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ABSTRACT

Today, cancer is one of the main health issues faced in the workplace with asbestos an important
carcinogen in the occupational environment. Among the asbestos minerals, chrysotile is the main
species of socio-economic and industrial relevance. Although chrysotile asbestos is classified as a
"carcinogenic substance" by the International Agency for Research on Cancer (IARC), this fiber is still
mined and used in Russia. The effective health hazard posed by the Russian commercial chrysotile has
not been quantitatively assessed to date. In this work, the potential toxicity/pathogenicity of Russian
chrysotile was quantitatively determined using the fiber potential toxicity index (FPTI) model. This
model was applied to a representative commercial chrysotile from the Orenburg region, Russia, whose
morphometric, crystal-chemical, surface activity and biodurability related parameters were determined.
We have quantitatively assessed that the toxicity/pathogenicity potential of Russian chrysotile (FPTI =
2.4) is lower than that of amphibole asbestos species but higher than the threshold limit set for “safe”
mineral fibers (FPTI = 2.0), although it does not contain impurities of amphibole asbestos. Differences
with other chrysotile samples were discussed and it was found that the investigated Russian
commercial chrysotile shares several features with the Italian Balangero chrysotile, indicating that

widespread concern on commercial Russian chrysotile is justified.

Keywords: Asbestos; Chrysotile; Russia; Adverse Effects; FPTI.
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INTRODUCTION

Chrysotile is a trioctahedral hydrous layer silicate with ideal chemical formula Mg;(OH)4Si,0s.
Together with lizardite and antigorite, chrysotile belongs to the serpentine group. Its basic structure is
composed of one Mg-centered octahedral sheet (O) covalently bonded to one Si-centered tetrahedral
sheet (T) (Ballirano et al. 2017). The lateral size of an ideal Mg-centered O sheet is larger than the
lateral size of an ideal Si-centered T sheet. The dimensional misfit causes a differential stress that is
mostly released by rolling the TO layers into a tubular structure providing chrysotile its characteristic
fibrous habit (Ballirano et al. 2017). Because of its fibrous crystal habit and outstanding physical-
chemical properties, chrysotile is the most common asbestos mineral on Earth (Gualtieri 2012).

Asbestos is actually a commercial term designating six mineral fibers used for industrial
applications: chrysotile and the five amphiboles actinolite asbestos, amosite (fibrous variety of
cummingtonite-grunerite), anthophyllite asbestos, crocidolite (fibrous variety of riebeckite) and
tremolite asbestos (NIOSH 2011; IARC 2012). Asbestos minerals have been used in the human history
to create more than 3000 asbestos-containing materials (ACM), such as electrical and thermal
insulating materials (flooring and coatings), vinyl-asbestos, asbestos-cement roofs and pipes (Ross and
Nolan 2003; Gualtieri 2017). Extensive use of asbestos began in the 19" century when mine
mechanization promoted the exploitation of large chrysotile deposits in Canada (e.g., Lake Asbestos,
Quebec) and Europe (e.g., Balangero mine, Italy). Modernization of the rail network enabled the
intensive exploitation of the Uralasbest mine in Russia (Vogel 2005; Marsili 2007). In 1975, Russia
became the world’s leading asbestos producer and it is still so today (Kashansky et al. 2001; USGS
2020). In the last century, about 30 million tons of asbestos fibers have been mined worldwide and
about 90% of this raw material is chrysotile (LaDou 2004; WHO 2014). Regrettably, since the
beginning of the 20" century, it has become clear that the unique crystal-chemical and physical features

of asbestos minerals, responsible for their exceptional properties, are related to potential pathogenicity
3
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(Gualtieri 2017). Sir Richard Doll for the first time unequivocally reported the link between lung
cancer and asbestos fibers inhalation in a cohort of workers exposed to asbestos (Doll 1955). Later,
numerous cohort and case control studies have demonstrated the association between asbestos exposure
and occupational cancers (IARC 2012). Meanwhile, from 1970 to 2000s, several studies used animal
models to evaluate the carcinogenic potential of asbestos fibers. These contributions were summarized
by the Working Group of the International Agency for Research on Cancer (IARC) in Monograph
100c, containing all epidemiological and carcinogenicity studies conducted to that date (IARC 2012).
In the Monograph 100c, an IARC Working Group concluded that there is enough scientific evidence
that all asbestos species can cause malignant mesothelioma (MM) and cancer of the lung, larynx and
ovary. Hence, all forms of asbestos (i.e., chrysotile and amphibole asbestos) have been classified by the
[IARC as carcinogenic to humans (Group 1). Concurrently, starting from the 80s, many European
countries banned asbestos. Today, 67 countries including Canada, Italy, South Africa, United Kingdom
and Japan have banned all asbestos minerals (IBAS 2020). Amphibole asbestos is rarely mined today
(Ilgren et al. 2015) whereas chrysotile asbestos is still largely used in about 65% of the countries
worldwide including China, India, Kazakhstan, and Russia (IBAS 2020). These countries allow the so-
called “safe use” (i.e., its manipulation wearing individual protection devices) of chrysotile, assuming
that low exposures to chrysotile do not present a detectable risk to health and that, if compared to
amphibole asbestos, chrysotile is less potent for the induction of lung cancer and MM (Camus 2001;
Bernstein et al. 2013). This model is based on the different biopersistence of chrysotile with respect to
amphibole asbestos. Biopersistence is the ability of an exogenous particle (such as an asbestos fiber) to
persist in the human body regardless of chemical dissolution (biodurability) and physical clearance
mechanisms (Bernstein et al. 2005). During the process of phagocytosis by alveolar macrophages in
vivo, the acid environment produced intracellularly attacks chrysotile fibers that rapidly undergo a

process of dissolution, with leaching of Mg and production of amorphous silica relicts (Gualtieri et al.

4
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2019a) which is eliminated by macrophages (Bernstein et al. 2013). On the other hand, amphibole
asbestos fibers are biodurable (Bernstein et al. 2005; 2013) and induce chronic inflammation
responsible for adverse effects in vivo (Bernstein et al. 2014; 2015; Bernstein and Pavlisko 2017). This
model is not universally accepted as biodurability alone cannot explain the toxicity and pathogenicity
of mineral fibers. As a matter of fact, a vast part of the scientific community and government
authorities support the model that all asbestos minerals are toxic and pathogenic and all increase the
risk of MM (Collegium Ramazzini 2010).

The chrysotile debate is an open issue mostly because the mechanisms by which asbestos fibers
induce adverse effects on human health are still not fully understood (Gualtieri et al. 2017). The
difficulties stem from the fact that asbestos-related carcinogenesis is the results of a complex multistep
process and assessing the potential toxicity/pathogenicity of a mineral fiber is a tangled task. It is
important to remark that the adverse effects induced in vivo by asbestos, in addition to the fibers’
biodurability, depend on its chemical composition, crystal structure, surface properties and
morphology, as well as on the load of fibers (IARC 2012; Gualtieri et al. 2017). To objectively and
quantitatively compare the hazard represented by the different mineral fibers and especially chrysotile
and amphibole asbestos, Gualtieri (2018) recently proposed a quantitative predictive model of
toxicity/pathogenicity of minerals fibers based on the physical/chemical and morphological parameters
that affect the biological activity. This model delivers an index (FPTI) aimed at ranking the toxicity and
pathogenicity of mineral fibers (Gualtieri 2018; Mossman and Gualtieri 2020). To calculate FPTI, the
model considers all the parameters that induce toxicity/pathogenicity, i.e., morphometric, chemical,
biodurability related, and surface activity related parameters (Gualtieri 2018; Di Giuseppe et al. 2019;
Mossman and Gualtieri 2020). In the work of Gualtieri (2018) a difference in the toxicity/pathogenicity
potential of amphibole asbestos compared to chrysotile asbestos was highlighted based on their FPTI.

In fact, the calculated mean value of FPTI of the amphibole asbestos family is significantly higher than
5
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that of a suite of chrysotile asbestos samples (Gualtieri 2018). Moreover, the mean FPTI of chrysotile is
significantly higher than the threshold limit set for ‘safe’ mineral fibers such as wollastonite and
sepiolite (Gualtieri 2018).

The last report on Asbestos Statistics and Information delivered by the United States Geological
Service (USGS) shows that the world total mine production of chrysotile asbestos for 2019 was
1,100,000 tons (USGS 2020) and the main chrysotile producer in the world is Russia (750,000
tons/year). Russia's chrysotile resources (110x10° tons) occur in the Urals Mountains and are estimated
to be adequate to meet the demand of the global asbestos market in the near future (USGS 2020). In
this scenario, the active chrysotile mines of the Urals represent an important source of exposure to
asbestos fibers. This situation causes great concern due to the dust generated by the excavation
activities that may potentially expose workers and the local residents (Kashansky et al. 2001).
Furthermore, it should be considered that Russian chrysotile is largely used in the Russian internal
market and exported to all the countries where asbestos is not banned such as China and India,
exposing their work forces and populations (Burkhanova et al. 2019). Although some studies were
published (Tossavainen et al. 2000; Kanarek 2011; Kovalevskiy et al. 2016; Schiiz et al. 2013; 2020),
the effective potential toxicity/pathogenicity of Russian chrysotile has not been quantitatively assessed.

In the present study a detailed characterization of Russian commercial chrysotile is presented and
the FPTI model (Gualtieri 2018; Mossman and Gualtieri 2020) is applied with the aim of contributing
to the global chrysotile issue. The calculated FPTI was compared to that of amphibole asbestos fibers
and well-characterized chrysotiles: 1) Union for International Cancer Control (UICC) standard
chrysotile asbestos “B” Canadian (NB #4173-111-1) from Quebec, Canada; 2) chrysotile asbestos from

Balangero (Turin, Italy); and 3) chrysotile asbestos from Valmalenco (Sondrio, Italy).

SOURCE OF THE SAMPLE AND GEOLOGICAL OVERVIEW
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A commercial sample of chrysotile from Orenburg Minerals mine near Yasniy, Russia, has been
investigated. The chrysotile fibers from Yasniy are sold in bags of a net weight of 25 or 50 kg. This raw
material is commonly used as a reinforcing and thermal insulating agent. It is also employed for the
production of asbestos-cement products (e.g., pipes, sheets and shingles), as a granular stabilizer of
asphalt, as heat insulation in the form of cords and a cardboard, as thermal insulation of furnaces and
lining of steam boilers, and in the form of sealants in devices affected by high temperatures.

Yasniy (Russian: SIcuerii; which means clear) is a town located in the Orenburg region, southern
Ural Mountains, near the border between Russia and Kazakhstan (Fig. 1a). Complete description of the
geological features of the Urals and geodynamic processes that characterized the tectonics of this area
can be found in Ivanov et al. (2013) and Puchkov (2017). The Urals are an orogenic belt which ideally
forms the boundary between Europe and Asia. The Uralian belt extends 2500 km from the Polar Urals
to the Aral Lake along the 60° East Meridian (Fig. 1a). It was formed by a Paleozoic continental
collision subsequent to the closure of a pre-Paleozoic ocean located between the European and
Siberian-Kazakh plates (Ivanov and Rusin 1986; Garuti et al. 2012). The Urals are conventionally
divided into various geotectonic units, extending continuously from north to south and broadly parallel
to the Main Uralian Fault (MUF) that represents the westernmost and principal tectonic boundary
between the abovementioned collided plates (Ivanov et al. 2013; Garuti et al. 2012). A simplified
scheme of Urals geotectonic units is presented in Figure 1b and includes the followings from west to

east (Shahgedanova 2003; Ivanov et al. 2013; Garuti et al. 2012; Puchkov 2017):

A) Pre-Uralian foredeep (pre-flysch deep-water condensed sediments, flysch, evaporites and molasse
of the Upper Paleozoic and partly Triassic age);

B) West-Uralian zone (paleoshelf terrigenous carbonate series and terrigenous-siliceous-shale deposits,
dated from Ordovician to Carboniferous);

C) Central-Uralian zone (metamorphosed Precambrian and Early Paleozoic rocks);
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D) The Suture-zone and Tagil-Magnitogorsk-zone, limited from the west by the MUF, consist of a
succession of Paleozoic oceanic lithosphere (ophiolites) and island arc formations,

E) East Uralian zone, containing a combination of Precambrian and Paleozoic oceanic and island arc
complexes

F) Trans-Uralian zone, composed of pre-Carboniferous complexes, probably accretionary in origin, un-
conformably covered by the Lower Carboniferous calc-alkaline volcanic rocks.

The rocks extracted at the Yasniy mine are serpentinized ophiolites (Fig. 1c¢) that belong to
geotectonic units D) which include the Suture-zone and Tagil-Magnitogorsk-zone (Gannoun et al.
2003). In particular, the mine is located on an ophiolite massifs 90 km east of the city of Orsk,
Orenburg Region (Fig. 1¢). Ophiolite massifs of this area belong to the Sakmarsko—Khalilovsky group,
i.e., a wide ophiolite complex composed of serpentine derived from harzburgite and dunite (Gannoun et
al. 2003). Chrysotile is hosted in the serpentinized rock together with lizardite and minor clay minerals,

dolomite, calcite, magnesite and magnetite (Khilyas et al. 2019).

ANALYTICAL METHODS

Sample grinding

Several analytical procedures used for the characterization of Yasniy chrysotile require sample
milling. This is rather complicated as conventional grinding techniques have modest if any effect on
chrysotile fibers (Pollastri et al. 2016a). For this reason, we have opted for cryo-milling at dry
conditions, using a Resch mixer mill MM 400 (Diisseldorf, Germany) equipped with steel grinding
balls and steel jars, coated with polytetrafluoroethylene (PTFE). PTFE prevents the contamination of
sample from iron and other metals released by the steel. The jars were first filled with the sample and

the grinding balls, soaked in liquid nitrogen until reaching the temperature of -196 °C, then mounted in
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the mill. The milling time was variable depending on the amount of sample but always in the order of
few minutes.
X-ray powder diffraction (XRPD)

XRPD data were collected in the 7-145 °20, step size 0.022 °20, 8 s/step, using a Bruker AXS D8
Advance diffractometer (Karlsruhe, Germany). The instrument operates in 6/0 geometry, in
transmission mode, and is equipped with Gobel mirrors on the incident beam, Soller slits on both
incident and (radial) diffracted beams, and a PSD VANTEC-1 detector. The sample was prepared
following the same procedure reported in Cametti et al. (2013) for woolly erionite from Durkee.
Bundles of fibers were selected and disaggregated under a binocular microscope using a knife.
Subsequently, they were carefully hand-ground in an agate mortar under ethanol in order to increase
disaggregation. Upon drying, the resulting material consisting of small flakes of randomly intersecting
fibers, was loaded into a 1 mm diameter borosilicate capillary that was aligned onto a standard
goniometer head. Phase identification was performed with the DIFFRAC.EVA V5.1 software (Bruker
AXS 2019) using the ICDD PDF 2 reference database for mineral phases (ICDD 2020).

Electron Microscopy

Detailed observation of the sample was performed using a Field Emission Gun (FEG) Scanning
Electron Microscope (SEM), FEI Nova NanoSEM 450 FEG-SEM (Hillsboro, OR, USA) equipped with
an Energy Dispersive X-ray (EDX) spectrometer. Operating conditions were 15 kV accelerating
voltage, 3.5 pA emission current, 20 nA beam current and 6 mm working distance. An aliquot of raw
sample was suspended in distilled water and fixed on an aluminum stub with double-stick carbon tape,
left to dry and then sputter-coated with gold (10 nm of thickness), using a gold sputter coater - Emitech
K550 (London, UK). Images were acquired using secondary electrons. EDX spectra were always
collected to confirm the chemical nature of the mineral fibers. A surface of 1 mm” was investigated,

collecting 200 random fields at 2000% and down to 10,000x for the morphometric characterization. The
9
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size and morphometric parameters of the single fibers were determined on 200 individuals. Lengths
and widths were calculated using ImagelJ image analysis software, version 1.52a (NIMH 2018).

The sample was also observed using transmission electron microscope (TEM). TEM investigations
were carried out using a Talos F200S G2 microscope (Thermo Fisher Scientific, Waltham, USA),
equipped with S-FEG Schottky field emitter operating at 200 kV and two large-area energy-dispersive
X-ray (EDX) spectrometers with Silicon Drift Detectors (SDD). A small amount of sample was
suspended with 1 mL of ethanol in a test tube, sonicated for 20 min (using a low power sonic bath) and
left to set for 5 min. Then, a drop of the suspension was transferred onto a 300-mesh carbon copper
TEM grid (Ted Pella Inc., Redding, USA) and left to dry. Observations were made both in TEM and
Scanning TEM (STEM) mode.

Optical microscopy

The optical properties of chrysotile fibers were determined using polarized light and chromatic
dispersion techniques. Phase Contrast Optical Microscopy (PCOM) with chromatic dispersion is a fast-
qualitative analysis that allows the identification of nature of a mineral fiber from its chromatic
dispersion (Cavariani et al. 2010; Gualtieri et al. 2018a). PCOM analysis is based on the optical
principle that mineral fibers placed in specific high-dispersion liquids, show typical chromatic effects
that allow their identification (Baietto and Marini 2018). Cargille Refractive Index Liquid n = 1.550
was used for the identification of chrysotile. PCOM analyses were conducted following the
methodology of Gualtieri et al. (2018a). Two drops of refractive index medium were placed on a pre-
cleaned glass slide (76x26 mm). A small amount of sample was transferred to the slide. A coverslip
was placed on the suspension and manually pressed to homogenize the distribution of the fibers on the
slide and avoid bubbles. A Leica DM4000 B LED (Hiillhorst, Germany) equipped with Leica

objectives (magnifications 10x, 20x, and 40x) was used for the dispersion staining observations. A
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Leica D-LUX 3 digital camera was used for image collection. Image magnification was calibrated
using a 1 mm stage micrometer with 100 increments of 0.1 mm.

Polarized Light Optical Microscopy (PLOM) was performed in transmitted light with an Olympus
CHA (Tokyo, Japan) polarizing light microscope equipped with: 4%, 10x%, 20x and 40x% objective
lenses, 6 V and 10 W halogen light source, 360° circular rotating stage and first order red quarter
wavelength compensator plate. A small amount of sample was embedded in epoxy resin and fixed to a
glass slide. The sample was subsequently lapped to a thickness of 30 pm.

Determination of the specific surface area (SSA)

SSA of the sample was determined using the BET-method (Brunauer et al. 1938). The SSA analyses
were carried out using a Gemini V instrument (Micromeritics) with nitrogen as probe gas. About 300
mg of sample dehydrated at 100 °C for 24 h was mounted in the sample holder and conditioned at 50
°C prior to measurement. The analysis was carried out using liquid nitrogen cooled to -196 °C.
Measurements were conducted with an equilibration time of 10 s and a saturation pressure of 777.28
mmHg.

Determination of the zeta potential

The zeta potential of the sample was determined using a Zetasizer Nano Series instrument (Malvern,
Worcestershire, UK). Analyses were performed using double-distilled water and artificial lysosomal
fluid (ALF) solution (pH=4) (Marques et al. 2011; Pollastri et al. 2014; Gualtieri et al. 2018b). The
latter was used to simulate the lysosomal environment (Marques et al. 2011; Gualtieri et al. 2018b).
Sample powder was added to the dispersants in a weight percentage of 0.1% and subjected to ultrasonic
treatment for 15 min. Zeta potential measurements were conducted at a temperature of 37 °C,
equilibration time of 120 s and different pH (from 2 to 10). A few drops of HCIl 1N were added to the

suspension to obtain a pH of 2. The pH was then raised up to 10 using NaOH 0.1 N. The pH was
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monitored using a HANNA edge pH-meter (Woonsocket, USA). Zeta potential measurements were
collected three times for each sample to check the reproducibility of the results.
Determination of density and aerodynamic diameter

Density (p) of the Yasniy chrysotile was measured using the pycnometer AccuPyc II 1340
Micromeritics (Georgia, USA) following the methodology of Di Giuseppe et al. (2014). The
pycnometer uses the gas displacement method to measure volume of solid or powdered objects of
known weight. Dividing the weight of the sample by the calculated volume yields the p of the sample.
The weight of sample was measured using a Mettler Toledo (Ohio, USA) analytical scale. Helium with
a total purity > 99.999% mol was used as dispersion medium. Chrysotile fibers were sealed in the
pycnometer sample holder of known volume, an appropriate helium volume was injected, and then
expanded into another precision internal volume. Helium molecules rapidly fill pores as small as 1 A in
diameter; only the solid phase of the sample displaces the gas. The pressures observed upon filling the
sample chamber and then discharging it into a second empty chamber allow computation of the sample
solid phase volume. In order to verify the reproducibility of the test and obtain a p value that is the
average of several replicates, pycnometer analysis was carried out six times. The p of a fiber is a
fundamental parameter for the calculation of its aerodynamic diameter (D,.) (Gualtieri et al. 2017;
Gualtieri 2018). D, influences the deposition depth of inhaled particles in the airways (Yeh et al. 1976;
Heyder et al. 1986). Particles with D,e > 5 um are deposited in the nasal respiratory tract, whereas
particle with 3 < D,. < 15 um are deposited in the lower respiratory tract that extends from the trachea
to the lungs (Yeh et al., 1976; Heyder et al., 1986; Gualtieri et al. 2017). Particles with D,. =~ 2-3 and <
0.2 can easily settle in the alveolar space (Gualtieri et al. 2017), which is the main focus of respiratory
diseases (French 2009). D,. can be calculated using the equation by Gonda and Abd El Khalik (1985).

Thermogravimetric measurements and evolved gas analysis with mass spectrometry
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Thermogravimetric and differential thermal analysis (TG and DTA) measurements were performed
with a Seiko SSC 5200 (Chiba, Japan) thermal analyzer coupled with a quadrupole mass spectrometer
ESS, GeneSys Quadstar 422 (ESS Ltd. Cheshire, UK) to identify the gases evolved during heating (i.e.,
mass spectrometry of evolved gas analysis, MS-EGA). Gas sampling by the spectrometer was via an
inert, fused silicon capillary system, heated to prevent the condensation of gases. Measurements were
performed on air-dried samples under the following experimental conditions, heating rate: 20 °C/min;
heating range: 20-1200 °C; TG and DTA data measurement: every 0.5 s; purging gas: ultrapure
helium, flow rate: 100 uL-min"'. MS-EGA were carried out in multiple ion detection (MID) mode
measuring the signal of the m/z ratios 17 and 18 for H,O, 28 and 44 for CO,, 30 for NO, 34 for H,S, 46
for NO; and 64 for SO, (m/z is the dimensionless ratio between the mass number (m) and the charge
(z) of an ion); secondary electron multiplier detector at 900 V were employed with 1.0 s of integration
time on each measured mass. To avoid differences in relative humidity, samples were isothermally
equilibrated at 25 °C for 15 min inside the oven using a 100 uL-min™" flow of ultrapure He.

Mossbauer spectroscopy

Room Temperature Mossbauer spectra were collected at the Department of Chemical Science,
University of Padua, using a conventional constant acceleration spectrometer mounting a >’Co source,
nominal strength 1850 MBq. The hyperfine parameters isomer shift (3), quadrupole splitting (A), half
linewidth at half maximum (I';) were expressed in mms ', while internal magnetic field (B) in Tesla
(T) and the relative area (A) in %. The parameters were obtained by least-squares minimization
analysis. The absorber was prepared by mixing ~90 mg of gently crushed sample with Vaseline. Due to
the low amount of Fe in the absorber (=1 wt %), the thin absorber thickness is assumed (Long et al.
1983). Concerning the evaluation of the ratio Fe’" over Fe’" in the chrysotile, the recoilless fractions f
for Fe*" and Fe®" were considered equal. This approximation is acceptable because the error affecting

the area evaluation is higher than the one obtained without using the f correction (Chukanov et al.
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2019). Quantitative analysis was performed using Recoil software, and a reduced y* method was used
to evaluate goodness of fit (Lagarec and Rancourt 1998).
Fourier Transform Infra-Red (FTIR) spectroscopy

FTIR analyses were performed on sample powders in the spectral range 500-4000 cm ' using a
Bruker Vertex 70 spectrometer (Ettlingen, Germany) equipped with a DTGS detector and a KBr beam
splitter. The spectrometer was coupled to a horizontal attenuated total reflectance (ATR) device
consisting of a diamond crystal of 2 mm in diameter (Platinum ATR-QL, Bruker Optics, Ettlingen,
Germany). The nominal resolution was set at 2 cm™, and 32 scans were accumulated for both sample
and background.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted to determine the Fe*'/Fe’" ratio close to surface layers of the
chrysotile fibers. XPS spectra were acquired with a CLAM2 VG Microtech electron hemispherical
analyzer operated at 30 eV of pass energy (0.6 eV of energy resolution) at normal emission and a
double anode XR3 VG source, delivering Mg Ka photons (1253.6 eV), at 15 kV, 18 mA.

Electron probe micro analysis (EPMA)

Quantitative chemical composition of the sample was obtained using a JEOL 8200 SuperProbe
Electron Probe Microanalyzer equipped with a Wavelength-Dispersive X-Ray (WDS) spectrometer and
W hairpin type filament. Detectable wavelength is 0.087 to 9.3 nm. Atomic number resolution on BSE
(Z): less/equal than 0.1 (CuZ). The following analytical conditions were used: excitation voltage of 15
kV, specimen current of 5 nA, peak-count time of 30 s, background-count time of 10 s. The instrument
is also equipped with EDX system characterized by a detectable element range: Na to U, energy
resolution: 144 eV and lithium (Li)-doped silicon single-crystal semiconductor detector. Specimen was
prepared by embedding an aliquot of the sample in epoxy resin (shaped into a disc with a diameter of

25 mm) and polishing it to achieve a flat, shiny surface. For each spot analysis the following elements
14
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were determined: Si, Ti, Al, Cr, Mn, Mg, Ca, Na, K, Ni, Fe, Pb, Co, V and Cu. The standards utilized
were: elemental vanadium for V, elemental chromium for Cr, elemental cobalt for Co, elemental
copper for Cu, nickeline for Ni, galena for Pb, omphacite for Na, orthoclase for K, mercuric sulfide for
Hg, rhodonite for Mn, forsterite for Mg, fayalite for Fe, ilmenite for Ti, grossular garnet for Al, Si and
Ca. Analysis of the individual fibers was not possible because the fibers were invariably aggregated in
bundles and clusters (Fig. 1S in Supplementary Materials) and the beam spot size (1 pm) was greater
than the average diameter of fibrous particles. The position of each spot analysis was selected using
semi-quantitative EDX analysis.

Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS was used to determine the concentration of selected (Gualtieri 2018) and potentially toxic
elements (i.e., Sb, As, Be, Cd, Co, Cr, Cu, Pb, Mn, Ni, Zn and V). Approximately 50 mg of three
different aliquots of sample powder were digested with Suprapur® grade HF and HNOs in a Teflon
capsule heated at 200 °C. Solutions were analyzed through a quadrupole Thermo X Series-2 ICP-MS
spectrometer using the kinetic energy discrimination (KED) approach. Calibration curves were
prepared using a Merck (Darmstadt, Germany) ICP multi-element certified standard solution. Yttrium
was added both to samples and solutions as internal standard.

Biodurability

The biodurability of asbestos fibers was investigated using in vitro methods (Pollastri et al. 2016b;
Gualtieri et al. 2018b; Gualtieri et al. 2019b). Pollastri et al. (2016b) performed a comparative study on
the biodurability of chrysotile and crocidolite using human mesothelial and alveolar cells. Results of
this study showed that after 96 h of contact with cell cultures, chrysotile fibers were partially dissolved
and amorphized, whereas, after the same exposure time, crocidolite fibers showed very minor signs of
amorphization (Pollastri et al. 2016b). In vitro acellular studies conducted by Gualtieri et al. (2018b)

show that chrysotile fibers in contact with simulated lung fluids (SLF) undergo decomposition of the
15
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octahedral layer with leaching of Mg and amorphization. In the present study the determination of
biodurability of Yasniy chrysotile was evaluated by in vitro acellular dissolutions tests in batch reactors
at 37 °C (Gualtieri et al. 2018b). More specifically, our leaching tests were conducted using 25 mg of
sample and 250 ml of artificial lysosomal fluid (ALF) solution at pH=4 (Marques et al. 2011; Gualtieri
et al. 2018b). ALF was used to reproduce the macrophage intracellular phagolysosome chemical
environment mimicking the phagocytosis process inside the alveolar space. The degree of dissolution
was determined by measuring the change of the sample mass after different times: 24h, 48h, 1 week, 2
weeks, 1 month, 2 months and 3 months. The mass of the sample dissolved was used to determine the

apparent dissolution rate R (mol'm s ):

. k
" SSA-m

with SSA determined using the BET-method (see section 2.6), m = initial mass of the sample (g) and k
= apparent dissolution rate constant. In addition, assuming that the whole sample consisted of fibers,
the estimated lifetime t of a fiber was determined using the equation (originally applied to chrysotile by

Hume and Rimstidt 1992):

(= 3w
" 4VR

where w = fiber width (m) and V = molar volume (m’-mol™"). Detailed description of dissolution

methods and data analyses are reported in Gualtieri et al. (2018b).

DETERMINATION OF THE FPTI OF YASNIY CHRYSOTILE
To calculate the FPTI of a mineral fiber, we used a model incorporating morphometric, chemical,
biodurability related, and surface parameters of mineral fibers that affect their toxicity and
pathogenicity upon inhalation (Gualtieri 2018; Mossman and Gualtieri 2020). Although a detailed

description of the parameters is reported in Gualtieri (2018), a short summary is reported below.
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The length and width of mineral fibers are key factors in toxicity, inflammation and pathogenicity of
mineral fibers (Stanton et al. 1981; Berman and Crump, 2008a; 2008b; Donaldson et al. 2010;
Mossman and Gualtieri 2020) while the surface curvature of the fibers affects the binding process of
proteins and influences cell adhesion (Churg, 1993; Deng, 2012). The crystal habit of a fiber influences
its depositional pathway in the respiratory tract (Gualtieri et al. 2017) while the density determines its
aerodynamic diameter and therefore it affects the deposition depth of inhaled fiber in the airways
(Gualtieri 2018). The hydrophobic character of a fiber rules the interaction with biopolymers (i.e.,
proteins) and phagocytic cells (Gualtieri et al. 2017; Gualtieri 2018) while the surface area affects the
dissolution kinetics and biodurability, the resistance to chemical/biochemical alteration (Donaldson et
al. 2010; Gualtieri et al. 2018Db).

Iron (mainly Fe™) at the surface of mineral fibers promotes the formation of the reactive oxygen
species (ROS) and reactive nitrogen species (RNS), with cyto- and genotoxic effects (Gualtieri et al.
2019c). To be active, iron sites must occur at the surface of the fiber in contact with the cell or cell
medium. Reactivity of iron is also related to its nuclearity (Gualtieri 2018). Metals other than iron
prompt inflammation activity in vivo (Gualtieri et al. 2019b).

Dissolution rate is a key parameter, because if a fiber rapidly dissolves in lung environment, it is
assumed to have a low biodurability and in principle is less toxic than a fiber with high biodurability
(Gualtieri et al. 2017). Numerous studies indicated that a mineral fiber might be toxic if it is sufficiently
durable to remain unaltered within the lung tissue and induce a chronic inflammatory (Gualtieri et al.
2017; Carbone et al. 2019). Accordingly, the high biodurability of the amphibole asbestos accounts for
their high toxicity. While the low biodurability of chrysotile explains its relative low toxicity (Bernstein
et al. 2014; 2015; Bernstein and Pavlisko 2017).

The rate of dissolution of iron, silica and metals controls the release into the extracellular space of

substances that may generate the reactive oxygen species (ROS) (Gualtieri et al. 2019b).
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The electric charges surrounding the fibers, measured as zeta potential, may correlate with a number
of phenomena responsible for adverse effects (Pollastri et al. 2014). Zeta potential also influences the
agglomeration of the fibers (Pollastri et al. 2014).

Table 1 summarizes the parameters of the model used for the calculation of the FPTI of Yasniy
chrysotile. For each parameter, a score is assigned depending on its measured value and its supposed
capability in inducing adverse effects (Table 1). Because the parameters of the model can be correlated
with each other, a hierarchical scheme considering the cross-correlations is applied (Gualtier1 2018;
Mossman and Gualtieri 2020). Weighing scheme is associated with each parameter of the model
according to its step/hierarchy H where w; = 1/H with H = 1, 2 or 3. A weight defined as w, = 1/U is
also applied to each parameter of the model. This accounts for the uncertainty in the determination of a
specific parameter (n, m) and is defined by the penalty parameter U (1 = low to null uncertainty, 2 =
some degree of uncertainty, 3 = high uncertainty). Having defined the weighing scheme of the

parameters, the FPTI, is calculated according to the equation (Gualtieri 2018):

n
i=1

with T;= class value of the parameter i of the model; w; = 1/H weight of the parameter according to its
hierarchy H; w, = 1/U weight of the parameter according to the uncertainty U of its determination.
Table 1 reports the parameters of the model used for the calculation of the FPTI, their classification and

relative normalized scores FPTIL.

RESULTS
The magnified XRPD pattern (7-80 °20) of the sample is shown in Figure 2. The qualitative
mineralogical analysis showed that the raw material from Yasniy mine mainly contains clinochrysotile

(Ctl) with minor ortho-chrysotile (Ctl) and lizardite 1T (Liz, minor). Minor amounts of magnetite
18
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(Mag) and traces of hydromagnesite (HM) were also detected. Only the major peak of calcite was
identified.

A gallery of FEG-SEM and STEM images of the Yasniy chrysotile is reported in Figure 3. Yasniy
chrysotile is characterized by bundles of long and very thin fibrils (Figs. 3a and 3b). Bundles are
mostly composed of parallel long and flexible fibers that exhibit “split-ends” (Figs. 3a and 3b). Bundle
lengths range between 20 um and 1 mm (Fig. 3a). The statistics of a representative number of
individual fibers are reported in Table 2. The data display a wide range of lengths, with values ranging
from 1.36 to 188 um (average 27.2 um), but the longer fibers predominate in the population. More than
75% of the fibers are longer than 15 pm. The overall widths of the fibers range between 0.05 and 1.65
um, and 50% of the fibers show a width of less than 0.59 um. Representative EDX spectra are attached
as Supplementary Material (Fig. 2S). EDX microanalyses of some fiber bundles showed the presence
of two main chemical compositions indicative of chrysotile and magnetite (Fig. 2S in Supplementary
Materials). As shown in STEM images, particles of magnetite are interspersed within the chrysotile
bundles (Figs. 3c and d).

Figure 4 shows some selected images of the chrysotile fibers observed with PCOM. The measured
optical parameters of the Yasniy chrysotile are reported in Table 3. PCOM analysis with the
appropriate refractive liquids (n = 1.550) shows that Yasniy chrysotile fibers turn purple or blue in
color, with distinctive dispersion colors associated with chrysotile (Tylee et al. 1996).

Specific surface area (SSA) of the Yasniy chrysotile is 18.4(5) m”g™". Table 4 reports the SSA of the
investigated sample and other mineral fibers (Gualtieri et al. 2018b). SSA of the Yasniy sample is two
times smaller than the SSA of the UICC chrysotile standard and Balangero sample. Valmalenco
chrysotile has SSA three time higher than Yasniy sample. Although SSA of the Yasniy chrysotile is
comparable with that of crocidolite asbestos, its value is higher than the SSA of most amphibole

asbestos (Table 4). SSA is a parameter that affects the biodurability and biopersistence of mineral
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fibers (Gualtieri et al. 2018b) In particular, the SSA directly influences the dissolution rate of a fiber
and is included as a factor in the equation used to determine the apparent dissolution rate (R) (Table 4).
A larger surface area determines a higher reactivity of the mineral fibers in solution. In acidic
environment (as the one found in lung tissue) particles with large surface area (e.g. Valmalenco
chrysotile fibers) are more reactive than those with low SSA (Gualtieri et al. 2018b).

Results of the zeta potential analyses as a function of pH are reported in Figure 5. Measurements
carried out in double-distilled water (Fig. 5a) match with the literature data, showing that chrysotile has
positive values of the zeta potential in this dispersion media (Pollastri et al. 2014). The zeta potential
values in double-distilled water match those reported for UICC chrysotile in Pollastri et al. (2014),
although the value of Yasniy chrysotile is more positive at alkaline pH (Fig. 5a). In the ALF solution,
the zeta potential of Yasniy chrysotile turns from positive to negative. In contact with the ALF solution,
the Yasniy chrysotile shows zeta potential values very similar to those found for the UICC chrysotile
(Fig. 5b). In the pH range between 2 and 10, the zeta potential of the sample varies from 37 to 14 using
double-distilled water as a dispersion media, while from 15 to -23 using ALF solution. Overall, when
the pH of the suspension increases, the zeta potential decreases in double-distilled water and becomes
more negative in ALF solution (Fig. 5).

The density of Yasniy chrysotile is 2.578 (0.002) g.cm™, which is consistent with those reported in
the literature, i.e., 2.5-2.6 g.cm™ (Thomassin et al. 1997; Jolicoeur and Duchesne 1981; Jaurand et al.
1983; Sprynskyy et al. 2011).

Results of the combined TG-DTA analysis of the sample are reported in Figure 6a. The first
derivative of the TG curve (DTG) shows five main thermal events, well paralleled by MS-EGA curves
(Fig. 6b), with maximum reaction rates at 75, 223, 384, 656 and 662 °C. The reaction at 75 °C is due to
the loss of adsorbed water (weight loss 0.28 wt% in the thermal range 25-135°C). The reactions at 223

and 384 °C may be, respectively, related to dehydroxylation (Frost and Erickson 2004; Khorami et al.
20
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1984) and decarbonation (Vagvolgyi et al. 2008) of hydrated carbonates as, for example, hydrotalcite-
like phase (though not detected through XRPD). The shoulders on the DTG curve at 535 and 592 °C
are also deemed to be generated by a second release of CO,, ascribed to carbonates present as minor
impurities (Gallagher and Warne 1981) and undetected by XRPD. The two major thermal events at 656
and 662 °C, partially overlapped, are due to the chrysotile dehydroxylation (Kohyama et al. 1996; Viti
2010; Bloise et al. 2016a), as also highlighted by the wide endothermic bump on the DTA curve (Fig.
6a). These two endothermic events include also minor contributions due to the decarbonation of calcite
(Kissinger 1957; Villieras et al. 1994; Viti 2010) as indicated by the simultaneous release of CO, (Fig.
6b). The product of the dehydroxylation of chrysotile (recrystallized as forsterite) caused a sharp
exothermic peak at 830 °C on the DTA curve (Cattaneo et al. 2003; Bloise et al. 2009; Bloise et al.
2017). The release of CO;, below 400 °C, more evident in Figure 6b, is also due to the thermal
decomposition of organic impurities as proved by the simultaneous release of NO (Rodrigues et al.
2005). Nevertheless, to verify this hypothesis, 20 mg of the sample was treated with 20 ml of an
organic solvent (i.e., ethyl acetate) for 1 h and after being washed with Millipore water, it was air-dried
and analyzed under the same experimental conditions. The thermo-analytical curves of the ethyl acetate
treated sample (Figs. 6¢c and 6d) basically parallel those of the untreated one, except for two main
changes. First, there is an evident decrease of the reaction with a maximum at 399 °C in the DTG curve
(Fig. 6¢) and the disappearance of the signal is related to NO release (Fig. 6d). Second, there is a small
gain of adsorbed water which leads to a slight increase in the overall weight loss (Fig. 6c¢). The
complete absence of signals relating to m/z = 34 (H,S) and 64 (SO;) indicates that sulfurated
compounds are below the limit of detection. The Mdssbauer spectrum of the sample is reported in the
Supplementary Materials (Fig. 3S). The spectrum shows the presence of magnetically splitting
components together with a complex paramagnetic absorption. The best fitting was obtained by using

two sextets and two doublets, whose hyperfine parameters are reported in Table 5. The hyperfine
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parameters of the two sextets are consistent with those of magnetite. The deviation of the site
occupancy ratio from the theoretical value (1:1.9) is indicative of a partial oxidation of the magnetite
particles (Chukanov et al. 2019). Concerning the paramagnetic absorption, the two doublets are
representative for both Fe’™ and Fe’™ in octahedral sites, in concert with the literature data
(Vandenberghe et al. 2005; Risti¢ et al. 2011). The Fe*"/Fe’” ratio, calculated considering only the
paramagnetic component, is 0.61. It should be remarked that the ferric site shows a value of line width
I'y considerably enlarged in comparison with that of the ferrous site. The broadening can be ascribed to
the superposition of different Fe** sites, as suggested by Risti¢ et al. (2011). No reliable results were
obtained attempting to resolve the ferric doublet. For this reason, the presence of a tiny amount of Fe**
in tetrahedral sites, as consequence of the Si*" substitution, cannot be excluded a priori.

The FTIR spectrum of Yasniy sample is nearly identical to that acquired for the UICC standard
chrysotile (Fig. 4S, Supplementary Materials). The spectrum shows the typical bands displayed by
serpentine minerals (Hofmeister and Bowey 2006; Rivero Crespo et al. 2019). The intense peaks at
950, 1020 and 1074 cm™ are related to the Si—O bond (Hofmeister and Bowey 2006). The two peaks at
1420 and 1480 cm™ and the strong absorption bands in the range 3800-3500 cm ' can be assigned to
the MO-H (M = Fe*" or Mg®") stretching vibrations modes (Della Ventura 2017; Rivero Crespo et al.
2019).

The XPS spectrum reported in the Supplementary Materials (Fig. 5S), shows the Fe 2p energy
region after removal of the X-ray satellite lines from photoelectron spectra excited with Mg Ka
radiation. The spectrum has been decomposed into Voigt doublets, taking onto account the spin-orbit
splitting of Fe 2ps;, and 2p;, components, over a Shirley-type background. The spectrum presents
characteristic Fe*" and Fe’" main components, accompanied by related satellites (Brundle et al. 1977;
Mclintyre and Zetaruk 1977; Grosvenor et al. 2004). The branching ratio between Fe’'/ Fe*' 2psn

components is 0.86.
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The results of the EPMA analyses expressed in weight percent with standard deviations are reported
in the Supplementary Material (Table 1S). The chemical formula of Yasniy chrysotile, as determined
from 26 EPMA spot analyses is:

(Mg2.870Fe?* 0.027F€** 0.045Al0.034Cr0.005Ni0.006)2.986 (OH)4Si1.08205

The Fe**/Fe’" ratio is from the Mdssbauer analysis. The chemical composition of the investigated
chrysotile is comparable to those obtained for the chrysotile samples previously studied by Pollastri et
al. (2016a), (Table 1S, Supplementary Material).

Table 6 reports the mean values of the content of metals and potential toxic elements measured by
ICP-MS. The concentrations are very high compared with the values found in human lungs
(Vanoeteren et al. 1986). Some elements considered as ecological and health risks (As, Cr, Co, Cu, Ni,
and Pb) are present in concentrations exceeding recommended limits (Toth et al. 2016).

The measured value of SSA was used to calculate the kinetic parameters of the in vitro acellular
dissolution (with ALF solution) of Yasniy chrysotile (Table 1 and Table 4). The dissolution rate of the
Yasniy chrysotile (see the apparent rate constant (k) and the apparent dissolution rate (R) in Table 4) is
slightly faster that those estimated for other chrysotile samples (Gualtieri et al., 2018b; Gualtieri et al.,

2019c).

DISCUSSION
Characteristics of Yasniy chrysotile
In this study, a representative sample of Russian commercial chrysotile obtained from the Yasniy
mine, Orenburg region was fully characterized. Qualitative phase analysis from XRPD data confirmed
that the sample is mainly composed of chrysotile with minor impurities of lizardite, magnetite,
hydromagnesite and possibly calcite. Impurities of organic matter were detected by TG-DTA analyses.

The nature of the mineral fiber that characterized the sample was also confirmed by the EPMA, EDX,
23
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PCOM and FTIR investigations. The sample from Yasniy mine consists of bundles of very long and
thin fibers of chrysotile, most of them showing a high degree of flexibility. Fibers display a curled
habit, marked curvature, length > 20 um and aspect ratio > 3:1. Applying the equation of Gonda and
Abd El Khalik (1985) to a typical Yasniy chrysotile fiber with density p =2.58 g-cm™ and d = 0.59 pum,
the obtained D, is 1.97 um. Accordingly, it can be assumed that the chrysotile fibers of the studied
sample can easily penetrate through the respiratory tract and settle in the alveolar space (Gualtieri et al.,
2017).

Although the SSA of chrysotile generally spans from 42 to 68 m’g ' (Gualtieri et al. 2018b), the
Yasniy sample possesses an SSA < 20 m°g . It is important to note that the SSA of a mineral fiber can
vary depending on the grain size of the sample (Gualtieri et al. 2017). As shown by the SEM images,
Yasniy chrysotile is a coarse material characterized by fibers aggregate in large bundles (Fig. 3a) with a
small overall SSA.

Similar to chrysotile samples from other locations, the Yasniy sample in contact with the organic
solution at pH 4.5 and 7 has negative values of zeta potential, i.e., -8.12 and -20 mV, respectively.
Negative zeta potential may prompt the formation of hydroxyl radicals, affects apoptosis and favors the
binding of collagen and redox-activated Fe-rich proteins (Pollastri et al. 2014). In addition, at such low
zeta potential values, particle agglomeration is favored (Pollastri et al. 2014). Agglomeration of long
chrysotile fibers induce high biological response in terms of frustrated phagocytosis (Gualtieri 2018).

The total Fe content and Fe**/Fe’” ratio are important parameters to be considered for the asbestos-
induced patho-biological activity (Gualtieri 2018; Gualtieri et al. 2019b). In the crystal structure of
chrysotile both Fe*™ and Fe’" ions can replace Mg in the octahedral sheet (Pollastri et al., 2015). The
analyzed chrysotile fibers have a relatively low ferrous (FeO wt% < 1) and total iron (Fe,O3+FeO wt%

> 1) content (Table 1S, Supplementary Material).
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Results obtained by using XPS match with Mossbauer data: the latter shows a high Fe’ content in
the bulk material while the former reveal the presence of a major fraction of Fe** with respect to Fe*" at
the surface of the chrysotile fibers.

Among the considered chrysotile species, the dissolution rate of the Yasniy sample is faster than that
of the other chrysotiles (Table 4) and the difference in the dissolution time of chrysotile asbestos with
respect to amphibole asbestos is striking (Table 4). After about 130 days, the chrysotile samples are
completely dissolved. On the other hand, asbestos amphiboles totally dissolve only after 50 years
(Table 4).

Toxicity/pathogenicity potential of Yasniy chrysotile

Figure 7 shows a plot of the FPTI index of Yasniy chrysotile (FPTI = 2.40) and other mineral fiber
species. Indicatively, all the amphibole asbestos (amosite UICC standard, crocidolite UICC standard
and fibrous tremolite from Val d’Ala, Italy) display FPTI values > 2.50, whereas all chrysotile asbestos
samples have values in the range 2.20-2.45. As already observed by Gualtieri (2018), the differences in
terms of FPTI index of chrysotile compared to amphiboles asbestos are related primary to the different
biodurability of these mineral fiber species. Nevertheless, the FPTI indices of Yasniy sample and the
other chrysotile asbestos are markedly greater than those of the fibrous sepiolite from Vallecas (Spain)
and commercial wollastonite NYAD G (USA) that have been considered as negative standards (i.e.,
mineral fibers that according to the literature data do not display toxicity/pathogenicity effects).
Accordingly, the chrysotile sample from the Yasniy mine can be considered a potential health hazard,
just like other chrysotile samples, and inhalation of this mineral fiber may lead the initiation or onset of
health diseases typically associated with exposure to asbestos (IARC 2012). Table 1 reports the FPTI
index calculated for the Yasniy chrysotile sample and the normalized score FPTI; associated with each
parameter of the FPTI model (Gualtieri 2018). The same data concerning UICC standard chrysotile and

chrysotile samples from Balangero and Valmalenco, have been reported for comparison (Table 1). The
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FPTI indices assigned to Yasniy and Balangero specimens are very similar (2.40 for Yasniy chrysotile
and 2.35 for Balangero chrysotile). Although both chrysotiles have relatively low biodurability, they
possess physical/chemical and morphological parameters which may induce biochemical mechanisms
responsible for adverse effects in vivo (Gualtieri 2018). For instance, Yasniy and Balangero chrysotile
display an asbestiform habit (i.e., these minerals grow in a fibrous aggregate of curled, flexible,
cylindrical, long, and thin crystals that readily separate) and their fibers have an aerodynamic diameter
which makes them breathable. Both chrysotile samples have structural iron which can cause H,0,-
mediated release of free cytotoxic and genotoxic radicals responsible for adverse effects (Gualtieri et
al. 2019b). In the octahedral sites of these mineral fibers, there are potentially toxic metals, which can
be released during fiber dissolution (Bloise et al. 2016b). These metals may contribute to promote
adverse effects in vivo of chrysotile fibers (Gualtieri et al. 2019c¢). The zeta potential of chrysotile fibers
under intracellular conditions (i.e., at pH 4.5) displays values in the range —10 to —20 mV. Such zeta
potential values, may affect several molecular and cellular biomechanics such as cross-talk and
apoptosis mechanisms, fiber encapsulation by collagen and redox-activated iron-rich proteins, and the
ROS/RNS generation (Pollastri et al. 2014). The coarse size of the fiber aggregates possessed by the
Yasniy chrysotile determines a relatively low specific surface area compared to the Balangero
chrysotile. At the same time, the Balangero chrysotile has an average fiber width greater than that of
the Yasniy chrysotile. These differences in morphological parameters (1,2) and (1,7), are the reason for
the slightly higher FPTI value of the Yasniy chrysotile than the Balangero sample (Table 1). It is also
important to note that the chrysotile extracted from the Yasniy mine may have been pre-processed
before being packaged. Therefore, the processes that the chrysotile underwent may have influenced its
morphological characteristics. A closer look at the plot (Fig. 7) reveals that the FPTI of Yasniy
chrysotile is significantly higher than that UICC standard chrysotile (FPTI = 2.22) and the samples

from Valmalenco (FPTI = 2.25). Regarding the UICC chrysotile, the main difference compared to
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other samples concerns the content of trace elements, i.c., the parameters (1,11) and (1,15). Namely,
the UICC chrysotile has a significantly lower metal content than the other chrysotiles. Considering the
data reported by Bloise et al. (2016b) and the results of this study (Table 6), the standard UICC
chrysotile contains 1704 mg.kg" of V+Cr+Mn+Ni, while Yasniy, Balangero and Valmalenco samples
contain 13473, 2064 and 2044 mg.kg" of V+Cr+Mn+Ni, respectively. These differences in terms of
trace element content can be attributed to the different genetic environments and conditions. Chrysotile
is a serpentinization product of ultramafic rocks (Viti 2010; Zucchetti et al. 1988) and originates from
hydrolysis and transformation of primary ferromagnesian minerals, such as olivine and orthopyroxene
in peridotite (Holm et al. 2015). These minerals are progressively replaced by variable amounts of
serpentine minerals (mainly chrysotile and lizardite), Ni-Fe alloys, talc, chlorite, tremolite/actinolite
and brucite, depending on pressure and temperature conditions (Holm et al. 2015). Consequently, the
crystalline chemistry of chrysotile reflects the chemical composition of the replaced minerals and the
host rock. The UICC Chrysotile Standard consists of a mixture of fibers from eight mines in Quebec,
Canada (i.e., Bells, Carey, Cassair, Flintkote, Johns-Manville, Lake, Normandie and National). The
fibers are mixed in proportion to the annual production of these asbestos mines (Timbrell et al. 1968;
Gunter et al. 2007; Pollastri et al. 2016a). The host rock of Quebec chrysotile deposits is for mostly
harzburgite (Cogulu and Laurent 1984). Instead, the main host rock types within the ophiolite massifs
of Orenburg Region, where the Yasniy mine is located, are harzburgite with subordinate dunite
(Gannoun et al. 2003). The Balangero serpentinite deposit derived from a metamorphic spinel-
plagioclase lherzolite-harzburgite (Zucchetti et al. 1988). Valmalenco chrysotile occurs in serpentinized
peridotites, and subordinately spinel-lherzolites, garnet clinopyroxenites, spinel-websterites, dunites
and harzburgites (Cavallo and Petriglieri 2020; Miinterer and Hermann 1996). As far as Valmalenco
chrysotile is concerned, the main difference compared to other chrysotile samples lies in the average

length of the fibers. Specifically, Valmalenco chrysotile shows shorter fibers than other chrysotile
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samples (Table 1). Overall, the differences in the fiber geometry (parameter 1,1 and 1,2) between
Valmalenco/Balangero chrysotiles and other samples may be consequence of the serpentine
polymorphism. In this regard, recent research has revealed a significant presence of lizardite and
antigorite in the Balangero/Valmalenco chrysotiles (Pollastri et al. 2016a). On the contrary, Yasniy
sample and UICC standard are mainly composed of chrysotile (Pollastri et al. 2016a). Furthermore, it
should be pointed out that the preparation of UICC standards involves a grinding process before mixing
(Timbrell et al. 1968), which may have affected the morphology of the UICC chrysotile.

The Yasniy chrysotile differs from the other samples, not only for the smaller SSA, but also for a
lower FeO wt% content (Table 1). As mentioned above regarding the differences in terms of metal
concentration, the iron content of the chrysotile samples is also linked to the crystallization conditions
and the serpentinization process. In particular, the Fe'”/Fe” ratio is closely related to the
reductive/oxidative conditions during the mineral genesis (Risti¢ et al. 2011). The comparatively high
Fe™/Fe™ ratios, in the case of Balangero (Fe/Fe™ = 1.66) and Valmalenco (Fe"*/Fe™ = 1.20) samples
(Pollastri et al. 2016a), may be due to the formation of chrysotile under poorly oxidative (or reductive)
conditions. On the other hand, a low content of Fe™” in Yasniy (Fe*/Fe" = 0.61) and UICC standard
(Fe™/Fe™ = 0.50) samples shows that these minerals have been formed under highly oxidative
conditions.

In agreement with previous studies (Gualtieri et al. 2018b; 2019¢) the results of in vitro acellular
dissolutions tests shown in this work confirm that chrysotile is less biodurable than amphibole asbestos.
To a first approximation, the outcome of the biodurability tests supports the “amphibole hypothesis”
for which a lower biodurability of chrysotile is reflected in a lower toxicity potential of this mineral
fiber with respect to amphibole asbestos. Nevertheless, in accordance with the model proposed by
Gualtieri et al. (2019c¢), the low durability of chrysotile can induce an acute toxicity effect similar to

that associated with nanoparticles and commonly called "Trojan horse effect"(Studer et al. 2010).
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Yasniy chrysotile, like nanoparticles, undergoes fast dissolution during phagocytosis and becomes a
carrier of high levels of toxic metals (e.g., Fe, Co, Cu, Cr and Ni). These metals when released into the
cytoplasmic space catalyze oxidation-reduction reactions leading to the formation of ROS/RNS that
can induce protein oxidation, lipid peroxidation and DNA damage (Gualtieri et al. 2019b; 2019c).
Hence, ‘Trojan horse effect” must be considered in the definition of the potential toxicity/pathogenicity
of Yasniy chrysotile.

To summarize, a biodurable fiber like amphibole asbestos is responsible for long term effects in vivo
due to chronic frustrated phagocytosis and is reasonably assumed to be potent in inducing malignant
mesothelioma, the characteristic asbestos induced lung disease with a long latency period. Biodurable
amphibole asbestos is also responsible for short term toxic effects in vivo due to the production of ROS
and other reactive species by iron present at the fiber surface, by frustrated phagocytosis but not by
release of metals in the short term. A non-biodurable fiber like chrysotile appears less prone to induce
long term chronic effects in vivo and for this reason is assumed to be less potent in inducing malignant
mesothelioma. On the other hand, silica relicts produced by the dissolution of chrysotile may be
eventually responsible for mid/long term chronic effects in vivo due to reiterated frustrated
phagocytosis and eventually production of ROS at the reacting surface (Gualtieri et al. 2019a).
Chrysotile dissolution is undoubtedly responsible for short term toxic effects in vivo because, in
addition to the effects displayed by the biodurable fibers described above, fast release of metals and

subsequent production of ROS and other reactive species is promoted.

IMPLICATIONS
In this study, a representative commercial chrysotile sample from the Orenburg ore mine near the
city of Yasniy (Russia), was fully characterized using a suite of experimental techniques, and its

toxicity/pathogenicity potential was assessed using the FPTI model. The FPTI of the Russian chrysotile
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is lower than that of the amphibole asbestos, but higher than the threshold limit set for "safe" mineral
fibers. Furthermore, the acquired analytical data showed that the Yasniy chrysotile shares several
chemical-physical characters with other chrysotiles (UICC standard, Balangero and Valmalenco, Italy)
known to prompt adverse effects in vivo.

Although, studies concerning Russian chrysotile are few, there is some evidence that Ural chrysotile
deposits may contain tremolite (Tossavainen, et al. 2000; Schiiz, et al. 2013). In contrast, the Orenburg
chrysotile studied in this work does not contain amphibole asbestos. This peculiarity makes Yasniy
chrysotile suitable for future in vitro and in vivo tests, which can provide further experimental
confirmation of the outcome of our work. At the same time, the Yasniy town and the Orenburg region
are excellent candidates for epidemiological studies concerning the chrysotile-related diseases.

Finally, we believe that the approaches used in this study, for quantitatively assessing the
toxicity/pathogenicity of the Russian chrysotile, can be applied to commercial chrysotile samples in

other places.
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Figures captions

Figure 1. (a) Sketch map of the Ural Mountains area. Urals are highlighted with grey color. Map
modified after Shahgedanova (2003). (b) Simplified geological map of the Urals geotectonic units. For
detailed information see section 2.1. Map modified after Puchkov (2017). (¢) Close-up of dotted square
grey shown in (b). Map shows the distribution of ophiolites of the southern Urals. Ophiolite complexes
are highlighted with black color. Ophiolite complex exploited by Yasniy mine is highlighted with grey
circle. Modified after Zaccarini et al. (2016).

Figure 2. X-ray powder diffraction pattern of the sample showing the acronyms of the identified
phases and their abbreviations (Siivola and Schmid 2007; Whitney and Evans 2010). The Miller
indices of the diagnostic peaks of clinochrysotile are also reported. Owing to the complexity of the
pattern, only relevant reflections are labelled. Legend: Ctl = clinochrysotile (00-043-0662 JCPDS card)
(major) and ortho-chrysotile (00-052-1563 JCPDS card) (minor); Liz = lizardite 1T (00-050-1625
JCPDS card); Hm = hydromagnesite (00-025-0513 JCPDS card); Mag = magnetite (00-019-0629
JCPDS card). Calcite (00-005-0586 JCPDS card) is also possibly present (major reflection at 29.4 °20).

Figure 3. Representative SEM-FEG (a and b) and STEM (c and d) images of the Russian chrysotile.
The sample is characterized by aggregates of fibrils typically arranged in bundles (a, b). The bundles
exhibit “split-ends” (b) and both individual fibrils and bundles can exhibit slight curvature (a, b). The
mean width of fibrils is 40 nm (c, d). Magnetite particles are evident within the chrysotile bundles (c,
d).

Figure 4. Chrysotile fibers observed with PCOM showing the typical colors obtained with the 1.550
refractive index liquid. Mineral fibers observed with PCOM in bright field (a) and (b); dark field (c)
and (b). Fibers parallel to the polarizer, in bright field, have blue color and orange halo (a); fibers
perpendicular to the polarizer, in bright field, have pale blue color and orange halo (b); Fibers parallel to
the polarizer, in dark field, have purple color fibers (C); fibers perpendicular to the polarizer, in dark
field, have blue color (d).
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Figure 5. Zeta potential versus pH curves. (2) Russian chrysotile in double-distilled water and ALF
solution. (b) Yasniy chrysotile (solid line) and UICC chrysotile (dashed line) in both double-distilled

water and ALF solution.

Figure 6. Thermal analyses (TG, DTG and DTA) and evolved gas mass spectrometry (MS-EGA) of
the sample before (a and b) and after (¢ and d) the treatment with ethyl acetate.

Figure 7. FPTI calculated for Russian chrysotile and other mineral fiber species.
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Table 1. The parameters of the FPTI model with the values calculated for the chrysotile from Yasnyj (Russia)
(this paper). For comparison the values calculated for other chrysotiles investigated by our group are
also reported (Gualtieri 2018).

Parameters classes Normalized score Chrysotile, Chrysotile, Chrysotile Chrysotile
FPTIL; Yasniy (Russia) Balangero Valmalenco UICC
(Italy) (Italy) (Canada)
(1,1) Length >5um and <10pm 0.10 0.40 0.40 0.20 0.40
>10um and <20pm 0.20
>20pum 0.40
(1,2) Diameter >1pm and <3pm 0.10 0.20 0.10 0.20 0.20
>(0.25um and <lpm 0.20
>0.25um 0.40
(1,3) Crystal curvature Flat surface (perfect 0.05 0.20 0.20 0.20 0.20
crystal) 0.10
Altered surface 0.20

Cylindrical surface

(1,4) Crystal habit Curled 0.10 0.10 0.10 0.10 0.10
Mixed Curled/acicular 0.20
Acicular 0.40
(1,5) Fiber density <2.75 g'em? 0.05 0.05 0.05 0.05 0.05
>2.75 and <3.5 g-cm™ 0.10
>3.5 g-:em? 0.20
(1,6) Hydrophobic character Hydrophobic 0.05 0.20 0.20 0.20 0.20
of the surface Amphiphilic 0.10
hydrophilic 0.20
(1,7) Surface area >25 m?g’! 0.05 0.10 0.05 0.05 0.05
<25 and > 5 m%g’! 0.10
<5 m?g’! 0.20
(1,8) Total iron content Fe2O3+FeO wt% <1 0.05 0.10 0.10 0.10 0.10
1 <Fe203+FeO wt% < 10 0.1
Fe;03+FeO wt% > 10 0.2
(1,9) Ferrous iron 0 <FeO wt% < 0.25 0.05 0.10 0.20 0.20 0.20
0.25 <Fe Owt% < 1 0.10
Fe Owt% > 1 0.20
(1,10) Surface ferrous Fe?" nuclearity > 2 0.02 0.033 0.033 0.033 0.033
iron/iron nuclearity Fe?* nuclearity = 2 0.03
Fe?" nuclearity = 1 0.07
(1,11) Content of metals Z C < 0.10 0.40 0.40 0.40 0.20
other than iron” — L,
| < Z g <5 0.20
i Li

0.40

Ci>s
27

i i




(1,12) Dissolution rate <ly 0.05 0.05 0.05 0.05 0.05
log(R)** >1 and <40y 0.10
>40y 0.20
(1,13) Velocity of iron <0.1 0.033 0.133 0.133 0.133 0.133
release™ >0.1 and <1 0.067
>1 0.133
(1,14) Velocity of silica <0.5 0.016 0.067 0.067 0.067 0.067
dissolution™** >0.5 and <1 0.033
>1 0.067
(1,15) Velocity of release of <1 0.033 0.133 0.133 0.133 0.067
metals™™*** >1 and <10 0.067
>10 0.133
(1,16) Zeta potential (c) Negative at pH=4.5 0.10 0.10 0.10 0.10 0.10
Negative at both pH=4.5 0.20
and 7
(1,17) Fibers’ aggregation ~ ¢>|20| 0.033 0.033 0.033 0.033 0.067
|10]<c<|20] 0.066
10]<c<]10| 0.133
(1,18) Cation exchange cation Exchange 0.067 0.0 0.0 0.0 0.0
(in zeolites) no cation exchange 0.0
FPTI (error) 2.40(0.18)  2.35(0.22) 2.25(0.26) 2.22(0.28)

* Zg =sum of the concentrations of heavy metals (Sb, As, Hg, Cd, Co, Cr, Cu, Pb, Ni, Zn, V, Be) Ci in the fiber (ppm) divided by
L.

i i

1. **

the limit L; for that metal according to the existing regulatory system (see Table 6) except for Be with limit = 0.5 mg-kg'; “"the total

dissolution time of the fiber calculated in years (y) following the standardized acellular in vitro dissolution model at pH=4.5 described

skok

in reference (Gualtieri et al. 2018b); " "total content of elemental iron in the fiber (wt%) possibly made available as active iron at the

stk

surface of the fiber divided by the total dissolution time (y) of the fiber (see Table 4); = "total content of Si of the fiber (wt%) divided

seokokkok

by the total dissolution time (y) of the fiber;
Cr, Cu, Pb, Mn, Ni, Zn and V) divided by the total dissolution time (y) of the fiber.

total content (ppm) of metals and potentially toxic elements (i.e., Sb, As, Be, Cd, Co,



Table 2. Summary statistics of the geometry of Russian
chrysotile fibers. L (length); W (width); Min (minimum);
Max (maximum); ¢ (standard deviation).

Percentiles

Min 5th 25th 50th 75th 95th Max o
L(um) 136 3.90 15.1 27.2 453 81.9 188 28.2
W (um) 0.05 0.10 0.37 0.59 0.80 1.65 2.79 0.46




Table 3. The optical properties of Russian chrysotile.

Property Values
Color White, pale green
Pleochroism Weak
Optic Sign Biaxial (-)
2V 30°
Birefringence I Order 0.001-0.010
Extinction Parallel to fibers (undulate)

Sign of elongation
Color fiber parallel dispersion staining* (dark field)
Color fiber perpendicular dispersion staining (dark field)
Color fiber parallel phase contrast (bright field)
Color fiber perpendicular phase contrast (bright field)

Refractive index liquid

Positive
Purple
Blue
Blue (orange halo)
Pale blue (orange halo)

1.550

Note: Fiber parallel or fiber perpendicular describes orientation with respect to the polarizer




Table 4. Kinetic parameters calculated for the dissolution of selected mineral fibers. Table contains the specific
surface area (SSA), apparent rate constant (k), the apparent dissolution rate (R), and the estimated lifetime (t)
of a fiber.

SSA k R t t
(m?g™h (s™h (mol'm?s™) (days) (years)
Yasniy chrysotile 18.4(5) 2.30(8)x1070 5.10(7)x1010  129(45) 0.40(1)
Balangero chrysotile 42.0(1) 1.80(6)x1071% 1.70(6)x101° 124(41) 0.30(1)
UICC chrysotile 43.002) 2.50(7)%100 230(6)x100  94.0(26) 0.30(1)
Valmalenco chrysotile 68.0(9) 2.10(6)x1071% 1.20(3)x10°'° 177(51) 0.50(1)
UICC amosite 9.50(3) 6.10(6)x10™* 2.70(3)x10" 27010(2647)  74.0(7)

UICC anthophyllite asbestos ~ 4.40(2) 1.20(3)x10"3  1.003)x10"% 83950(20990)  245(64)
Val d’Ala tremolite asbestos ~ 9.20(3) 5.40(9)x10'* 4.50(7)x107"*  17885(2981) 49.0(8)
UICC crocidolite 16.1(6) 1.30(3)x10™3 3.20(7)x103  24090(5840)  66.0(16)




Table 5. Calculated Mssbauer hyperfine parameters at 293K, y*: 0.98 for the Russian chrysotile.

0 (mm/s) A(mm/s) I'y(mm/s) B (T) A (%) Assignment

Doublet 1 1.13£0.03 2.78+0.05 0.23+0.04 171  Fe* octahedral
Doublet 2 0.32+0.05 0.52+0.08 0.41+0.08 28+1 Fe’ octahedral
Sextet 1 0.27+0.02 -0.01£0.01 0.18+0.03 49.4+0.2 21+l Magnetite site A

Sextet2  0.63£0.02 0.01+0.01 0.27+0.04 45.9+0.2 34+2 Magnetite site B




Table 6. Trace elements concentration (mg-kg™) of
the Russian chrysotile sample, concentration found
in the human lungs (Vanoeteren et al. 1986) and
threshold values (To6th et al. 2016); n.a. (not

available).
El t
Russian . cmems Threshold
. in human
chrysotile values
lungs
A" 186(9) 0.50 100
Cr 5461(277) 0.50 100
Mn  2305(124) 3.00 n.a.
Co 233(10) 0.01 20.0
Ni 5521(238) 1.00 50.0
Cu 61.6(4) 5.00 100
As 6.51(1) 0.10 5.00
Pb 615(6) 0.50 60.0
Be 3.51(0.1) 0.03 n.a.
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