm-3 were cohesive and 
characterized by platy-shaped fabric of parallel blades or prismatic 
elongated crystals, respectively.

3.3. Morphometric evaluation

The dimensions, consisting of length L, width W, and AR parameters, 
of approximately 1500 mineral objects for each antigorite, tremolite and 
reference sample at increasing grinding times were measured by optical 
microscopy coupled with automated image analysis. Considering thou-
sands of objects provided statistical confidence that the measurements 
adequately represented the distribution of powder samples.

The relative comparison of particles (PAR%; % of particles with AR 
<3 of total particles), elongated mineral particles (EMP%; % of particles 
with AR >3 of total particles) consisting of non-respirable fibres (NRF%; 
% of particles with AR >3, L >5 μm, and W >3 μm of total particles), and 
respirable WHO fibres (WHO%; % of particles with AR >3; L >5 μm; W 
<3 μm of total particles; WHO 1997 counting criteria) populations, 
generated for each sample after milling procedure, is illustrated in Fig. 3.

Antigorite Atg-1, Atg-2, Atg-3 and Atg-4 exhibited WHO% and NRF% 
in the range 47–26% and 42–35%, respectively. On the other hand, they 
displayed PAR% in the range 11–34%. Antigorite Atg-5 showed a lower 
WHO% and NRF% (13–17% and 19–18%, respectively) and a higher 
PAR%, ranging from 68% to 64%. The stacked chart revealed that by 
increasing the grinding time (from t2 to t20), the EMP%, namely WHO 
fibres and non-respirable fibres, remained approximately constant % for 
sample Atg-1 and Atg-5, while we observed a slight decrease in EMP% 
for Atg-2, Atg-3, and Atg-4.

Tremolite Trm-1 exhibited WHO% and NRF% in the range 37–35% 
and 44–34%, respectively. The PAR% was in the range 20–31%. As 
expected, tremolite Trm-3 displayed a lower WHO% and NRF% content 

(9–6% and 20–16%, respectively) and a higher PAR% content, ranging 
from 71% to 77%. Trm-2, exhibiting very elongated structures at the 
macroscale, showed lower WHO% and NRF% (12–6% and 31–7%, 
respectively) and a higher PAR%, ranging from 57% to 87%. As grinding 
time increased, EMP% populations decreased slightly (Trm-1) to 
markedly (Trm-2) for fibrous tremolites, while it remained constant for 
prismatic non-fibrous tremolite (Trm-3).

For comparison, the % populations of milled MMVF (non-asbestos 
fibres) and talc (lamellar mineral) is also reported in Fig. 3. MMVF 
displayed WHO% and NRF% in the range 28–11% and 43–17%, 
respectively. PAR% was in the range 29–72%. Talc showed a small WHO 
% and NRF% content (5–3% and 12–9%, respectively) and a larger PAR 
% content, ranging from 84% to 88%. By increasing the grinding time, 
the EMP% populations dramatically decrease for non-asbestos fibres 
MMVF and slightly decrease for lamellar talc. As for the latter, cleavage 
of non-respirable fibres with milling is responsible for the slight decrease 
of EMP% (12–9%) and therefore with the increase of PAR%.

Representative SEM images reported in Fig. 3 displayed the 
morphology of samples at the endpoints t2 and t20. The automatic 
counting approach proposed was validated by SEM, measuring manu-
ally the dimension parameters of about 300 objects at t2 and t20 of each 
sample (see Supporting Materials, table S4).

Particle and fibre size distributions of milled antigorite and tremolite 
samples were compared with asbestos (UICC crocidolite, amosite) and 
non-asbestos minerals (MMVF, talc), as shown in Fig. 4.

Fibrous antigorite (Atg-1, Atg-2, Atg-3, Atg-4) and fibrous tremolite 
(Trm-1) exhibited EMP% and WHO% ranging from 80% to 65% and 
47–26% with increasing milling time, t2 and t20 respectively. A slight but 
negligible decrease in fibrous morphology is observed. It is relevant to 
point out that most of the EMP detected had the dimensions of respirable 
WHO fibres (WHO, 1997). These samples preserved their fibrous 
morphology and fall in the range of fibrosity of asbestos. Asbestos UICC 
crocidolite and amosite displayed similar values in terms of EMP% (83% 
and 82%, respectively) and WHO% (47% and 58%, respectively).

Massive lamellar antigorite (Atg-5) and massive prismatic tremolite 
(Trm-3) preserved their lamellar/prismatic morphology, generating 
after t20 milling less than 35% of EMP% and less than 15% of WHO%, in 
accordance with non-asbestos lamellar mineral (EMP20% = 12% for 
talc).

Although tremolite Trm-2 exhibited very elongated structures at the 
macroscopic scale, it rapidly lost its fibrous morphology with milling 
time. At minimum grinding time t2, the EMP% and WHO% dropped at 
42% and 12%, respectively. At the maximum milling time t20, the EMP% 
and WHO% collapsed to 13% and 6%, respectively. A similar decreasing 
trend was observed for non-asbestos fibres MMVF (EMP% from 55% to 
28% and WHO% from 28% to 11%).

The fibrosity behaviour of asbestos-tremolite (Trm-1) was clearly 
distinct from the fibrosity of tremolite, both prismatic (Trm-3) and 
fibrous non-asbestos (Trm-2). Likewise, the fibrosity of asbestos-like 
antigorite (Atg-1, Atg-2, Atg-3, Atg-4) was distinct from the fibrosity 
of lamellar antigorite (Atg-5). This separation is more noticeable 
considering the percentage of EMP (Fig. 4). A least-squares regression 
analysis was conducted to quantitatively describe these differences in 

Fig. 1. Experimental set-up scheme of the analytical protocol designed to calculate Fp, the fibrosity parameter to describe the asbestos-like morphology of a sus-
pected fibrous mineral.
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fibrosity, based on the percentage of EMP. The resulting regression lines 
and coefficients are reported in Supplementary Materials S6.

4. Discussion

The presented analytical approach, tested on a comprehensive set of 
fibrous to lamellar/prismatic minerals, showed that the two parameters 
forming the basis to quantitatively discriminate between asbestos-like 
morphology from non-asbestos morphology are 

− the percentage of EMP at max grinding time (20 min time; elevation 
in y axis in Fig. 4), after a controlled and reproducible mechanical 
stress (milling), namely EMP20%;

− the ability to limit the variation of EMP% with milling time up to 
20 min (slope, S = ΔEMP%/milling time in minutes). 
(Supplementary Materials S6).

Antigorite and tremolite samples subjected to increasing and 
controlled mechanical stress exhibited four distinct morphological sce-
narios, as illustrated in Fig. 5. The position of the axes delimiting the 
four scenarios was determined through a maximum-margin 

Fig. 2. Macroscopic description of the antigorite and tremolite specimens. The representative images illustrate the range of morphologies, from fibrous to non- 
fibrous lamellar/prismatic. a-b) fibrous antigorite from different veins in a NOA site in Varenna Valley (Atg-1 and Atg-2, respectively); c) fibrous antigorite from 
San Mango d’Aquino (Atg-3); d) fibrous antigorite from New Caledonia (Atg-4); e) fibrous tremolite from Sauze d’Oulx (Trm-1); f) fibrous tremolite from Bracchiello 
(Trm-2); g) massive lamellar antigorite from Varenna Valley outcrop (Atg-5); h) massive prismatic tremolite from Campolungo (Trm-3). Field images of antigorite 
and tremolite samples embedded in their host rocks are reported in Supplementary Materials (S1).
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Fig. 3. Particle and fibre size distribution of antigorite (blue), tremolite (green), and non-asbestos fibre (MMVF) and lamellar talc (grey) samples after grinding at 2, 
5, 10, and 20 min by optical and electron microscopies. Stacked column charts show the % variation of particles (AR <3; PAR% in white), non-respirable fibres (AR 
>3, L >5 μm, W >3 μm, NRF% in dotted colour), and WHO fibres (AR >3, L >5 μm, W <3 μm; WHO% in full colour) increasing the grinding time. The number of 
objects measured is reported in Supplementary Material S3. Representative SEM images illustrate the morphology for endpoint grinding times (t2 on the left and t20 
on the right) of each sample.
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optimization procedure. Briefly, the vertical and horizontal axes were 
positioned to maximize the minimum distance between all data points 
and the nearest axis, thereby placing the boundaries in regions of lowest 
data density and avoiding arbitrary or data-cutting partitions. In cases of 
equivalent solutions, the horizontal axis was further optimized to 

maximize the separation along the y-dimension. Following this 
approach, the two axes delimiting the four scenarios were identified at 
EMP20% = 49.5% and S = -1.05. For practical reasons, the values were 
rounded to the nearest unit. Full details of the algorithm and imple-
mentation are provided in Supplementary Materials S7. The four 

Fig. 3. (continued).
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scenarios calculated are: 

1. Fibrous samples preserved their fibrosity, defined by EMP20% > 50% 
and S > -1, and fall within the morphometric parameters of regulated 
asbestos (e.g., UICC crocidolite, amosite). These samples (Fig. 5, 
dark-red region in the upper left quadrant) exhibit an asbestos (Trm- 
1) or an asbestos-like morphology (Atg-1, Atg-2, Atg-3);

2. Fibrous samples partially preserved their fibrosity, defined by 
EMP20% > 50% and S < -1, and ranked in the morphometry of 
asbestos-like to fibrous minerals. Supporting a precautionary 
distinction based on EMP content (EMP20% >50), these samples 
(Fig. 5, red region in the upper right quadrant) may be ascribed to 
asbestos-like morphology (Atg-4);

3. Fibrous samples lost their fibrosity, defined by EMP20% < 50% and 
an S < -1, and ranked in the morphometric parameters of non 
asbestos-like fibres (e.g., MMVF). Although these samples (Fig. 5, 
violet region in the bottom right quadrant) show an elongated habit, 
they do not exhibit an asbestos-like morphology. Fibrous minerals 
can lose their fibrosity (Trm-2; [73]) and fall in the morphometric 
parameters of non asbestos-like morphology (MMVF);

4. Massive lamellar/prismatic samples preserved their prismatic/ 
lamellar habit, defined by EMP20% < 50% and S > -1, and ranked in 
the morphometric parameters of non-asbestos (e.g., talc). These 
samples (Fig. 5, dark-blue region in the bottom left quadrant) exhibit 
a non-asbestos morphology (Atg-5, Trm-3).

Application of the Fibrosity parameter Fp to suspected asbestos-like 
minerals enables a quantitative, science-based discrimination between 
asbestos and asbestos-like and non-asbestos minerals, overcoming the 
subjective perceived fibrosity at the macroscopic scale. In some cases, 
the macroscopic morphology of centimetric or millimetric elongated 
fibres may recall the high aspect ratio characteristics of asbestos-like 
minerals. This study demonstrates that microscopic behaviour can 
differ significantly within fibrous to lamellar/prismatic specimens that 
belong to the same mineral species (e.g., tremolite). These aspects pro-
duce fragmentation patterns that generate particles and fibres in a very 
different dimensional range [43].

A flow-chart is proposed to guide laboratory analysts through a step- 
by-step evaluation of asbestos and asbestos-like morphology in sus-
pected fibrous minerals. As illustrated in Fig. 6, the process begins with 
the assessment of the EMP% at the maximum endpoint of grinding 
(EMP20%), followed by evaluating the ability to maintain a constant 
EMP%, expressed by the slope of the linear regression line.

If EMP₂₀% is greater than 50%, the analysis proceeds to the linear 
regression evaluation. 

− If the slope is greater than −1, samples are assigned to asbestos and 
asbestos-like morphology (Fig. 6, dark-red box). This suggests a 
strong morphological similarity to asbestos in terms of crystal habit 
and size distribution. The presence of these samples in natural sites 
may require further regulatory and geological hazard consideration.

− If the slope is less than −1, samples can be assigned to the 
morphological group of asbestos-like [precautionary] (Fig. 6, red 
box), indicating that while they tend to lose their fibrosity increasing 
the mechanical stress, their high EMP content warrants a precau-
tionary classification.

If EMP₂₀% is less than 50%, the analysis also proceeds to the linear 

Fig. 4. Fibrosity behaviour of fibrous-to-lamellar/prismatic antigorite and tremolite samples subjected to increasing mechanical stress (grinding). Line graphs depict 
the progression of EMP% (on the left) and WHO% (on the right) increasing the milling time (t2, t5, t10, and t20). Non-asbestos fibres MMVF and lamellar talc were 
added for comparison. UICC crocidolite and amosite, derived from previously processed commercial asbestos materials, were not further milled and their EMP% and 
WHO% values are shown as dashed horizontal reference lines.

Fig. 5. Morphological classification of suspected fibrous minerals using the 
Fibrosity parameter Fp. The scatter plot with quadrant classification groups 
antigorite (circle) and tremolite (diamonds) based on morphometry at the 
endpoint milling time (EMP20%) and the stability of EMP% under mechanical 
processing (slope). Morphology is classified into four morphological scenarios: 
asbestos and asbestos-like (dark-red, upper left quadrant), asbestos-like [pre-
cautionary] (red, upper right quadrant), non asbestos-like (violet, bottom right 
quadrant), and non-asbestos (dark-blue, bottom left quadrant).
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regression evaluation. 

− If the slope is less than −1, samples are assigned to the non asbestos- 
like morphology (Fig. 6, violet box), indicating a non negligible 
content of elongated particles that do not meet the criteria for EMP 
counting. The steep negative slope indicates that prolonged and 
intense mechanical stress (e.g., dry micronization) can cause the 
cleavage of elongated particles and fibres, preferentially reducing 
their length, resulting in isometric particles. This process has been 
considered for the inertization processing of fibrous minerals, as 
industrial sepiolite [74,75];

− If the slope is greater than −1, samples belong to the morphological 
classification of non-asbestos (Fig. 6, dark-blue box), indicating no 
significant resemblance to asbestos fibres in terms of particle habit or 
dimensional distribution.

The Fp evaluation scheme provides a robust and reproducible tool 
that laboratories can readily adopt for the screening and monitoring of 
suspected fibrous minerals. By enabling objective and quantitative 
evaluations, Fp complements traditional morphological assessments. 
This approach aims to offer a balanced and practical framework for 
identifying fibrous minerals that may pose a hazard, particularly in 
natural sites affected by infrastructure works. Notably, the inclusion of a 
precautionary category will support analytical judgment when particle 
features do not clearly align with established morphological classifica-
tions. Furthermore, the Fp approach could be integrated into current and 
future toxicity prediction models—such as the Fibre Toxicity Potential 
Index (FTPI)—and other quantitative frameworks aimed at assessing 
fibre toxicity.

Although Fp provides a robust quantitative descriptor of asbestos-like 
morphology, the use of the parameter has also limitations. Fp does not 
account for physicochemical and mineralogical parameters governing 
fibre toxicity, such as surface reactivity and solubility. Moreover, Fp does 
not estimate the abundance, dimensions, or release of airborne fibres 
from rocks under natural or anthropogenic disturbance, which is a 
parameter that is currently under investigation. The EMP% after milling 
and slope threshold values proposed (EMP20% > 50% and S > −1) were 
derived from the current dataset and should be validated across a 
broader range of NOA (e.g., erionite, glaucophane, winchite) from 
different NOA-bearing outcrops. Therefore, Fp should be interpreted as a 
morphological screening tool for suspected fibrous minerals and not as a 
stand-alone predictor of pathogenicity.

5. Conclusions

Asbestos toxicity has been strongly linked to the high aspect ratio 
and persistence of their mineral particles under mechanical stress. Since 
several NOA (e.g., fluoroedenite, erionite, and winchite) share toxic 
characteristics with asbestos, the development of robust and quantita-
tive tools to assess asbestos-like morphology of suspected fibrous min-
erals is strongly warranted. In this work, we introduced the Fibrosity 
parameter (Fp), a two-dimensional and experimentally accessible 
approach based on the combination of EMP content after standardized 
milling (EMP20%) and its variation with increasing mechanical stress. 
This work proposes an innovative approach to morphologically 
discriminate asbestos and asbestos-like from non-asbestos minerals, 
namely on the ability to preserve high aspect ratio particles during 
progressive fragmentation. Among the investigated samples, fibrous 
antigorite and tremolite specimens exhibiting high EMP contents after 
milling (>50% at t = 20 min) and negligible variation of EMP% (ΔEMP 
%/ milling time > −1) were classified as asbestos or asbestos-like 
morphology, showing behaviour comparable to UICC crocidolite and 
amosite standards. In contrast, lamellar and prismatic samples, as well 
as non-asbestos references (talc and MMVF), displayed low EMP con-
tents (<50% at t = 20 min) and a marked decrease of EMP% with 
milling time, consistent with non-asbestos morphology. Notably, a 
tremolite sample (Trm-2) with a clearly elongated macroscopic 
morphology was classified as a non-asbestos-like morphology, demon-
strating that macroscopic fibrosity is not a reliable proxy for asbestos- 
like behaviour and highlighting the discriminating power of Fp. By 
providing a quantitative and reproducible descriptor of fragmentation- 
driven fibrosity, Fp enables a non-subjective classification of mineral 
occurences and represents a practical screening tool for the assessment 
of NOA in complex geological settings. However, as Fp is based exclu-
sively on morphometric parameters, it does not account for physico-
chemical determinants of fibre toxicity and should therefore be regarded 
as a complementary tool within a broader hazard assessment framework 
rather than as a stand-alone predictor of pathogenicity.

Statement of environmental significance

Elongate mineral particles (EMP) in nature may represent an envi-
ronmental hazard because disturbance of bearing rocks during con-
struction, quarrying, erosion or weathering can release respirable 
asbestos and asbestos-like fibres and pose a risk to humans and the 
environment. Yet current field and laboratory analysis rely on subjective 
morphological analysis and does not account for mineral potency to 
generate fibres. This study defines fibrosity, a parameter that quantifies 

Fig. 6. The Fibrosity Parameter (Fp). Flow chart outlining the analytical protocol for assessing the potential asbestos-like morphology of suspected fibrous minerals.
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whether a suspected hazardous EMP preserves asbestos-like high-aspect- 
ratio after standardized mechanical stress. The approach supports 
environmentally relevant screening of EMP-bearing sites, improves 
hazard classification before excavation or remediation, and helps target 
monitoring and risk-control measures to minerals most likely to 
generate hazardous asbestos-like fibres.
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amphiboles: Effects of comminution on tremolite and actinolite regulated and 
unregulated fibres. Epis J Int Geosci 43, 909–918.

[56] Petriglieri, J.R., Capitani, G., Ballirano, P., Barale, L., Piana, F., Tomatis, M., Di 
Carlo, M.C., Gianchiglia, F., Campopiano, A., Olori, A., 2025. Naturally occurring 
asbestos in Southern italy: geological and mineralogical investigation of fibrous 
Antigorite from Calabrian serpentinites in view of its hazard assessment. Sci Total 
Environ 970, 178970.

[57] Gualtieri, A.F., 2017. Introduction. In: Gualtieri AF (ed) Mineral fibres: Crystal 
chemistry, chemical physical properties, biological interaction and toxicity. EMU 
Notes. European Mineralogical Union and the Mineralogical Society of Great 
Britain, Ireland, UK, pp. 1–15.

[58] IARC, 2012. Monographs on the Evaluation of Carcinogenic Risks to Humans. 
Arsenic, Metals. Fibres, and Dusts. A review of human carcinogens (Lyon, France). 

[59] Meeker, G.P., Bern, A.M., Brownfield, I.K., Lowers, H.A., Sutley, S.J., Hoefen, T.M., 
Vance, J.S., 2003. The composition and morphology of amphiboles from the Rainy 
Creek complex, near Libby, Montana. Am Mineral 88, 1955–1969. https://doi.org/ 
10.2138/am-2003-11-1239.

[60] Belluso, E., Cavallo, A., Halterman, D., 2017. Crystal habit of mineral fibres. In: 
Gualtieri AF (ed) Mineral fibres: Crystal chemistry, chemical physical properties, 
biological interaction and toxicity. EMU Notes. European Mineralogical Union and 
the Mineralogical Society of Great Britain, Ireland, UK, pp. 65–109.

[61] Pacella, A., Andreozzi, G., Nodari, L., Ballirano, P., 2019. Chemical and structural 
characterization of UICC crocidolite fibres from Koegas Mine, Northern Cape 
(South Africa). Period di Mineral 88, 297–306.

[62] Tomatis, M., Turci, F., Ceschino, R., Riganti, C., Gazzano, E., Martra, G., Ghigo, D., 
Fubini, B., 2010. High aspect ratio materials: role of surface chemistry vs. length in 
the historical “long and short amosite asbestos fibers. Inhal Toxicol 22, 984–998.

[63] TIMA (Thermal Insulation Manufacturers Association), 1991. Man-made Vitreous 
Fibers: Nomenclature, Chemical and Physical Properties. IPCS-WHO.

[64] Cadoppi, P., Camanni, G., Balestro, G., Perrone, G., 2016. Geology of the Fontane 
talc mineralization (Germanasca valley, Italian Western Alps). J Maps 12, 
1170–1177.

[65] Petriglieri, J.R., Barale, L., Viti, C., Ballirano, P., Belluso, E., Bruno, M.R., 
Campopiano, A., Cannizzaro, A., Fantauzzi, M., Gianchiglia, F., 2023. From field 
analysis to nanostructural investigation: A multidisciplinary approach to describe 
natural occurrence of asbestos in view of hazard assessment. J Hazard Mater 457, 
131754.

[66] Groppo, C., 2006. Asbestos hazard in Western Alps. Petrology, characterizations 
and quantitative determination of fibrous minerals in the asbestos-bearing 
serpentinites of the Piemonte Zone (Susa and Lanzo Valleys). Università di Torino.
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