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ABSTRACT

The environmental impact of natural occurrences of asbestos (NOA) and asbestos-like minerals is a growing
concern for environmental protection agencies. The lack of shared sampling and analytical procedures hinders
effectively addressing this issue. To investigate the hazard posed by NOA, a multidisciplinary approach that
encompasses geology, mineralogy, chemistry, and toxicology is proposed and demonstrated here, on a natural
occurrence of antigorite from a site in Varenna Valley, Italy. Antigorite is, together with chrysotile asbestos, one
of the serpentine polymorphs and its toxicological profile is still under debate. We described field and petro-
graphic analyses required to sample a vein and to evaluate the NOA-hazard. A combination of standardized
mechanical stress and automated morphometrical analyses on milled samples allowed to quantify the asbestos-
like morphology. The low congruent solubility in acidic simulated body fluid, together with the toxicity-relevant
surface reactivity due to iron speciation, signalled a bio-activity similar or even greater to that of chrysotile.
Structural information on the genetic mechanism of antigorite asbestos-like fibres in nature were provided.
Overall, the NOA site was reported to contain veins of asbestos-like antigorite and should be regarded as source
of potentially toxic fibres during hazard assessment procedure.

1. Introduction

re-emergence of asbestos-related diseases was observed associated with
unexpected sources and non-conventional exposure scenarios [5,6]. In

The natural occurrence of asbestos and asbestos-like minerals (NOA)
poses a risk to the environment and human health when fibre dispersion
occurs following natural processes and/or anthropic activities. The term
“asbestos” refers to six fibrous minerals of the amphibole supergroup
and serpentine group with historical or current commercial usage, due
to their extraordinary physico-chemical and technological properties [1,
2]. As a result of the worldwide pandemic of asbestos-related diseases
[3], the International Agency for Research on Cancer (IARC) of the
World Health Organization (WHO) proved that all forms of asbestos are
carcinogenic to humans [4]. Consequently, asbestos minerals were
banned or strictly regulated in several countries and worldwide con-
sumption of asbestos has generally decreased [2]. Nonetheless, the

addition, health and safety agencies highlighted the potential hazard
posed by a plethora of “elongate mineral particles” (EMPs, NIOSH 2011
definition [7]). Some of those EMPs, e.g., fibrous glaucophane and
fibrous antigorite, may share with asbestos key physico-chemical and
toxicological characteristics and may pose a risk to human health
[7-13]. NOA/EMP-bearing rock surfaces may be exposed to weathering
and erosion and increase the environmental presence of potentially
hazardous fibres [14-18]. Due to its novelty, the terminology used in the
scientific community to define boundaries between asbestos, NOA,
asbestos-like minerals, and fibrous minerals, largely depends on the
discipline and context. To correctly address this complex semantic
question, without any attempt to propose an official nomenclature, a
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Fig. 1. Morphological definition of particles and elongated mineral particles that are investigated in this research. L, particle length; W, particle width; AR, aspect
ratio = L/W. Modified after Bailey et al., 2018 [19].
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morphological definition of the objects that are investigated in this
research is reported in Fig. 1 and Table S1.

In this context, a multi-scale and multi-analytical integrated
approach, from on-field survey to nanoscale investigation, is required to
assess the hazard of a NOA fibre. The geological factors that control the
growth of NOA fibres in a site-specific natural setting are pivotal in: i)
quantifying the occurrence and distribution of NOA; ii) understanding
the mechanism of formation of respirable NOA fibres; and iii) devel-
oping methodological and analytical procedures to evaluate the NOA
hazard. An integrated hazard assessment based on structural-geological
field evidence combined with textural, mineralogical, and petrological
investigations is the first step in the evaluation of NOA hazard [20]. A
close relationship between the occurrence of NOA and the rock fabrics,
which is in turn derived from the combined activity of deformation,
metamorphism/metasomatism, and fluid/rock interaction, was indeed
recently investigated (e.g., [21,22]).

The pathogenic potential of an inhalable poorly soluble mineral
particle depends on three main morpho-chemical aspects, i.e., the par-
ticle morphology, its crystal-chemistry, and the consequent mineral
alteration, which modulates the surface reactivity upon particle inha-
lation [23]. The scientific community agrees that i) the size and shape,
ii) the biopersistence, and iii) the surface reactivity of a fibre are the key
modulators of lung toxicity [4]. Therefore, in the definition of the
toxicological profile of a suspected NOA, structural and
physico-chemical properties, including morphology, chemical compo-
sition, biodurability/biopersistence, and surface reactivity need to be
evaluated ([24] and therein).

Fibre morphology affects deposition, translocation, and clearance of
the fibre to, in, and from the lung, ultimately defining the fibre fate in
the human body [25]. Asbestos fibres exhibit a distinct morphology,
consisting of bundles of very long and thin, elongate particles with a
poly-filamentous behaviour [4]. Asbestos fibres easily split along the
growth c-axis, resulting in long and thin fibres even after strong me-
chanical stress ([26] and therein). Wylie and co-workers [27] high-
lighted how the aerodynamics of fibres in the respiratory system is
governed mostly by size parameters, notably by the fibre width [27-29].
Long and thin fibres are suspected to be more potent than short and thick
fibres in the induction of asbestos-related diseases [4,30]. From a reg-
ulatory and morphometric point of view, this led WHO to define a
respirable fibre of asbestos as a particle with length L > 5 ym, width W
< 3 um, and length to width ratio (aspect ratio, AR=L/W) > 3 [1]. In
2011, NIOSH introduced EMP and expanded the dimensional bound-
aries of “asbestos fibre” to all the potentially hazardous elongate mineral
particles with AR >3 and length >5pum, as determined by
phase-contrast microscopy (PCM) [7]. However, in the complex realm of
NOA, a plethora of different morphologies may be observed, and further
differentiation might be determined by the scale of observation. Elon-
gate minerals may exhibit habits that span from platy-lamellar to fibrous
asbestos-like, including all the intermediate “pseudo-fibrous” forms (e.
g., [31]) when observed at the macroscopic scale. As a result, a sus-
pected NOA must exhibit an asbestos-like morphology at the micro-
scopic scale and this parameter must be quantitatively assessed.

Although the correlation between asbestos-like habit and pathoge-
nicity is universally accepted [4], elongate morphology does not imply
toxicity per se. Structural and chemical properties define the solubility
of fibres [32-35], playing an important role in bio-durability [36]. The
toxicologically-relevant dissolution rate of a mineral fibre is often
inferred with simulated body fluids (SBF) to gain insight on the resi-
dence time of a fibre at the site of deposition. The longer a fibre resists
chemical alteration, the greater is the probability that adverse interac-
tion between fibre and biological media occurs [37]. Several durability
tests in dynamic and static fluids have been recently proposed to assess
the congruent vs. incongruent chemical dissolution of fibres [38,39].

Mineral toxicity also involves reactions that take place at the bio-
inorganic interface, including dissolution/reprecipitation reactions
that either regulate the surface chemistry or segregate ions in neo-
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formed nanoscale mineral phases. It must be also considered the possi-
bility of a mineral surface to chemically modify biomolecules via redox
reactions. Mechanism-based structure-activity relationship for asbestos
includes generation of reactive oxygen species (ROS; [40,41]). Primary,
fibre-induced, ROS production at fibre surfaces is mediated by transition
metal ions, specifically iron [24,42], and is responsible for chronic
inflammation, together with cell-derived ROS [43,44]. The role of iron
chemical state is here investigated and the possible correlation between
ROS production and presence of iron (II) on the fibre surfaces discussed
[41].

This work aims to define a multianalytical protocol for evaluating
whether a fibrous mineral occurring in a specific NOA site might
represent an environmental and health hazard. Specifically, the
approach describes from field analysis to nanostructural investigation,
the pathway to support the identification of an asbestos-like mineral
from a natural outcrop. The feasibility of this approach is demonstrated
here: a sample of fibrous antigorite from a specific NOA site in Varenna
Valley NOA (Liguria, Italy) was selected and investigated to determine
the key physico-chemical parameters that may confer hazardous prop-
erties to a mineral. The lack of a well-defined toxicological profile makes
fibrous antigorite a good candidate for the investigation of asbestos-like
properties, in view of its toxicological assessment ([13] and therein). In
this work, the asbestos-like morphology, the crystal-chemical structure
and the mineral dissolution, together with the toxicity-relevant surface
properties of a selected fibrous antigorite specimen were investigated.
We shed light on the genetic mechanism by which crystal growth forms
asbestos-like fibre, on how lattice and surface chemistry regulate
dissolution in simulated fluids and redox reactivity. Overall, this work
presents new evidence on the potential hazard of fibrous asbestos-like
antigorite and describes a general approach for investigating poten-
tially asbestos-like minerals in natural sites.

2. Materials and methods
2.1. Samples

Potentially fibrous antigorite was collected from one vein (VV3)
among several veins from a NOA site (see Results par. 3.1) in Varenna
Valley (Genoa, NW Italy). UICC (Union for International Cancer Control)
standard asbestos crocidolite (NagFe3*(Fe?t,Mg?")3Sig022(0H)s, spe-
cific surface area (SSA, No-BET method = 8 mz/g, [45]), and chrysotile
A (from Zimbabwe, Mg3Si;Os(OH)4, SSA = 27 m?/ g, [46]) were used to
comparatively investigate antigorite properties. Specifically, crocidolite
was used to define antigorite fibrous morphology (FPIA analysis and
SEM, see Par. 3.3) and chrysotile to estimate durability and surface
reactivity of antigorite (see Par. 3.6 and 3.7).

2.2. Sample preparation

Vein samples were collected by hand-picking with stainless steel
tweezers after gently removing the superficial portion of the potentially
weathered material with the pointed tip of a pick hammer. Vein anti-
gorite fragments were preliminary gently crushed and sieved to obtain a
fraction < 2 mm. This fraction was ground following two different
protocols: i) for the morphological evaluations and ii) for the dissolution
and surface reactivity tests.

Sample preparation i): 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). Agate jars were
used to avoid metal contamination. After grinding, powder samples
were sieved at 300 pym.

Sample preparation ii): the < 2 mm fraction (5.5 g) was wet ground
in a planetary ball mill (Fritsch P6) for 5 min at 450 rpm using a zir-
conium oxide jar (45 ml) with 4 g of zirconium oxide balls (5 mm
diameter). Zirconium oxide jar was used to avoid metal contamination.
After grinding, powder samples were washed in ultrapure water by
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centrifugation (8000 rpm for 20 min), sieved at 100 um, and dried at
low temperature (60 °C).

2.3. Bulk and surface characterization

2.3.1. X-ray powder diffraction (XRPD)

XRPD analysis of the antigorite sample was performed using a Bruker
AXS D8 Advance (Bruker AXS, Karlsruhe, Germany) operating in 6/6
transmission mode. The powdered sample was prepared as capillary.
The instrument is fitted with incident-beam focusing Gobel mirrors and
a PSD Vantec-1. Data were collected at 40 kV and 40 mA, using CuKa
radiation in the 5-145°20 angular range, 0.0218°26 step-size, and 10 s
of counting time.

2.3.2. 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.
Spectra were obtained on vein fragments and polished thin sections
(30 pm thick) with a 10x and 100 x objective, respectively. Under these
working conditions, the minimum lateral resolution is around 2 um and
the resolution along the z-axis is about 1 um with 100x objective. The
spectrometer was calibrated using the 520.7 cm ™! Raman peak of silicon
before each experimental session. Spectra were collected as follows: 6
acquisitions for 20 s in the low and high wavenumber spectral range
were averaged and background subtracted with LabSpec® software.

2.3.3. Scanning and transmission electron microscopies

Secondary Electron Images (SEI) were acquired at various magnifi-
cations using a Scanning Electron Microscope (SEM) ZEISS EVO50 XVP
equipped with an X-Stream OXFORD EDS (accelerating voltages,
commonly 3-10 kV).

Transmission Electron Microscopy (TEM) analyses were performed
by a JEOL 2010 microscope, working at 200 kV, LaBg source and ultra-
high resolution (UHR) pole piece, allowing point-to-point resolution of
0.19 nm. The microscope is equipped with semi-STEM control and ultra-
thin window energy dispersive spectrometer (EDS ISIS Oxford). Data
was recorded by an Olympus Tengra CCD camera. Antigorite powder
(see comminution, Par 2.2ii) was deposited on mesh Cu grids with
supporting lacey carbon films. We also prepared ion-milled samples
extracted from petrographic thin sections (perpendicular to vein direc-
tion), using Gatan DuoMill and PIPS ion milling systems.

2.3.4. Electron microprobe analysis (EMPA)

The chemical composition of the antigorite fibres was determined
using a Cameca SX-50 electron microprobe equipped with five
wavelength-dispersive spectrometers (WDS) using the following condi-
tions: accelerating voltage 15KkV, specimen current 15nA, beam
diameter 10 pm, 20 count time (peak), 10 count time (background). The
following standards were used: wollastonite (Si Ka, Ca Ka), rutile (Ti
Ka), corundum (Al Ka), magnetite (Fe Ka), metallic Mn (Mn Ka), peri-
clase (Mg Ka), orthoclase (K Ka), jadeite (Na Ka), metallic Cr (Cr Ka),
fluorophlogopite (F Ka), and sylvite (Cl Ka). Antigorite sample was
prepared for electron microprobe analysis by embedding the fibres in
epoxy resin.

2.3.5. Mossbauer spectroscopy

Mossbauer spectra were acquired using a conventional spectrometer
system operated in constant-acceleration mode. The Mossbauer
absorber was prepared by mixing 50 mg of powdered antigorite (see
comminution, Par 2.2ii) with about 100 mg acrylic resin. The mixture
was pressed to a 12 mm diameter disc under mild heating. The spectrum
was collected at room temperature using a standard °”Co source in a Rh
matrix with a nominal activity of 50 mCi and the absorber placed in
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54.7° to the incident beam to avoid texture effects. Spectral acquisition
was obtained over 1024 channels in the velocity range — 4.5 to
+ 4.5 mm/s, and the data was then calibrated against a spectrum of an
a-Fe foil before folding and fitting using the software MossA [47]. The
spectrum was fitted with one quadrupole doublet assigned to Fe3* and
two doublets assigned to Fe?*, applying Lorentzian line shapes and
equal intensities of the quadrupole components.

2.3.6. Flow particle image analysis (FPIA)

Particle shape and particle size distribution of comminuted anti-
gorite (see comminution, Par 2.2i) in a range of 0.8-300 um were ob-
tained by FlowParticle Image Analysis (FPIA) using the Sysmex FPIA-
3000 apparatus (Malvern Instruments). Antigorite powders were
dispersed in ultrapure water (0.5 mg/ml) and sonicated for 30 sat 10 W.
Each suspension was passed through a cell where images of particles
were captured using stroboscopic illumination and a CCD camera (20 x
magnification lens). More than 2000 particles were analysed for each
specimen.

2.3.7. Specific surface area (SSA)

Specific surface area was determined by Kr adsorption at 77 K, using
an automatic gas-volumetric apparatus (ASAP 2020, Micromeritics,
USA), and adopting the well-known BET method [48]. SSA of commi-
nuted antigorite prepared for dissolution and surface reactivity tests (see
comminution, Par 2.2ii) is 5.7 mz/g.

2.4. Durability in simulated body fluids

2.4.1. Dissolution test

The dissolution of antigorite was studied under static leaching con-
ditions. The leaching solution was prepared using ultrapure deionized
water (18.2 MQ cm at 25 °C) obtained from a MilliQ Element system
(Millipore) and the following reagents and materials: NaCl RPE-ACS
(Carlo Erba Reagents, DASIT Group, Milan, Italy), NasSO4 x 10 H,O
(Carlo Erba Reagents, DASIT Group, Milan, Italy), and NasCe¢Hs07
x 2 Hy0 RPE (Carlo Erba Reagents, DASIT Group, Milan, Italy); Poly-
propylene Falcon Tubes (BD FalconTM, Corning, Mexico) were used
during samples handling, syringes (BD PlastipackTM, Spain) and
0.22 pm GSWP nitrocellulose membrane filters (Millex-HA, Millipore,
Ireland) were adopted for samples filtration. The pH measurements were
performed using a portable 250 A Orion pH Instrument (Orion Research
Inc., Boston, USA) equipped with an Orion gel-filled combination semi-
microelectrode (Thermo Electron Corp., Cambridge, England). Dissolu-
tion experiments were carried out in a mimicked Gamble solution (MGS)
according to Rozalen et al. (2013): NaCl 112.3 mM and NaySO4
x 10 H,0 556 mmolL”, with the addition of Na3CegHs07 x 2 Ho0
0.150 mM (i.e., that typical of lung fluids) as a chelating agent. The
solution pH was adjusted to the starting value of 4.5 with HCI. Notably,
although far from mimicking the complexity of a cellular system, such
experimental conditions were chosen to promote the dissolution dy-
namics that may occur in vivo, in a reasonable experimental time,
during the interaction between fibres and lysosomal fluid of alveolar
macrophages.

An amount of 20 mg of powder sample (see comminution, Par 2.2ii)
was suspended in 40 ml of MGS, placed in a Falcon™ polypropylene
tube, at 37 £+ 1 °C. Continuous waving was provided by a thermostatted
oscillating vessel. Experiments were performed in quadruplicate for 1 h,
24 h, and 168 h (1 week), and the following procedure was carried out
for each set of experiments. At established time points, the fibres were
separated from the solution by filtration through a nitrocellulose
membrane of porosity 0.22 um, and the amount of magnesium, silicon,
iron and aluminium in the supernatant was measured by Inductively
coupled plasma optical emission spectroscopy (ICP-OES).

2.4.2. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
The analysis of the solutions following the leaching tests was
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performed by ICP-OES for determining the concentration of the dis-
solved ions and whether the dissolution is congruent or not. All mea-
surements were performed using a Perkin-Elmer Optima 2000 DV ICP-
OES spectrometer (Perkin-Elmer, Norwalk, CT, USA) equipped with a
cyclonic spray chamber. ICP Aristar (BDH) standard solutions in nitric
acid for the investigated elements were used to prepare the calibrating
solutions for ICP-OES analysis. 1 ml of each filtered solution was diluted
1:20 with a 1% nitric acid solution. Data reported are the mean values of
quadruplicate measurements (corrected for the blank).

2.4.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful tool for the
investigation of mineral surface exposed to both biotic and abiotic en-
vironments. [49] In this work XPS data allow obtaining the elemental
and quantitative composition of the surface of the antigorite sample
before and after the contact with solutions, which simulate the chemical
environment in biological fluids. Furthermore, XPS provides the chem-
ical state of iron at the surface of the fibrous minerals, that is known to
be related to the mineral toxicity. To prevent oxidation, samples were
stored in a glovebox under argon prior to XPS analysis. XPS analyses
were performed using a Theta Probe spectrometer manufactured by
Thermo Fisher Scientific (East Grinstead, UK) equipped with a mono-
chromatic Al ka X-ray source (100 Watts). The spectra were acquired in
the standard lens mode using a 400 um nominal spot-size; the analyser
was operated in the fixed analyser transmission mode and the pass en-
ergy was set at 200 eV and 100 eV for survey and high-resolution
spectra, respectively. The base pressure during the analysis was about
107 Pa. The vacuum system includes rotary pumps, turbomolecular
pumps and a titanium sublimation pump. The emission angle was 53
degrees in respect to the perpendicular to the sample surface. In order to
compensate for sample charging, a combined low energy electron/Ar
ion flood gun was used as neutralizer, and the binding energy values
were referred to the adventitious aliphatic carbon at 285.0 eV. Pristine
samples were analysed as powders deposited on Indium foil. Samples
incubated for 1 week in the MGS solution were analysed as powder
deposited on nitrocellulose membrane filters. Further details on the
spectrometer calibration, linearity of the binding energy check accord-
ing to ISO 15472:2010, spectra acquisition conditions and quantifica-
tion are provided in Fantauzzi et al. [50,51]. Data processing was
performed using CasaXPS software.

2.5. Surface reactivity in free radical release

Surface reactivity in hydroxyl and carboxyl radical generation was
evaluated by spin trapping technique associated with Electron Para-
magnetic Resonance (EPR) on Miniscope 100 EPR spectrometer (Mag-
nettech, Berlin, Germany). Instrument settings were as follows:
microwave power, 10 mW; modulation, 1 G; scan range, 120 G; centre
of field 3330 G, gain 9-10% 5,5-dimethylpirroline-N-oxide (DMPO;
Cayman Chemical Company) was used as a spin trap. The tests were
performed at 37 °C in absence of light and the EPR spectra were
recorded on 50 pl of suspension after 10, 30, and 60 min of incubation
with the target molecules. The amount of radical released is propor-
tional to the intensity of the EPR signal. The experiments were per-
formed at least in duplicate, and a blank procedure was carried out. The
following protocols were employed:

2.5.1. Hydroxyl radical generation

0.2m? of sample were suspended in 500 pl of 0.5M potassium
phosphate buffer (pH 7.4) and 250 pl of DMPO (0.18 M). The reaction
was triggered adding 250 ul of HyO5 (0.2 M).

2.5.2. Carboxyl radical generation

0.2 m? of sample were suspended in 250 pl of DMPO (0.18 M) and
250 pl of ultrapure MilliQ water. The reaction was started adding 500 pl
of sodium formate (2M) in 1M phosphate buffer (pH 7.4). The
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experiments were repeated in a reducing environment by adding 250 pl
ascorbic acid (3 mM) instead of the ultrapure water.

3. Results and discussion
3.1. Geological assessment and sampling strategy

The sampling site is located in the Varenna Valley near the city of
Genoa (NW Italy), in the ‘interference zone’ (sensu [52]) between Western
Alps and Northern Apennine orogenic chains. The site belongs to the
Palmaro-Caffarella tectono-metamorphic  Unit, lying in the
south-easternmost part of the Voltri ophiolite ‘massif’, at the contact
with the large tectonic slice zone known as Sestri-Voltaggio Zone ([53,
54]; Fig. 2a, b). The Voltri ‘massif’ is one of the main meta-ophiolite
units of the Western Alps, derived from the metamorphism of portions
of mantle and oceanic crust (including the overlying Jurassic-Cretaceous
sedimentary cover) ascribed to the Liguria-Piemonte Oceanic Domain
(e.g., [54-571).

The Palmaro-Caffarella tectono-metamorphic Unit includes meta-
ophiolites and related meta-sedimentary cover which underwent a
metamorphic evolution with blueschist-facies peak conditions and a
more or less developed greenschist-facies overprint [54,58]. The
meta-ophiolites of the Palmaro—Caffarella Unit mainly consist of anti-
gorite serpentinite (Serpentiniti di San Carlo di Cese unit), with
hectometre-sized bodies of meta-gabbro and meta-basite. The
meta-sedimentary cover is represented by a thin layer of quartz-schist,
followed by a marble and calcschist succession (Calcescisti della Val
Branega unit) [53].

The area surrounding the sampling site (Fig. 2¢, d) was mapped at
the 1:5000 scale by the authors during a geo-environmental study in the
context of the Gronda di Genova tunnel system project (see [59]).

The sampling outcrop (coordinates: 44°27°22.2"N; 8°49°08.9"E) is
located in the Varenna streambed, on the left side of the stream, between
Carpenara and Chiesino localities (Fig. 2d). This part of the Palmar-
o—Caffarella tectono-metamorphic Unit is characterised by a complex
lithological alternation at the decametre- to hectometre-scale (Fig. 2c).
The lithological alternation results from folding and shearing of
different lithotypes, including serpentinite, metabasite, chlorite-
actinolite schist, calcschist and marble, whose distribution is
controlled by tight folds (locally isoclinalic) with a decametre to metre
wavelength and ENE-WSW-directed axes. This complex geometric
setting was further complicated by the activity of faults and shear zones,
which affected the rock volume after folding and generated fault brec-
cias and cataclasites. When the geological mapping was carried out
(years 2007-2010), the described faults and shear zones were well
exposed on the front of the inactive quarry located on the right side of
the Varenna Stream south of the sampling outcrop (Fig. 2¢). The quarry
has later become a spoil dump and the quarry front is presently largely
masked by spoil piles.

The sampling outcrop consists of a decametre-sized antigorite ser-
pentinite body (Fig. 3.a). The contact with the embedding calcschist is
marked by a dm-thick layer of foliated breccia composed of sub-rounded
clasts of both veined serpentinite (ophicalcite) and calcschist, in a car-
bonate matrix. The serpentinite is generally non-foliated and crossed by
cm-thick and several-metres-long antigorite veins (Fig. 3.b).

At the mesoscale, the antigorite veins exhibit a pale green to whitish
colour and a splintery aspect, deriving from a more or less evident
tendency to fragment into mm-large and mm- to cm-long, straight to
slightly curvilinear fragments (Fig. 3.c). The antigorite vein (Fig. 3.a, b)
was selected for its markedly fibrous aspect. This vein has an ENE-WSW
direction (mean orientation: 318/78) and an aperture varying from a
few to 20 mm and can be followed for several metres on the outcrop
surface. The orientation of the mineral fibres within the vein and the
geometry of the vein walls indicate that it is a sinistral shear vein. The
antigorite fibres grow parallel to the shear direction and thus generally
parallel to the vein walls (slip fibres), except in dilational jogs. These are
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selected antigorite vein outcrop. Same legend as c).

vein portions with walls forming a high angle with respect to shear di-
rection; in these sites, fibres thus grow at a high angle with respect to the
vein walls (cross fibres; Fig. 3.b).

Under the optical microscope, antigorite appears colourless to pale
green/yellow and shows a low birefringence (Fig. 3d,e and Supple-
mentary Materials S2). The vein is formed by elongate to fibrous anti-
gorite crystals, broadly sharing the same elongation axes, parallel to
shear direction (Fig. 3d). Cross-section observations reveal that anti-
gorite elongated crystals display rotational disorder around their elon-
gation axis, as highlighted by (001) orientation in Fig. 3e.

3.2. Collection, separation, and preliminary characterization of antigorite

A preliminary mineralogical identification and morphological
assessment was performed on a potentially asbestos-like antigorite vein
sampled to minimize the presence of accessory minerals.

XRPD analyses confirmed the occurrence of antigorite in the inves-
tigated vein. Micro-Raman spectroscopy was performed on vein frag-
ments. The presence of the typical doublet in the OH stretching region,
with the main peaks located at about 3668 and 3697 cm ™!, allowed us to
confidently assign antigorite (Fig. 4a; [60-63]). More than 50 Raman
spectra were collected from different specimen portions and all of them
were assigned to antigorite, thus indicating that antigorite is the pre-
dominant serpentine phase in the selected specimen. Fig. 4b shows a
representative SEM image of an elongated antigorite fibre, which

consisted of poly-filamentous bundles of tightly packed fibres and
fibro-lamellae. Bundles of parallel elongated lath-shaped crystals may
present regular or irregular endings.

3.3. Evaluation of the asbestos-like morphology

Antigorite is a common rock-forming metamorphic mineral, being
the main constituent of antigorite serpentinites where it typically grows
with a platy-lamellar habit (e.g., [64-67]). When grown in veins, anti-
gorite may occur with different morphologies, from platy-lamellar to
fibrous asbestos-like (e.g., New Caledonian antigorite [68-70]),
including all intermediate “pseudo-fibrous” forms (e.g., [71-74]).

To verify whether selected antigorite from Varenna Valley exhibits
an asbestos-like morphology, we performed a morphometric charac-
terization of the samples that were subjected to a standardised me-
chanical stress at several time points (2, 5, 10, 20 min of comminution -
see Par. 2.2.i). The choice of the standardized mechanical stress used for
the evaluation of asbestos-like morphology was of pivotal importance
and stemmed out from previous works on the lingering question be-
tween asbestos vs. non-asbestos like elongated minerals [75-77].
Mid-to-long term milling procedures performed on non-asbestos-like
minerals are expected to modify the size distribution, the shape, and
the crystallinity of fibres [75]. In particular, the prevalent reduction of
the lengths of elongated crystals with respect to their diameters is ex-
pected. In these cases, macroscopically elongated minerals tend to
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generate isometric particles when milled (i.e., particles with AR <3;
[78]). Conversely, asbestos and asbestos-like mineral fibres preserve
their typical fibrous morphology during mid-to-long term comminution
[77], because they preferentially split along the elongation growth axes
of the crystal. Under such circumstances, the milled fibres will still meet
the dimensional criteria that are assumed to be relevant for hazardous
fibrous minerals (e.g., [1]). The milling procedure designed in this study
allowed us to estimate the variation of the morphometric parameters, i.
e., the % of particles, EMP, WHO fibres, and non-respirable fibres (Fig. 1
and Table S1) and describe the asbestos-like morphological behaviour of
the investigated antigorite specimen. In general, we believe that this
approach can be used to quali-quantitatively solve the lingering
discrimination between asbestos and non-asbestos-like behaviour of
macroscopically elongated, potentially hazardous NOA.

Morphometric parameters were obtained for each comminution time
point and were compared with the morphological parameters of the
UICC crocidolite standard, chosen here as reference sample to describe
asbestos-like morphology. The morphological parameters were obtained
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Fig. 3. Meso- and micro-scale features of anti-
gorite vein (Atg) and its host rock. a) Part of the
decametre-sized antigorite serpentinite body
hosting the Atg vein, cropping out along the
Varenna stream. The contact with the embed-
ding caleschist is visible in the upper part of the
image and is marked by a dm-thick breccia
layer. The serpentinite is cut by several anti-
gorite veins visible as thin, light green bands; b)
Image and sketch of a portion of fibrous anti-
gorite vein. The arrow pairs indicate the sense
of shear. Fibres grow parallel to the shear di-
rection, forming slip fibres in the vein portions
with walls parallel to the shear direction and
cross fibres in dilational jogs (i.e., vein portions
with walls forming a high angle with respect to
shear direction). Lens cap for scale is 52 mm in
diameter; c) Detail of a dilational jog of Atg
vein, with cm-long cross antigorite fibres. Coin
for scale is 22 mm in diameter; d) Thin section
photomicrograph (cross-polarized light) of Atg
vein cut parallel to the fibre elongation and
showing the characteristic “fibrous” texture of
antigorite; and e) Thin section photomicro-
graph (cross-polarized light) of Atg vein cut
perpendicular to the fibre elongation. The or-
ange lines highlight the orientation of (001)
cleavage planes of antigorite crystals, observed
in their ac sections and randomly oriented
around [010] (i.e., shear direction).

by means of light microscopy coupled with automated image analysis
(FPIA). For each time point, a representative scanning electron micro-
scopy (SEM) image was reported for qualitative comparison. Automated
analysis allows thousands of particles and fibres to be measured and a
reliable statistical significance of the quantitative data was achieved.
The pie-charts (Fig. 5) highlighted that the percentage of EMPs
(AR>3) remained approximately constant with the comminution time.
Similarly, the percentage of EMPs negligibly varied from 68% to 65%
from 3 min to 20 min of comminution, respectively. For all time points,
the EMP fraction was characterised by 28-30% of respirable fibres, ac-
cording to the WHO counting criteria (AR>3, L> 5 ym, D <3 um). The
percentage of EMPs for UICC crocidolite was 83%, the 47% of which
consisted of respirable fibres (WHO fibres). Scatter plots visualise the
size distribution of the particles and fibres detected. Probability density
curves (Kernel density function) were added to the size distribution
scatterplot to help the reader’s eye. SEM images confirmed the presence
of long, very thin elongated mineral particles having morphological and
dimensional criteria similar to asbestos amphiboles. Our data support
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Fig. 4. Serpentine phase identification and preliminary morphological assessment. a) Representative Raman spectrum of the selected antigorite vein. Phase
assignment was carried out according to Petriglieri et al. (2015) [62] and no occurrence of chrysotile or other serpentine minerals were detected. b) Representative

SEM image of elongated crystal of antigorite.

the asbestos-like morphological properties of this vein of fibrous anti-
gorite. Indeed, the high percentage of EMPs and WHO fibres, albeit
lower than what was measured for standard UICC crocidolite, is largely
preserved with increasing comminution times. This signals that, upon
milling, our antigorite sample splits longitudinally and separates into
thinner respirable fibres similarly to amphibole asbestos, rather than
reducing its average length, as it would be expected for non-asbestos
minerals that split perpendicularly to the c-axis and generate the so-
called “cleavage fragments” [79]. A representative SEM image of mil-
led Atg (Fig. 6) clearly highlights the fibrils that are prone to be released
from a representative fibre.

3.4. Mineral structure and chemical composition

The structural mineralogical characterization of antigorite from
Varenna Valley was performed by using a multi-analytical approach that
includes X-Ray powder diffraction (XRPD), Transmission electron mi-
croscopy (TEM), Mossbauer spectroscopy, and Electron microprobe
analysis (EMPA).

3.4.1. X-ray powder diffraction (XRPD)

XRPD data were used to define the average superstructure of anti-
gorite by using the approach of Uehara (1998) [80]. The procedure re-
quires the identification and measurement of the position of the first to
third-order satellite reflections of the type hg,0,1 (where hy = 0 + u/M
and u = 1,2,3) (Fig. 7.a). In fact, the difference in the 20 angle between
001 and + 3/M,0,1 (the so-called A26) is modulated by the supercell M
value (number of sub-cells having a parameter of ca. 5.44 A; [81]) as it
has been demonstrated that the ¢ parameter and the B angle are rela-
tively constant in antigorite samples [80]. Data indicated that super-
structure reflections were significantly broadened, confirming the
coexistence of different antigorite polysomes, as revealed by TEM ob-
servations. The measured A26 value of 1.42°20 is consistent with an M
value of 7.99, derived from the regression equation M
=11.42-2.41 x A20 devised by Uehara (1998) [80]. In the case of M
being equal to n, an integer number, the superstructure contains an odd
number of tetrahedra (m) and an even number (m-1) of octahedra,
where M = (m-1)/2. Therefore, the present sample is prevalently char-
acterised by a superstructure consisting of 17 tetrahedra and 16 octa-
hedra in the supercell, modulation that corresponds to the m =17

antigorite polysome [82]. This polysome crystallises in the Pm space
group (s.8.).

Moreover, a whole powder pattern decomposition using the Le Bail
method (Le Bail et al., 1988) was performed using Topas V6 [83]. The
refinement converged to the following cell parameters (s.g. Pm): a
= 43.4391(4) A, b =9.25304(8) A, ¢ =7.29217(12) A, B = 91.3194
(13)° in excellent agreement with those reported by Capitani and Mellini
(2004) [84] for a sample from Val Malenco, Italy (Fig. 7.b).

3.4.2. Transmission electron microscopy (TEM)

The observation carried out by TEM on powdered samples revealed
prismatic to fibrous antigorite crystals, in ab preferred orientation,
elongated along their [010] axis (Supplementary Materials S4). Ion-
milled samples, obtained from thin sections perpendicular to the fibre
elongation, supported the current morphological data, showing the
presence of possible interstitial porosity among elongated crystals
(Fig. 8a). In this orientation, the antigorite observation plane broadly
corresponds to ac (as testified by the a*c* SAED pattern in the inset),
with the long side corresponding to the [100] axis. High-resolution
images revealed the common occurrence of polysynthetic twinning
parallel to (001), giving rise to the characteristic chessboard nano-
texture (Fig. 8b). Moreover, antigorite crystals may show polysomatic
disorder, modulation dislocations and local deformation nanostructure,
like layer bending, faulting, and fracturing with preferential rupture at
crystal edges, parallel to (100) (Fig. 8b and c). Crystal terminations
display a peculiar triangular shape (Fig. 8a,c), typically associated with
amorphous to poorly crystalline material. In particular, we noticed the
common occurrence of tiny smectite-like lamellae, up to 3-5 lattice
fringes thick, with d spacing of ~ 14 A (black arrows in Fig. 8c,d). Su-
perstructure periodicity has been measured both in a*b*and in
a*c* SAED patterns, as well as in HR images (through TEM-dedicated
image analysis software). The obtained values are quite variable,
remarking the possible polysomatic disorder of vein antigorite (from
crystal to crystal, and within the same crystal). The overall measured
range is 37.0 — 45.7 A, even if local measures in HR images (in
polysomatically-disordered portions) provided values up to 55 A.

3.4.3. Mechanism of fibre formation of antigorite
HR-TEM observations allowed us to define the structural parameters
of antigorite from Varenna Valley and to describe the mechanism of
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Fig. 5. Antigorite particle size distribution after standardised mechanical grinding (2, 5, 10, and 20 min) detected by optical microscopy and automated image
analysis (FPIA). Doughnut pie-charts show the % of objects with AR > 3 (EMPs, according to NIOSH definition [7]) and WHO fibres (AR >3, W <3 pm, L >5 pm; [1]).
Scatter plot illustrates the distribution of particles (AR <3; grey field), non-respirable fibres (AR >3; W >3 um; light-blue field), and WHO fibres (AR >3, W <3 pm, L
> 5 um; blue field). Density curves (black to white lines) visualise the distribution of particle populations in the dataset. Representative SEM images of comminuted
Entigorite show the asbestos-like morphology. Crocidolite UICC was added for comparison. FPIA images are reported in Supplementary Materials S3.

Fig. 6. — Representative SEM images of an Atg bundle showing the typical asbestos-like breakage of crystals along the growth direction axes.

formation of EMPs and fibres. Those nanostructural considerations were
used to support the asbestos-like morphology of the antigorite described
in this work. The splintery-fibrous texture of antigorite veins is due to
the preferred orientation of antigorite crystals, elongated along [010].
Shear direction corresponds to antigorite [010] (i.e., the longest side of
antigorite crystals) as displayed in 3D drawing in Fig. 9 [22,85]. Overall
observations, from the outcrop down to the micro-nano scale, revealed
possible misalignment of [010] axes, due to the possible slight changes
in the overall shear direction within the vein. One of the most important
implications of antigorite preferred orientation is that (001) cleavage
planes are always parallel to shear direction, thus resulting in a
deformation-induced grain size reduction with progressive delamina-
tion parallel to (001) [22]. Observations on cross-vein sections revealed
that antigorite crystals (observed in their ac planes; Fig. 9) display
rotational disorder around [010]. The long side of antigorite ac sections
is parallel to (001) and corresponds to the orientation of polysynthetic
twinning planes. TEM observations revealed preferential rupture par-
allel to (100), that typically occur at crystal edges and at crystal struc-
tural defects (such as dislocation of modulation or unusually large
polysomes). The preferential rupture parallel to (100), coupled with
easy (001) delamination, is responsible for a progressive shear-enhanced
evolution of the antigorite crystal habit, from prismatic to fibrous. This
pervasive process of grain size reduction, with rupture parallel to both
(100) and (001), determines the generation of delaminated crystals with
sub-micrometer diameter and the formation of asbestos-like elongated
structures.

3.4.4. Mossbauer spectroscopy

The ’Fe Méssbauer spectrum of the antigorite from Varenna Valley
(Fig. 10) showed one doublet with a large quadrupole splitting (QS),
typical for Fe?t, and one superimposed doublet with a smaller quad-
rupole splitting, typical for Fe>*. The spectrum was first fitted with one
set each for the two doublets, following previous fitting models [86,87],
resulting in hyperfine parameters in close agreement with the values
earlier reported. However, this two-doublet fit showed some misfit of
the Fe?' doublet, and hence another doublet in the Fe?>" range was
added which resulted in a significantly better fit. The two Fe?>* doublets
showed a small difference in isomer shift (IS) and a larger difference in
quadrupole splitting (Fig. 10), which may be attributed to next-nearest
neighbour effects involving Mg, Fe?™ and Fe®*. Assuming similar
recoil-free fraction for Fe?* and Fe3*, the Fe>*/Fey ratio obtained from
area measurement was 0.31. The broad envelope of the Fe3* doublet
indicates the possible presence of both tetrahedrally and octahedrally
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coordinated Fe3™, but it was not possible to resolve the doublets by curve
fitting, due to limited spectral resolution.

3.4.5. Electron microprobe analysis (EMPA)

The average chemical composition is shown in Table 1. EMPA ana-
lyses suggest chemical homogeneity of the elongated crystals, being
differences for major elements below 5% relative. Comparison with
chemical data obtained by Groppo and Compagnoni (2007) [73] on
fibrous antigorite from Lanzo Ultramafic Massif (Western Alps, Italy)
highlighted significant differences only in the Al content, (ca. 0.12 apfu
for Lanzo Massif antigorites vs ca. 0.07 apfu for and Varenna Valley
antigorite). Fe?*/Fe>" partition was performed using the Fe3*/Feyy
ratio of 0.31 obtained by Mossbauer spectroscopy. In the absence of
clear indication, all Fe*! was allocated at the octahedral layer. The
formula was normalised based on 8.647 oxygen atoms. This value de-
rives from the general empirical formula of antigorite reported by Kunze
(1961) [88]:

VIMP3T2 105 m(OH)4 m-6

with M = Mg, Fe, Ni, Al; T = Si, Al; m = number of unique tetrahedra
along the modulation wavelength and was calculated assuming a
representative m = 17 based on XRPD data. As can be seen, there is
excellent agreement with the ideal formula. Owing to the occurrence of
< 2 apfu, Si and Al were partitioned between the tetrahedral and octa-
hedral layers.

3.5. Durability of antigorite in mimicked Gamble’s solution (MGS)

The durability of antigorite fibres incubated in a mimicked Gamble’s
solution at pH 4.5 for 1, 24, and 168 h was evaluated by inductively
coupled plasma - optical emission spectroscopy (ICP-OES), specifically
reporting i) the cation release as a function of incubation time, and ii)
the congruent or incongruent dissolution of the mineral. Data acquired
on antigorite were compared with UICC chrysotile, leached under the
same experimental conditions. The chemical alterations and the iron
speciation induced by incubation in MGS were described by means of X-
ray photoemission spectroscopy (XPS), qualitatively and quantitatively.

3.5.1. Inductively coupled plasma - optical emission spectroscopy (ICP -
OES)

The kinetics of silicon and magnesium release from antigorite as a
function of time over a period of 1 week (168 h) is reported in Fig. 11a.
Details on minor occurrence of Fe and Al are available in the
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Fig. 7. a) Magnified view of the diffraction pattern (intensity shown in logarithmic scale). Position of the first to third-order superstructure reflections is indicated; b)
Plots of the Le Bail refinement (intensity in logarithmic natural scale). Blue: experimental; red: calculated; grey: difference; vertical bars: position of the calculated

Bragg reflections of the antigorite m = 17 polysome (s.g. Pm).

Supplementary materials, Fig. S5. Results showed that the release of
these cations progressively increased with incubation time. Specifically,
Mg peaked from 639(18) mg/kg after 1 h to 1692(20) mg/kg after 1
week of dissolution time, and Si from 293(21) mg/kg to 1320(26) mg/kg
in the same range of time (Fig. 11a). Al and Fe were also released in a
time-depended manner up to 24 h and a plateau was reached (Fig. S5).
Interestingly, UICC chrysotile released a much higher amount of both
Mg and Si, that ranged from 5182 mg/kg and 1712 mg/kg (after 1 h of
incubation) up to 12,842 mg/kg and 5588 mg/kg (after 24 h), respec-
tively. For longer incubation times, the amount of leached Mg and Si
slightly decreases, suggesting that a steady state was reached (Fig. 11a).
Negligible amounts of Al and Fe were leached out also of chrysotile after
24 h of incubation (Fig. S5). Both samples released ions mainly in the
first 24h of incubation, suggesting that fibre solubility is more
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favourable under higher undersaturation conditions. Accordingly, after
24 h a near-saturation condition hinders the element release from the
fibre surface to the media. This event is particularly evident for chrys-
otile for which we even observed a decrease in Mg and Si release for
longer incubation times, likely related to the formation of neo-formed
precipitates. It is worth noting that XRPD analysis did not highlight
any occurrence of new phases in the incubated samples, suggesting that
the neo-formed precipitate/s are possibly amorphous. The metal release
observed in the first 24 h is likely enhanced by the presence of citrate
(Na3CgHs07) in the leaching solution, which acts as a chelating agent
having four groups (three carboxyl and one hydroxyl group) able to bind
metal ions [89].

In order to compare the solubility of antigorite with UICC chrysotile,
the release of Si was normalised to surface area (SSA Kr-BET = 5.7 m?/
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Fig. 8. HR-TEM representative images of the selected antigorite vein. a) Bright field image of an ion-milled sample obtained from cross sections of the vein. Inset:
a*c* SAED pattern; b) high-resolution image revealing polysynthetic twinning parallel to (001); ¢) and d) crystal terminations showing smectite-like lattice fringes

indicated by black arrows.

atg [010]
. - (0
A fibrous antigorite /ysy/,,bo’)c,e
preferential rupture St /.a"a

along (100)

ab

ab

vein/shear direction

QU

y
\' ./
4 \

Fig. 9. 3D drawing describing the mechanism formation of sub-micrometer
fibre diameter asbestos-like antigorite. In this orientation, the ab planes of
antigorite are parallel to the shear direction [010], displaying a rotational
disorder around [010]. The preferential rupture responsible for fibre formation
occurs along (100).

g). Si release was considered as it represents the rate determining step
for silicate dissolution [90]. The maximum value of normalized Si
released was 233(5) mg/m? and 378(2) mg/m? for antigorite and
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Transmission (%)

97.0 Trr T T T T T T
-4 -3 -2 -1 0 1 2 3 4
Velocity (mm/s)
IS S Area
(mm/s) (mc:‘ /s) FWHM (%) Assignment
1.139(2) 2.76(1)  0.25(2) 42(4) Fe?*
1.164(6) 2.49(4) 0.33(3) 28(5) Fe?*
0.36(2) 0.71(3) 0.65(4) 31(3) Fe*

Fig. 10. °"Fe Mossbauer spectrum and parameters of antigorite obtained at
room-temperature. Fitted absorption doublets assigned to Fe?* are indicated in
blue and Fe*" in red. Diamonds denote the measured spectrum, and black curve
represents the summed fitted spectrum. Isomer shift (IS) quadrupole splitting
(QS), peak FWHM and Area% for the three assigned Fe species is reported in the
bottom table.

chrysotile respectively (Fig. S5) revealed that chrysotile dissolves to a
greater extent than antigorite, under the experimental conditions
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Table 1

Chemical composition obtained by EMPA on 10 analytical points, expressed by
oxides, observed min-max ranges and empirical formulas as atoms per formula
unit (apfu).

Antigorite ideal
Oxides wt% Range Sites apfu apfu
Si0, 42.47(45) 41.79-43.02 Si 1.973
Al,03 1.36(7) 1.26-1.51 VAl 0.027
MgO 37.87(48) 37.15-38.75 ST 2 2
MnO 0.15(3) 0.11-0.21
FeOyor 3.08(7) 2.95-3.19 VAl 0.047
“H,0 11.76 Mg 2.622
Total 96.67 Mn 0.006
Fe*' 0.083
Fe®t 0.037
“<FeQ 212 M 2.795 2.823
**Fey0s 1.06
o 5 5
OH 3.647 3.647

Note: estimated standard deviation in brackets. Ideal refers to the empirical ideal
formula of the sub-cell of a m = 17 antigorite polysome based on Y'Mj .
3V T2 mO5 m(OH)4 ms [88].* Calculated from stoichiometry.** Measured by
Mossbauer spectroscopy (see Fig. 10).

adopted. The higher solubility showed by chrysotile could be even
higher in biological environment, where chelating molecules are
continuously renewed, and saturation and reprecipitation are less likely
to occur.

Fig. 11b shows the variation of Si/Mg ratio for antigorite and
chrysotile as a function of the incubation time. To help reader eye, the
theoretical Si/Mg ratio, calculated from the bulk chemical analyses re-
ported in the previous paragraph, is reported (dotted line). Antigorite is
characterised by a transient incongruent dissolution ratio, with Mg
exceeding Si during the initial dissolution steps. After a few hours of
incubation, the Si/Mg leaching ratio stabilizes to a rather congruent
cation release (experimental Si/Mg = 0.68 with respect to a theoretical
value of 0.75). On the contrary, Si and Mg leaching is strongly incon-
gruent in chrysotile, independently with leaching time. In particular,
chrysotile showed a preferential release of the octahedrally coordinated
Mg with respect to the tetrahedral Si, in agreement with their differences
in Madelung site energy [91] and experimental dissolution rates [92].
On these bases, the lower dissolution rate of antigorite with respect to
chrysotile might be due to more effective interlayer interactions

Journal of Hazardous Materials 457 (2023) 131754

occurring in antigorite [82]. After the first steps of incongruent disso-
lution, the leaching of antigorite proceeded in a congruent and limited
manner, as the result of the higher stability of the SiO4 layer. This sug-
gests a higher biodurability of antigorite than chrysotile, consistently
with previous observation on antigorite specimen leached in phag-
olysosomal simulating fluid (PSF, pH 4.5) and the Gamble’s solution (pH
7.4) [12].

3.5.2. X-ray photoelectron spectroscopy (XPS)

Pristine and incubated antigorite and UICC chrysotile were investi-
gated for chemical changes that could have occurred at the fibres sur-
face. The results are reported in Table 2. Survey spectra of pristine and
one-week incubated samples are shown in Fig. S6. No significant dif-
ferences were observed between the incubated and the pristine samples
of antigorite, in agreement with its congruent dissolution. Conversely,
one week-incubated chrysotile showed a clear Fe enrichment with
respect to the other cations, in accordance with ICP-OES results that
indicate low Fe release in the adopted experimental conditions.

For antigorite, the amount of Fe content allowed the fitting of the
high-resolution Fe 2p3/2 signal by applying the approach used in Fan-
tauzzi et al. [50,51] and Pacella et al. [32,33]. Pristine sample showed a
more oxidised surface (60% Fe(III) with respect to the bulk 30% Fe(III)
evidenced by Mossbauer data), with Fe(III) present as oxide (Fe3O3) and
oxyhydroxide (FeOOH) species, likely due to weathering processes [50,
51]. In addition, the sample incubated for one week in the Gamble’s
solution shows a significant increase of the FeOOH component at the
expense of the Fe(Il)-O component, with respect to the pristine one
(Table 2). This is likely due to the low solubility of antigorite sample,
which hinders the occurrence on the fibre surface of new iron centres
from the bulk (in the form of Fe(I)-O and Fe(III)-O), promoting there-
fore the growth of the FeOOH layer on the surface of the fibre. Similar
results were obtained on tremolite samples immersed in acidic MGS: in
that case, iron oxidation was faster than the leaching of the fibrous
mineral due to the low solubility of tremolite, thus an increase of the
FeOOH % upon leaching time was observed [34].

3.6. Surface reactivity in free radical release

Surface reactivity was evaluated by checking the ability of antigorite
to catalyse the release of radical species. Two mechanisms of free radical
generation were investigated: i) carboxyl radical (*\COO™) release from
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b o8O -
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‘{7'*-——‘7_,__7_‘7_77_7 0.60
/ -~ —-—CcMgcCtiuice @ 050
12000 - Z 040
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s 10000 + 0.10
=X 0.00
e 60 80 100 120 140 160
g 8000 - Incubation time (h)
] j )
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Fig. 11. Durability of antigorite from Varenna Valley. a) Si and Mg release from Atg (blue) and UICC chrysotile (black) during incubation in MGS as a function of
time (squares = Mg, circles = Si) by after incubation. The dissolution was evaluated at 37 °C, by static tests. The quantity of ions released in solution was measured by
ICP-OES after 1, 24, and 168 h of incubation. Experiments were performed in quadruplicate. Values are reported as means + SD. b) variation of the Si/Mg ratio of the
released cations at each time of sampling as compared to that of the bulk (dotted line) arising from chemical analyses of the pristine sample.
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Table 2 4. Conclusions

Composition (at%) of antigorite and UICC chrysotile by XPS before (pristine

sample) and after dissolution in MGS at acidic pH for 1 week (1 W). For anti- This work reports about an interdisciplinary approach for the char-
gorite the relative intensities of the components of Fe 2p3/2 identified by curve- acterization of an asbestos-like antigorite from a natural site, aiming to

fitting are also reported. Due to the low signal-to-noise ratio the curve fitting of
Fe 2p3/2 of chrysotile samples was not performed. Mean values on three inde-
pendent measurements are listed together with standard deviations (in

evaluate its potential health and environmental hazard. A NOA site with
the occurrence of a macroscopically elongated, potentially hazardous
antigorite was described. Potentially asbestos-like antigorite was

parentheses). sampled considering the structural and geological information made
Composition (at%) Fe speciation (%) available by field and petrographic analyses. A representative vein was

Samples (o) Si Mg  Fe Fe Fe Fe (IID- selected, and the sample was investigated for the key morphometric,
(n-0  (Im-0  OOH structural, and chemical parameters that are relevant in particle toxicity.

Atg - Pristine  60(2) 19 20 1.0 412)  20(1) 39(3) Specifically, the antigorite morphology, crystal-chemistry, crystal-
o @ 02 structure, dissolution pathway, and surface reactivity were evaluated

Atg-1W 58(1) 19 22 1.0 400G 10 503 and compared with UICC chrysotile asbestos. Overall, the data acquired
UICE CHl - 61.8 514) (2%1) (()(')23) nd nd nd signalled the potential hazard of antigorite. Upon mechanical stress, the
Pristine ©.1) - W 0.1 sample was able to release up to 67% of EMPs, of which 30% of respi-
UICC Ctl - 63.0 13 23 1.0 nd. n.d. nd. rable fibres, according to the WHO counting criteria. TEM investigation
1w 0.2) @ @ 0y highlighted that the grain size reduction determining sub-micrometer

fibres is due to a preferential rupture parallel to (100) coupled with
easy (001) delamination. Antigorite fibres showed a durability higher
that UICC chrysotile in MGS and the free-radical yield increased with
leaching time.

Future investigations on the in vitro cytotoxicity and genotoxicity of
the selected antigorite fibres are being carried out, to complete the
toxicological assessment of the antigorite from Varenna Valley, Italy.
The approach described here might be easily adapted to the plethora of
fibrous minerals, NOA and EMPs, which hazardous effects are currently

the formate ion (HCOO "), used as a model target molecule for homolytic
cleavage of a carbon-hydrogen bond in organic molecules and ii) hy-
droxyl radical ("OH) release in the presence of HyO», used as a probe for
Fe-induced Fenton-like activity. UICC chrysotile was used as reference
sample.

Antigorite was reactive in both carboxyl (Fig. 12 A) and hydroxyl
radical (Fig. 12B) generation. The production of carboxyl radicals was
observed only in a reducing environment (presence of ascorbic acid),

also for chrysotile. debated.

The hydroxyl radical yield was quantified after incubation in the
MGS at acid pH performing a double integration of the EPR signals Environmental implications
(Fig. 12 C). The potency of antigorite to catalyse *OH slightly increased
with leaching time, from O (pristine) to 168 h. This may be due to the Health and environmental protection agencies are concerned by the
fibre leaching promoting coordinative unsaturation of the surface Fe potential hazard posed by natural occurrence of asbestos and elongated
centres as proposed in previous work on amphibole surface reactivity mineral particles. New tools for the risk assessment of the natural
[93]. An opposite trend was observed for chrysotile, which showed a occurrence of asbestos-like minerals are highly demanded. We describe
quite different surface reactivity from antigorite. The time-dependent here a multidisciplinary approach that encompasses hazard investiga-
decrease of the *OH radicals generated by pristine and leached chryso- tion from field to nanostructural analyses and paves the way to a widely
tile confirmed that radical yield is not directly correlated to the overall applicable method for the identification of a potentially hazardous
amount of Fe content. In fact, XPS data indicate an enrichment in iron asbestos-like mineral in a natural site. An antigorite vein was selected
species with leaching time. However, the newly formed species, espe- and investigated. Its key toxicologically relevant properties signal a
cially highly aggregated species such as iron oxides and oxy-hydroxide ~ possible concern for human health and the environment.
are generally held less reactive in Fenton-like processes than well
dispersed ions [41,94,95]. In the case of leached chrysotile, the reduc-
tion of Fenton-like reactivity might be due to the progressive growth of Declaration of Competing Interest
precipitates on the fibre surface that prevent the interaction between Fe
reactive sites and hydrogen peroxide molecules. The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.
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Fig. 12. Representative EPR spectra of (A) [DMPO-COO]® and (B) [DMPO-OH]* adducts obtained from (a) antigorite, (b) UICC chrysotile A, and c) blank recorded
after 60 and 30 min of incubation with HCOO™ and H,0, as target molecules, respectively. The [DMPO-COO]° and the [DMPO-OH]* adduct signal is characterized
by a six and four line spectrum with intensity 1: 2: 2: 1, respectively. In the panel A, the weak doublet at the centre of the field (ca. 333 mT) is due to the formation of
the ascorbyl radical from the reaction of ascorbic acid, used here as reductant for iron at mineral surface. The quantification of the [DMPO-OH]"® signal generated
after 1 and 7 days of incubation in MGS at acid pH is reported in panel C).
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