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ARTICLE INFO ABSTRACT

Keywords: From a toxicological point of view, particulates and fibres with high solubility in water and/or in biological envi-

Toxicity ronments have not been considered in detail and the knowledge to date in this area is very scarce. In this study,

pMalgn?Slum sulphate the water-soluble natural epsomite fibres from Perticara Mine (Italy) were investigated using SEM-EDS, XRPD,
olonium

ICP-AES and alpha spectrometry measurements which were combined and integrated to characterise the fibres’
morphology, crystal chemistry and mineralogy. The morphological and morphometric results showed that most
of the fibres are of inhalable size (D,. 5.09 pm) and can be potentially adsorbed from all parts of the respiratory
tract. Chemical analysis reveals significant amounts of toxic elements (As, Co, Fe, Mn, Ni, Sr, Ti, Zn) and surpris-
ingly high contents of radioactive isotopes (*°Po and 228Th) in epsomite crystals, making the inhalation of these
fibres potentially hazardous to human health. Through this study, we want to focus on soluble minerals, such as
epsomite, which can be present in both natural and anthropic environments and have never been considered

Fibres inhalation
Toxic elements

from the point of view of their potential hazard.

1. Introduction

In recent years, scientists’ interest in particulate matter (PM) and fi-
brous minerals has significantly increased, mainly because they could
be potentially dangerous to human health. PM has been demonstrated
to be hazardous to human health and the critical factors are primarily
related to its size and chemical composition (Schwartz et al., 1996;
EPA, 1996). Fibrous minerals have assumed great importance over the
last few decades, especially those that can be able to release very small
fibres and fibrils in the range of inhalable size; they are mostly consid-
ered for regulatory purposes (length >5 pum, diameter <3 pm, diame-
ter-length ratio >1:3; World Health Organization, 1986), because they
could be potentially dangerous to human health. In particular, the most
studied mineral fibres are the six asbestos minerals chrysotile, amosite,
crocidolite, tremolite asbestos, actinolite asbestos and anthophyllite as-
bestos (e.g., World Health Organization, 1986; Boulanger et al., 2014;
Andujar et al., 2016; Gualtieri, 2017). Moreover, there are other note-
worthy mineral fibres, such as fibrous antigorite and balangeroite

(Groppo et al., 2005; Cardile et al., 2007; Petriglieri et al., 2021); the
amphiboles winchite, richterite and fluoro-edenite (National Institute
for Occupational Safety and Health, 2011; Gianfagna et al., 2003); the
zeolites erionite, offretite, ferrierite, mesolite, thomsonite and morden-
ite (e.g., Giordani et al., 2016, 2017, 2021; Cangiotti et al., 2017;
Gualtieri et al., 2018a; Mattioli et al., 2018; Di Giuseppe, 2020); and
also talc and clay minerals (e.g., sepiolite and palygorskite; Garcia-
Romero and Suérez, 2013; Larson et al., 2016).

The first factor to consider in assessing the risk of exposure to PM
and fibrous minerals is their respirability, i.e., the capacity of these par-
ticles to be inhaled through the nose and/or mouth and enter into the
lungs. The penetration capacity of a particle into the lungs depends pri-
marily upon a size parameter called the equivalent aerodynamic diame-
ter (Dae), i.€., the diameter of a sphere with a unit density of 1.0 g/cm?
with aerodynamic characteristics identical to those of the particle of in-
terest (World Health Organization, 1999; Sturm and Hofmann, 2009).
The aerodynamic diameter of airborne PM can range from a few
nanometres up to 100 pm. Furthermore, the inhalable particles smaller
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than 10 pm (referred to as PM;o) can reach deeper parts of the lungs
and are considered very dangerous (Schwartz et al., 1996). For this rea-
son, particles with aerodynamic diameters up to 2.5 pm (PM, 5) are the
most dangerous (Miller et al., 1979; EPA, 1996). Regarding particle de-
position, the human respiratory system is divided into the (i) extra-
thoracic region, (ii) tracheobronchial tree and (iii) alveolar or pul-
monary region, with the latter being the most important for PM reten-
tion and pulmonary diseases (Salma et al., 2002; Brown et al., 2013).
Additionally, fibre biopersistence, which is strictly related to the chemi-
cal composition, and other features such as the structure, net charge,
microtopography, surface area, zeta potential and interacting capabil-
ity constitute other very important factors related to the toxicity and
carcinogenicity of the fibres (Hochella, 1993; Hesterberg et al., 1998;
Fubini, 2001; Maxim et al., 2006; Pollastri et al., 2014; Ballirano et al.,
2015; Bloise et al., 2016; Crovella et al., 2016; Mattioli et al., 2016a;
Cangiotti et al., 2017, 2018; Pacella et al., 2018; Giordani et al., 2019,
2021).

In the realm of studies of particle and fibre health effects, a signifi-
cant branch of particulate and fibrous minerals with high solubility in
water and/or in biological environments has not been considered, and
the knowledge to date about these minerals is very scarce. In this case,
the features, processes and involved reactions are completely different
from those of biopersistent particles and fibrous minerals such as as-
bestos and erionite. Unlike insoluble particles, for which the deposition
site in the respiratory system is of paramount importance, very soluble
substances can be adsorbed from all parts of the respiratory tract, so the
site of deposition seems to be of less importance (World Health
Organization, 1999), even if no specific studies discussing this are pre-
sent in the literature. However, the deposition area could become sig-
nificant in the case of insoluble fractions bounded to soluble particles,
or in the case of hazardous compounds forming the soluble particles it-
self. In fact, it has been observed that the toxic metals and water-soluble
organic fraction in PM,s are easily absorbed by the human body
(Ventura et al., 2017). Oberdorster (1988) suggests that ‘biologically
inert’ particles do not exist, and that any particle at sufficiently high
lung burdens can cause lung damage. For this reason, the fact that the
biopersistence of some mineral fibres is low or even negligible does not
exclude them from being potentially dangerous for humans in other
ways.

With regard to inhalable soluble particles, a complete chemical and
structural characterisation is of fundamental importance for knowing
the fibre characteristics and understanding (and predicting) the type
and amount of solute that originates during the in-vivo solubilisation
processes. Furthermore, it is also important to assess the solute-related
effects in the biological environment (e.g., cells and lungs), especially
when fluids are in contact with sensitive (reactive) cells and tissue. A
critical aspect is that the soluble particulate could also generate pul-
monary toxicity (Adamson et al., 1999; Oberdorster, 1988). Within the
lung, the tracheobronchial tree area is mainly cleared by adsorptive
mechanisms, but mechanical clearance along the mucociliary escalator
or coughing also can contribute to the clearance of inhaled solutes.
Meanwhile, transepithelial transport is the major mechanism for clear-
ance of the alveolar region (Oberdorster, 1988). Lipophilicity, hy-
drophilicity and the molecular size are the major determinants of the
rate of the absorptive processes of the solutes, and water-soluble sub-
stances that reach the interstitium are cleared by diffusion into blood
capillaries and to a lesser degree into lymph capillaries (depending on
their molecular size). Binding to epithelial or interstitial cell structures
and adsorption onto insoluble particles can occur and significantly in-
crease retention from minutes or hours to days and months
(Oberdorster, 1988).

This work aims to shed new light on the toxicological role that ep-
somite, a common fibrous soluble mineral present both in natural and
anthropic environments, can play in human health. Epsomite is wide-
spread in the Earth's crust and generally occurs as an efflorescence in
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botryoidal to reniform masses or crusts; it more rarely occurs as crystals
with a fibrous to woolly habit (Ruiz-Agudo et al., 2008; see the Supple-
mentary Material for the mineralogical background of epsomite). Ep-
somite occurs mainly on the ground and in the exposed walls of mines
and caves (Ribeiro et al., 2013; Del Rio-Salas et al., 2019; Nieva et al.,
2021), on outcrops of sulphide-bearing magnesian rocks (e.g., dolo-
stones and serpentinites; Navarro et al., 2021), as a product of evapora-
tion at mineral springs and saline lakes and rarely as fumarolic subli-
mate (Anthony et al., 1990; Biagioni et al., 2020). Additionally, ep-
somite is often present as white efflorescence on bricks, concrete, artifi-
cial stones and joint mortars in modern buildings (e.g., Maguregui et
al., 2010; Morillas et al., 2015). Natural epsomite is also widely used in
many fields. It is used in agriculture as fertilizer, in the manufacturing
of cotton and silk, in ore processing and in the explosives industry; it is
a source of magnesium in some manufacturing processes, and it has ap-
plications in the field of dosimetric measurements. Moreover, epsomite
has numerous medical and pharmaceutical applications; for example, it
is used in the treatment of cardiac arrhythmia, acute asthma, eclampsia
and gallstones (Ruiz Agudo et al., 2008 and the references therein).

Epsomite from Perticara Mine (Central Italy) was selected because it
is a highly soluble mineral in water that perfectly highlights the process
we want to focus on, but also because of its very fibrous habit, its abun-
dance and its purity. In addition, many diseases were known to occur in
the workers of the Perticara Mine (e.g., lung diseases, anaemia) but due
to the lack of specific studies, no cause-and-effect relationship is known
at the moment. However, in the area of the village of Perticara, some
cases of leukaemia and sterility in the inhabitants and descendants of
miners are known (personal communication). The potential hazards as-
sociated with epsomite have not been considered previously and this
study represents a first step towards understanding a limited research
field.

Here, natural epsomite crystals with a fibrous habit have been stud-
ied in detail using scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS), X-ray powder diffraction (XRPD), inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and alpha
spectrometry measurements. The collected data were combined and in-
tegrated to characterise the epsomite from the morphological, crystal-
chemical, mineralogical and radiological points of view. The obtained
results showed that there are morphological similarities between ep-
somite and elongated mineral particles (EMPs) of concern and indicate
that the presence of trace elements and radioactive isotopes could con-
tribute to a carcinogenic mechanism in the pulmonary system.

2. Materials and methods
2.1. Materials

A representative sample of natural epsomite crystals (labeled MP)
with a fibrous habit (general formula Mg(SO,4)-7H,0) was collected in
the abandoned Perticara sulphur mine in the Rimini province (Central
Italy, Fig. 1).

The mine was developed in the Gessoso-Solfifera Formation, a rock
succession mainly formed by gypsum and limestone that is well pre-
served in the western Romagna Apennines area (Roveri et al., 2003).
The Gessoso-Solfifera Formation comprises primary and clastic, resedi-
mented evaporites with interbedded organic-rich shales, which were
deposited during the evaporitic and post-evaporitic stages of the
Messinian salinity crisis (Roveri et al., 2003). Here, the epsomite fi-
brous crystals grow extensively on both the rock walls and blocks of the
mine (Fig. 2). After collection, the sample was stored at room tempera-
ture (about 20 °C, comparable to the temperature of the mine) in air-
tight containers to prevent modifications or alteration, such as dehydra-
tion/hydration and the phase changes of the material. Pure fibres and
needles of epsomite were selected by binocular microscopy and pre-
pared for subsequent analysis.
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Fig. 2. Images of epsomite crystals from Perticara Mine. Abundant, centimetric size bundles and crystals growing on rocks with different orientation.

2.2. Methods

2.2.1. Scanning electron microscopy (SEM)

Morphological observations and micro-chemical characterisation
were performed using an environmental scanning electron microscope
FEI Quanta 200 FEG (FEL Hillsboro, OR, USA) that was equipped with
an energy-dispersive X-ray spectrometer (EDS) for qualitative and semi-
quantitative microchemical analyses. The operating conditions were a
25 kV accelerating voltage, variable beam diameter, 10-12 mm work-
ing distance and 0° tilt angle. The SEM low vacuum mode was used,
with the specimen chamber pressure set from 0.80 to 0.90 mbar. The
images were obtained using a single-shot detector (SSD).

The dimensions of the individual fibres were measured directly on
several SEM microphotographs. The widths and lengths of more than
three thousand fibrils were measured. Chemical data were collected at
several analytical points on different epsomite crystals to check homo-
geneity in composition. Additional chemical analyses were also per-
formed on impurities detected on the crystals’ surfaces to determine
their major element compositions.

2.2.2. Fibre density and aerodynamic diameter

The inhalability and the deposition region of a mineral fibre in the
respiratory tract is related directly to its equivalent aerodynamic diam-
eter (D,e) (Heyder et al., 1986). For the calculation of D,, the fibre's

density represents a fundamental parameter. Particles with
Dae < 100 pm (inhalable fraction) are deposited in the nasopharyngeal
tract, particles with D,e < 10 pm pass the larynx (thoracic fraction)
and particles with D,e < 4 pm (respirable fraction) may reach the alve-
oli (European Committee for Standardization, 1993). The theoretical
density of epsomite MP was obtained using the following formula:
(molecular weight * number of molecules per unit cell)/(unit cell vol-
ume * Avogadro's number). For the D, calculation, the equation of
Gonda (1985) was used, where d = the fibre diameter; p = the fibre
length/d (aspect ratio); p = the density; and p0 = the unit density
(1 g/cm?).

2.2.3. X-ray powder diffraction (XRPD)

A representative amount of pure epsomite crystals was disaggre-
gated and carefully pulverised in an agate mortar, and the powder was
loaded in a 0.7 mm side-opened aluminum sample holder. XRPD data
were collected using a Philips X'Change PW1830 powder diffractome-
ter. The analytical conditions were a 35 kV accelerating voltage and
30 mA beam current, with CuKa radiation (A = 1.54506 ;\). Data were
collected in a Bragg-Brentano geometry from 2 to 65° 20, with a step
size of 0.01° 26 and a 2.5 s counting time for each step to obtain pat-
terns of high intensity. The diffractometer is equipped with a compen-
sating slit with a maximum divergence angle of 1°, a receiving slit of
0.2 mm and a graphite crystal monochromator. Moreover, semi-
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quantitative XRPD analyses were performed. The following software
packages were used for the measurements and subsequent analysis:
X'Pert Quantify for data collection and instrument control, and X'Pert
HighScore Plus (PANalytical, version 3.0) for semi-quantitative phase
analysis, with a PDF2 reference database implemented in the software.
Quartz was used as an internal calibration standard. Variations in half-
height peak widths among the patterns recorded for each sample at dif-
ferent times are within +2% of the mean value. Three repeated mea-
surements were carried out for each sample. Additional XRPD data
were also collected on a representative portion of the rock matrix of the
epsomite crystals under the same analytical conditions.

2.2.4. Inductively coupled plasma atomic emission spectrometry (ICP-AES)

The elemental composition of the epsomite sample was determined
by inductively coupled plasma-atomic emission spectrometry (ICP-
AES) and atomic absorption (AS).

The sample dissolution was carried out using the EPA 3052 1996
method: 100 mg of dry samples were digested in a mixture of 9 ml of
HNO3, 3 ml HCI and 2 ml HF concentrated for 15’ at 180 °C after the
addition of 10 ml H3BO3 at 5% for 20’ at 150 °C in a block digestor
DigiPREP MS (SCP Science, Canada) and filtrate. All chemicals used in
sample treatment were of suprapur grade; ultrapure water was used for
all solutions. The elemental determination was carried out using two
methods: EPA 7473 2007 for Hg and EPA 6010D 2018 for the other ele-
ments. The EPA 7470A 2007 method is based on the absorption of radi-
ation at 253 nm by Hg vapor. The Hg is reduced to the elemental state
and aerated from solution in a closed system. The Hg concentration was
measured by atomic absorption spectrophotometer (SpectrAA220, Var-
ian, California).

With the EPA 6010D 2018 method, after sample dissolution, the
originating solutions were analysed by ICP-AES, a useful multielement
technique, with broad dynamic concentration ranges, high selectivity
and sensitivity and low analytical limits.

A quality control check was performed to consider the possible im-
purity of reagents and release from containers and instrumentation. To
do this, a blank sample was prepared by mixing all reagents and apply-
ing the same procedures without adding the samples. Interferences
need to be assessed and valid corrections applied, or data needs to be
flagged to indicate problems.

The method's accuracy was verified using recovery tests with a Lab-
oratory Control System (LCS) constituted by a blank sample with
known quantities of analytes added to it (reference sample). A differ-
ence by 20% of the mean results from the expected values was obtained
by replicate preparation and the analysis of the reference sample (ana-
lytical standard errors). The reproducibility of metal determinations
(precision), based on variation in the analysis of replicates on the same
sample, was 10% lower.

2.2.5. Radioanalytical method for 210Po

The 219Po determination was based on its spontaneous deposition on
a silver disk. The sample (0.1 g dry weight) was mixed at 80 °C with
HCI 1 M solution for a complete dissolution. After the addition of the
known activity of 20°Po as the yield internal standard and ascorbic acid
to eliminate the ferric ion interference, polonium was deposited at
85-90 °C and pH 1.5-2, for 4 h on a silver disk.

No preliminary separation was required, and quantitative recoveries
were calculated by using a standard 2°°Po tracer. The isotopes 21°Po and
210ph are not necessarily in radioactive equilibrium in samples. To de-
termine the activity concentration of 21°Pb, two polonium depositions
are needed (Meli et al., 2019). To enable the transition from 21°Pb to
210pg, all solutions from deposition are stored for at least 6 months for
further investigation on its source. When this time has elapsed, it is pos-
sible to indirectly determine the activity of 2'°Pb from the activity of
210pg, The measurements of the polonium (counting time = 3000 min)
were carried out using an a-spectrometer equipped with a semiconduc-
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tor silicon detector of the surface barrier type (an active surface of
450 mm?, resolution of 18 keV, counting efficiency of 28.0 + 2.8% and
2:107% s7! of the background in the energy region of interest; Canberra
Industries, Inc., 800 Research Parkway, Meriden, CT 06450) connected
to a computerised multichannel analyser. The mean chemical yield for
polonium was 78.4 * 7.7%. The accuracy of the radioanalytical
method was regularly checked through a) participation in intercompar-
ison exercises organised by the International Atomic Energy Agency
(IAEA) and b) the analysis of the certified reference materials IAEA-
447. The averaged analytical errors were below 15% with respect to the
reported activity concentrations for the certified materials. The repro-
ducibility of the method (precision) was evaluated by carrying out
replicated analyses.

2.2.6. Radioanalytical method for uranium and thorium

Uranium and thorium were separated by extraction chromatogra-
phy using diamyl amylphosphonate (DAAP) as the extractant; this is a
selective extractant in a nitric medium for tetravalent and hexavalent
actinides (Th, U, Pu, Np) (Thakkar, 2001). After the addition of the
known activity of 236U and 22°Th as the yield internal standards in a so-
lution of 1M Al(NO3)3 in 5M HNOj3 containing 20 mg of epsomite, chro-
matographic separation was carried out by DAAP column (UTEVA
Resin, Eichrom Technologies); thorium was eluted by 5M HCI and ura-
nium by 0.02M HCI. The elution solutions were evaporated, dried and
mineralised; finally, the residues were dissolved in concentrated H,SO4
for the electroplate deposition of uranium and thorium from an ammo-
nium sulphate solution at a pH of 4.

The uranium and thorium isotopes’ alpha emitters were measured
using an alpha spectrometry system with silicon detectors (Canberra,
USA). The thorium mean chemical yield was 60.0 + 7.0%. The mini-
mum detectable concentration was 1.0-10~2 Bq/g for uranium and
1.0-1073 Bq/g for thorium.

A blank sample was also prepared for the quality control of the de-
termination of the radioactive elements. The uncertainties of the 21°Po
and 228Th measurements were calculated by considering the calibration
efficiency and the peak and background statistical fluctuations. The ac-
curacy of the radioanalytical method was regularly checked by partici-
pating in inter-comparison exercises (organised by the International
Atomic Energy Agency) and analysing the certified reference materials
(IAEA-414 and IAEA-327). The mean analytical standard errors were
below 10% in comparison to the reported activity concentrations for
the certified material. The reproducibility of the method, evaluated by
carrying out replicated analyses on the same sample, was 10% lower.

3. Results
3.1. Morphology

Epsomite crystals from the MP sample have a habit ranging from
prismatic/acicular to fibrous (Fig. 2). The fibres and needles are often
grouped in bundles with lengths up to 4 cm that grow mainly perpen-
dicularly to the rock surfaces. Some bundles are closely linked, showing
a compact and silky appearance of centimetric dimensions, while the
long single needles generally show a rigid and fragile behaviour. How-
ever, sometimes some of these fibres are curved and seem to behave in a
ductile way.

In the SEM images, both bundles of fibres and single crystals were
observed (Fig. 3).

The bundles are variable in thickness, but medially they are about
50 pm thick with variable lengths from 150 pm to a few hundred pm.
They are composed of several prismatic to acicular crystals that are well
separated from each other, but in some cases, the distinction of pris-
matic cleavage is less clear. Single prismatic to acicular crystals of very
variable size are also present in the sample (Fig. 3a and b). Larger indi-
viduals range from less than 0.5 pm-22 pm in terms of width, with
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Fig. 3. Electron microphotographs of a) bundles and needles of epsomite crystals from Perticara Mine; b) particular of acicular to fibrous curved crystals; c) fibres of
epsomite crystals and small particles on their surfaces; d) particular of small fibres with rounded termination.

most crystals having a width of about 4 pm (Fig. 3c and d). In terms of
length, the variability is more evident: the length of the bundles varies
from 30 pm to more than 800 pm, while single fibres are usually shorter
(from 4.8 pm to 260 pm; 80 pm on average) and highlight a fragile
physical behaviour. However, some thin needles show a curved appear-
ance and testify to a bending ability or curved growth (Fig. 3b). Small
single fibrils show no further traces of cleavage, and the resulting ap-
pearance is compact. Moreover, the terminations of the needles have
rounded ends and no geometries are recognizable (Fig. 3d).

The crystals’ surfaces are sometimes covered by fragments of regu-
lar geometry (epsomite remains) and irregular, very small particles and
nanoparticles with different compositions as observed from the diverse
electron scatter in SEM images (Fig. 3c and d).

The size of the observed fibres was measured and the results are
shown in Table 1. About 25% of the measured fibres have a very small
width (<3 pm), while about 44% of fibres are within the range of
3.1-5 pm. The remaining 30% have width values bigger than 5 pm. In
terms of length, almost half (48.03%) of the measured fibres are in the
range from 20 pm to 100 pm. A small number of fibres are shorter than

Table 1

Summary of MP epsomite fibres measurements. Different range sizes of width
and length of measured fibres and related percentage were reported, as well
as minimum (min), maximum (max) and standard deviation (c).

WIDTH LENGHT
<3 pm 25.10% <20 pm 13.11%
3.1-5 pm 44.40% 20-100 pm 48.03%
>5 pm 30.50% 100-200 pm 32.07%
min 0.5 pm >200 pm 6.78%
max 22 pm min 4.8 pm
c 4.79 max 260 pm

c 63

20 pm (13.11%) while the remaining fibres are longer than 100 pm
(38.85%).

D,e has been calculated for the epsomite MP sample. By applying
the equation of Gonda (1985) to epsomite fibres with a theoretical den-
sity p = 0.42 g/cm?®, a mean length = 80 pm and a mean diameter
(d) = 4.2 pm, a D,e of 5.09 pm is obtained. Accordingly, we can as-
sume that the fraction of measured fibres that can penetrate the respi-
ratory tract is not negligible and that the epsomite fibres of the MP
sample can easily penetrate and be deposited in the laryngeal and
bronchial respiratory tract.

3.2. Mineralogical composition

The resulting XRPD pattern of the analysed fibrous crystals, as
shown in Fig. 4a, is consistent with a pure heptahydrate magnesium sul-
phate phase, i.e., epsomite. From the XRPD patterns, we can observe
that the three strongest peaks are concerned with the (hkl) indices
(020), (120) and (220). The highest peak intensity occurs at 26 ~21°,
which corresponds to a d-spacing value of 4.21 A and refers to the (220)
plane. At the same time, the two secondary reflections (0.25) are posi-
tioned at 2.67 A and 5.34 A, respectively. Other significant peaks are
positioned at values of d-spacing of 5.99 A, 2.08 and A, 2.75 A. Further
smaller reflections of the epsomite phase were detected at the d-spacing
positions of 2.97 A, 3.79 A, 4.40 A, 2.21 A and 3.45 A.

The XRPD pattern obtained from the rock matrix where epsomite
crystals grow shows the presence of different minerals (Fig. 4b). The
most represented crystalline phase is gypsum, and minor quartz,
dolomite and illite-mica, which is probably represented by muscovite,
are also present.
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Fig. 4. XRPD spectra of a) MP sample: almost pure epsomite crystals (only very
small amount of gypsum are also recognizable); b) rock matrix (MP-MAR1)
sample: gypsum with minor amounts of quartz, dolomite and illite-mica were
recognized.

3.3. SEM-EDS chemical composition

Data collected by EDS on pure fibrous crystals of epsomite from the
MP sample show a homogeneous composition (Table 2) of sulphur tri-
oxides in the range from 32.45 to 33.45 wt% (average
value = 32.93 wt%) and magnesium oxides ranging from 16.28 to
16.44 wt% (average value = 16.34 wt%). The water content, calcu-
lated by difference, is in the range from 50.11 to 50.95 wt%, with an
average value of 50.73 wt%. The data collected on epsomite crystals
show low composition variability, and they are very similar to those re-
ported by Anthony et al. (1990).

It is important to note that very small particles of impurities have
been observed on the surfaces of some epsomite crystals. They show a
heterogeneous composition: most of them are composed of calcium sul-
phate (gypsum), Fe-sulphur (pyrite), native sulphur (S) and traces of
Mn and Fe (probably related to the oxide mineral group).

3.4. ICP-AES chemical composition

To define the complete chemical composition of the investigated
raw epsomite sample, ICP-AES analyses were performed. This is rele-
vant to evaluating the type and concentrations of chemical elements
that can be potentially vehicolated in the lungs.

Table 2
Chemical composition of MP epsomite fibres (average value and standard de-
viation) from SEM-EDS analysis. H,O content calculated by difference.

MP Average St. Dev.
MgO 16.34 0.07
SO3 32.93 0.38
H,0 50.73 0.43
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Table 3
Major and minor elements concentrations of MP epsomite fibres by ICP-AES
analysis. The limits of detection (LODs) (mg/kg w.w.) are presented.

Sample MP-epsomite (mg/Kg)
Al 100 Cu <1
Sb <5 Si 204
As 3,00 Sn <0,2
Ba <0,5 Sr 7,2
Cd <0,5 Tl <0,1
Ca 1030 Te <0,5
Co 0,500 Ti 5,30
Cr (tot) <1 Th <5
Fe 94 Zn 18,4
P 7,2 S 127,000
Mg 77,000 Ce <10
Mn 36,0 La <1
Ni 11,0 Rb <1
Pb <0,5 U <1
K 120 Hg <0,0005

The ICP-AES results (Table 3) showed sulphur and magnesium as
major chemical constituents (127,000 and 77,000 mg/kg, respec-
tively). However, high amounts of Ca (1030 mg/kg), and significant
contents of Si (204 mg/kg), K (120 mg/kg), Al (100 mg/kg) and Fe
(94 mg/kg) were also detected. Finally, moderate amounts of Mn
(36 mg/kg), Zn (18 mg/kg) and Ni (11 mg/kg) were found, with minor
Sr (7.2 mg/kg), P (7.2 mg/kg), Ti (5.3 mg/kg), As (3 mg/kg) and Co
(0.5 mg/kg).

Of considerable importance are the concentrations of radioactive el-
ements that emerged from the results of the radioanalytical methods
(Table 4). The concentration of 21°Po is surprisingly very high, with an
average value of 5.59 Bq g~1, while the concentration of 228Th shows
lower values (0.124 Bq g~1). In fact, the 21°Po concentration in surface
soils with a normal radiation background is in the range of
0.01-0.2 Bq g! in the absence of anthropogenic influences. A wide
variation in 21°Po content could depend on the uranium concentration
in the bedrock, soil properties, depth of sampling and climatic condi-
tions (Meli et al., 2013a; Carvalho et al., 2017).

4, Discussion

As demonstrated by the wide literature on carcinogenic and sup-
posed carcinogenic fibrous minerals in recent decades, the processes
that take place between the inhalation of mineral particles and the de-
velopment of related diseases are not fully understood (e.g., Asgharian
et al., 2018; Gualtieri et al., 2018b; Pacella et al., 2018). Biopersistent
fibres in the lungs or cellular environments are mainly considered be-
cause fibres that are rapidly dissolved or have a low biopersistence are
assumed to have low toxicity and pathogenic potential (Gualtieri et al.,
2017; Gualtieri, 2018). Health effects may become evident only after
long-term exposure to dust and include pneumoconiosis, hard metal
lung disease, systemic poisoning, cancer, irritation and inflammatory
lung injuries, allergic responses and others (e.g., World Health
Organization, 1999; Aust et al., 2011; Gualtieri, 2017). On the other

Table 4
210pg, 238(, 232Th and 2*Th concentration (Bq g!) of MP epsomite fibres.
Epsomite 20poBqg! 2%BUBq  2ThBq  2%ThBqg™!  228Th/?32Th
(MP) g g
1 5.82 + 0.87 - - 0.134 = 0.020 -
2 6.41 + 0.96 - - 0.128 = 0.019 -
3 3.97 £ 0.60 - - 0.110 = 0.017 -
4 6.15 + 0.92 - - - -
Average 5.59 < 1.0 < 1.0 0.124 > 124
102 103

c 1.11 - - 0.012 -
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hand, we did not find studies related to health effects resulting from ex-
posure to water-soluble minerals: we only found studies related to solu-
ble metals and the organic fraction of fine particles. Recently, attention
has been gained by the water-soluble fraction of PM, especially because
it represents a significant portion of the total mass of PM (Kumagai et
al., 2009; Gioda et al., 2011; Ventura et al., 2017). In the toxicological
study by Adamson et al. (1999), the authors suggest that the pulmonary
response and cell injury following exposure to urban dust could be re-
lated to the soluble fraction of particles, probably metal ions, rather
than to the number or composition of the insoluble particles. Moreover,
the same authors affirm that this fraction, more easily absorbed by the
human body, is the most harmful due to its potential toxicity. Other au-
thors suggest that the adverse health effects due to exposure to particle-
bound metals are mainly due to the soluble fraction that makes them
bioavailable (Salma, 2009; Mugica—Alvarez et al., 2012). Soluble parti-
cles, especially those with a very small size, could play an important
role in pulmonary toxicity. In addition, soluble carcinogens may pose a
risk to the lungs and other organs (World Health Organization, 1999;
Adamson et al., 1999). In fact, the solubilised components could spread
in biological fluids and react with cells and tissue or reach blood and
lymph capillaries, and then easily move to other sites in the human
body (Nemmar et al., 2002; Moller et al., 2008). Similarly, the conse-
quent free nanoparticles (e.g., metal oxides) that remain after the disso-
lution of the fibres in the lungs could migrate to other areas due to the
fast exchange mechanisms with blood, especially in the alveolus (Tro-
jan horse effect; Studer et al., 2010; Giordani et al., 2019). Small parti-
cles containing iron, such as oxides (e.g., goethite and hematite), hy-
drate sulphate (jarosite), clays (nontronite) and the thin coating of iron-
bearing silicates, were detected on fibrous zeolites using SEM, micro-
Raman spectroscopy and transmission electron microscopy (Wise and
Tschernich, 1976; Cametti et al., 2013; Croce et al., 2015; Gualtieri et
al., 2016). Therefore, the particle-bound insoluble fraction and toxic
trace elements could be released in the respiratory system (after the sol-
uble fraction is dissolved) and could play a significant role in disease
pathways (Roselli et al.,, 2015; Bloise et al., 2016; Mattioli et al.,
2016b). Moreover, recent studies show that deposited particles directly
translocate from the nasal region to the central nervous system via the
olfactory bulb and cause brain lesions and other diseases (Oberdorster
et al., 2005; Maher et al., 2016; Fang et al., 2017).

As previously described, in the investigated epsomite sample, a con-
siderable number of fibres are of inhalable size (length >5 pm and di-
ameter <3 pm) and thus are potentially able to penetrate into the
lungs. Moreover, according to their D, the MP fibres can easily pene-
trate and be deposited in the laryngeal and bronchial respiratory tract.
So, if we consider that (i) epsomite is stable in a small range of tempera-
tures and relative humidities (e.g., at 25 °C it is stable at a relative hu-
midity between 50% and 90%), (ii) its stability field rapidly decreases
at higher temperatures (Chou and Seal, 2003; Chipera and Vaniman,
2007), and (iii) the pulmonary environmental conditions are a relative
humidity of 100% and a temperature of 37 °C, it is likely that inhaled
epsomite fibres and particles become a solution phase very rapidly, like
a saline spray. In light of this, due to the chemical composition of ep-
somite crystals, some consideration of their constituents is needed.

Magnesium, the second most abundant cation in cellular systems,
and its role in biological systems have been extensively investigated.
However, many questions are still awaiting answers and some conflict-
ing results were found (Tam et al., 2003). Magnesium plays an impor-
tant role in different aspects of immune response, both in animal mod-
els and in human systems (Malpuech-Brugere et al., 1998; Petrault et
al., 2002; Laires and Monteiro, 2008). Magnesium is involved in thymo-
cyte gene expression, apoptosis and inflammation, and in histological
and cytological effects in animal models; it is related to the immune sys-
tem in athletes, asthma, aging processes and cell apoptosis in humans
(Pedersen et al., 1999; Black et al., 2001; Tam et al., 2003; Gombart et
al., 2020; Schuh et al., 2020).
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Sulphur is the third most abundant mineral based on the percentage
of total body weight. The role of elemental sulphur in humans is de-
bated, but it is known that it is an essential element, especially concern-
ing sulphur compounds such as sulphur-containing amino acids (SAAs)
and methylsulfonylmethane (MSM), which are often used in medicine
(Parcell, 2002). Moreover, some natural sulphur-containing com-
pounds seem to be potent agents for cancer chemoprevention and have
anticancer properties (Wu et al., 2005; Nagini, 2008). However, sul-
phur and a minor amount of other elements were detected in the parti-
cles and nanoparticles of photocopiers. Some authors suggest a link be-
tween these particles and health issues, but further investigation is
needed (Barthel et al., 2011; Bello et al., 2013).

Although epsomite and magnesium sulphate have numerous med-
ical and pharmaceutical applications, in-vitro and in-vivo studies on
magnesium sulphate show controversial or unclear results. MgSOy, is
used as an anticonvulsant or tocolytic agent in pregnancy (Ueshima et
al., 2003) and could affect the function of the heart (Wright et al.,
1996), lungs (Kumasaka et al., 1996), brain (Browne et al., 2004) and
central nervous system (Chen et al., 2005). Other studies demonstrate a
neuroprotective effect in the foetus (Rouse et al., 2008; Conde-Agudelo
and Romero, 2009; Doyle et al., 2009) and also strong anti-
inflammatory properties and an anti-hyperalgesic effect in in-vitro and
in-vivo studies (Lin et al., 2010; Lee et al., 2011; Tam et al., 2011; Gao et
al., 2013; Srebro et al., 2014). However, MgSO, exposure showed toxic
effects like low body weight, delayed differentiation and reversible
changes in rib morphology in the offspring of rats (Katsumata et al.,
1998) and neurodegeneration after pregnant female subcutaneous ad-
ministration (Ozdogan et al., 2013). Preliminary results suggest a sig-
nificant effect of magnesium sulphate on human gastric adenocarci-
noma stomach (AGS) cells. It inhibits the viability and proliferation of
AGS cells, which regulate the expression and/or release of pro-
inflammatory cytokines; this results in cytotoxicity in moderate concen-
trations and time periods (Zhang et al., 2015). However, other authors
did not find a direct relationship between AGS and cell viability and
anti-apoptotic effects, and further research is required to determine
how caspase activation was inhibited by MgSO4 (Xia et al., 2016).

In addition, studies on the biological effects of inhaled magnesium
sulphate whiskers, which are soluble in water, were performed on rats
(Adachi et al., 1991; Hori et al., 1994). Magnesium sulphate whiskers
are man-made mineral fibres (MMMEFs) consisting of magnesium sul-
phate and magnesium hydroxide (MgSO45 Mg(OH),-3H,0) that are
used to reinforce plastics and rubbers and to thicken paint materials
and epoxy adhesives. The results are once again contradictory. In fact,
in the study of Adachi et al. (1991), the incidence of tumours was signif-
icant, while in the study of Hori et al. (1994), the incidence was not sig-
nificant compared to control groups.

Due to the scarcity of toxicological data on epsomite in the litera-
ture, the health effect of magnesium sulphate and magnesium sulphate
whiskers were also discussed for comparison, assuming similar prod-
ucts of dissolution. However, the chemical structures are different, and
therefore the related toxic effects could also be different. Regarding
small particles (e.g., metals), the Trojan horse-type mechanism remain-
ing after fibre dissolution (as in the case of epsomite) and the possible
effects of these particles on human health should not be underesti-
mated. In the long term, probably no traces of the passage of soluble
mineral fibres and other soluble materials remain in the lungs, and
therefore it is difficult to trace the origin of metal particles that have ac-
cumulated in the body. However, it is known that metal nanoparticles
may accumulate in organisms, such as in the lymph nodes, and then act
as cofactors for chronic inflammation or even malignant transforma-
tion, as seen, for example, from environmental pollution (Iannitti et al.,
2010). As observed for copper, the physico-chemical parameters of the
material and its nature (oxide, ionic, metal) are very important and can
cause significantly different in-vitro cytotoxicities (Studer et al., 2010).
For these reasons, the contribution of particles and nanoparticles that
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are detected on the fibre surface of the studied epsomite sample and
carried in the lungs could be non-negligible to several illnesses, like
other fibrous minerals (Gualtieri et al., 2019). In fact, the chrysotile fi-
bres that are less biopersistent in the lungs compared to other asbestos
may be able to quickly release trace metals in the extracellular medium
and could play a synergetic factor in the pathogenesis of diseases
caused by the inhalation of mineral fibres (Bloise et al., 2016).

In the studied epsomite crystals, a considerable amount of Ca, prob-
ably related to gypsum impurities, was detected, coupled with signifi-
cant Si, K, Al, and Fe (Table 3). Iron and other bioavailable transition
metals are known to be very important elements due to their redox
properties and they could stimulate the generation of hydroxyl radicals
(HO) by Fenton-type reactions, causing extensive oxidative damage
(Costa and Dreher, 1997; Roemer et al., 2000; Dominici et al., 2007).
Similarly, the other detected trace elements (Mn, Zn, Ni, Sr, P, Ti, As,
Co; Table 3), being higher than the baseline values in normal human
lung tissues (Vanoeteren et al., 1986), could also play a role in the toxi-
city pathway in the lungs and other biological systems, losing track of
the initial passage in the lungs. Such potentially toxic elements have al-
ready been found in asbestos fibres, which play an important role in the
pathogenesis of human lung cancer (Dixon et al., 1970; Nemery, 1990;
Wei et al., 2014; Bloise et al., 2016, 2020). In the case of biopersistent
fibres, the amounts of potentially toxic elements are generally higher
than those detected in the studied epsomite fibres (e.g., As 1.5-7 ppm,
Co 2-22 ppm, Ni 4-308 ppm, Sr 10-200 ppm; Bloise et al., 2016,
2020). However, epsomite fibres undergo a very fast dissolution and re-
lease their cargo of toxic elements into the lung environment in a very
short period, thus becoming more dangerous than biopersistent fibres.
If these trace elements rapidly accumulate in sufficient amounts in the
lungs, via fibre dissolution, they may cause mesothelioma and bron-
chogenic carcinoma (Dixon et al.,, 1970; Nemery, 1990; Wei et al.,
2014). Thus, we need to consider these mechanisms as possible bioac-
cumulators of particles and toxic elements over time at different sites in
the human body. However, the potential toxic effect of the released ma-
jor and minor elements and the related toxic concentration level are
still open to debate, as suggested for Mg by Gualtieri et al. (2019).

Of great interest in the investigated epsomite sample are the surpris-
ingly high amounts of radioactive element concentrations, especially
for 210Po. Naturally occurring 2'°Po and its grandparent 21°Pb are mem-
bers of the 238U decay series. 21°Po is an alpha radioactive emitter with
a half-life of approximately 138 days, and it decays to stable Pb (Meli et
al., 2013b; Carvalho et al., 2017); it is the only naturally occurring ra-
dioactive isotope of polonium with a half-life long enough to play a sig-
nificant role in environmental processes (World Health Organization,
1999). However, the behaviour of 21°Po in aqueous systems is generally
dominated by adsorption onto surfaces, although incorporation into
colloids, biovolatilisation and precipitation in sulphides can be impor-
tant in some circumstances (World Health Organization, 1999). In
acidic solutions, trace polonium is precipitated by hydrogen sulphide
(H,S) and other insoluble sulphides. Moreover, polonium has a high
affinity for particles (Seiler et al., 2011). Therefore, the concentration
of dissolved polonium can be strictly controlled by sulphur recycling, in
which the dissolution and reprecipitation of sulphur minerals occur
(Seiler et al., 2011; World Health Organization, 1999).

Although we still do not know if these elements are present in the
epsomite structure as a substitute for Mg or as impurities, it is evident
that 219Po and 228Th may be vehiculated inside the lungs during inhala-
tion. Radioactive particles that are inhaled and deposited in the lungs
cause an irradiation of bronchial/alveolar tissues, and this could result
in a malignant cellular transformation and the development of lung
cancer (Sturm, 2011). Moreover, radionuclides can also be carried
away from the lungs and damage other parts of the body (World Health
Organization, 1999). Regarding internally deposited radionuclides,
IARC (2001) determine that the epidemiological studies of nuclear in-
dustry workers exposed to 21%Po are inadequate for drawing a conclu-
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sion about cancer risk. Moreover, very few data exist concerning the
human toxicity of polonium (Ansoborlo et al., 2012) and the possibility
of being exposed to it in the environment (Lee et al., 2009). Seiler and
Wiemels (2012) stated that many biological and toxicological studies
on 210Po are many decades old and that to assess environmentally rele-
vant exposure to 219Po and its capacity to kill or damage critical repro-
ductive, embryonic or hematopoietic cells in humans, new studies (with
modern tools) are needed.

The very harmful effect of radioactive elements on human health is
well known, but information on human exposure pathways is essential
for the identification of the real health impact. An exposure pathway
(i.e., the means by which hazardous materials move through the envi-
ronment from a source to a point of contact with people) generally in-
cludes (1) a source of contamination; (2) a mechanism to transport a
material from the source to the air, water or soil; (3) a point where peo-
ple come into contact with contaminated air, water or soil; and (4) a
route of entry into the body (eating or drinking contaminated materials,
breathing contaminated air, or absorbing contaminants through the
skin). In the case of the studied epsomite, the source of contamination is
represented by the toxic chemical and radioactive elements contained
in the fibres, and the industrial processes associated with the commer-
cial operation included mining, milling, screening and processing. This
took place extensively in the past and resulted in high occupational ex-
posure to epsomite fibres. Although the mine is inactive today, the
widespread presence of epsomite in the area could still potentially ex-
pose anyone crossing the surrounding area. The main route of entry
into the body of these fibres is the breathing of contaminated air, which
is facilitated by the remarkable volatility of the fibres and their mor-
phology and solubility. However, if we consider that the entire mining
area is affected by the presence of both surface and ground waters, po-
tential exposure due to drinking contaminated water cannot be ex-
cluded, especially in the case of highly soluble minerals such as ep-
somite. Noteworthy, Dinelli (1995) found a high presence of dissolved
MgSO, in the stream waters that interacted with the Boratella mine
dump, another sulphur mine located ~12 km NW from Perticara with
which shares similar geological features. Additionally, despite the fact
that the studied epsomite fibres were found in an abandoned mine, it
must be taken into account that the same mineral can be largely present
in other environments, such as buildings, in the form of saline efflores-
cence. Epsomite and other highly soluble materials, including several
minerals commonly used in many industries, are numerous, and the
lung burden may be more significant than expected, especially for occu-
pationally and environmentally exposed people. Perhaps the load from
the airways could be greater than is usually assumed. Certainly, a com-
plete reconstruction of the different pathways of environmental ep-
somite exposure could be a key aim of ongoing research, and an evalua-
tion of the real exposure of humans to 21°Po and 228Th vehiculated by
epsomite fibres is needed. Finally, another question that remains open
is the presence of high quantities of radioactive elements in the studied
epsomite fibres. It is important to understand if this radioactive anom-
aly is related to local factors (and what they are) or if epsomite could be
a mineral particularly available to host radioactive elements such as
210pg and 228Th. The latter case would make epsomite a mineral to be
carefully monitored in all other contexts in which it can be found
worldwide.

Due to their high solubility in water, the potential toxicity of the
studied epsomite fibres derives from the chemical composition (major
and minor elements) rather than the fibrous habit and size parametres.
In the case of epsomite, the particular fibrous morphology is only the
medium that allows the mineral to reach the innermost respiratory ar-
eas, but the real element of risk is the chemicals originating from min-
eral particles during dissolution. Due to the lack of in-vitro, in-vivo and
epidemiological studies, the identified hazard of epsomite for humans is
theoretical, and further detailed studies are needed for a full assessment
of its eventual toxicity.
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5. Conclusions

In this work, we characterise the fibrous mineral epsomite from Per-
ticara Mine (Central Italy) and discuss its possible toxicological role in
human health. Morphology and morphometry investigations highlight
the presence of significant amounts of small fibres, which are poten-
tially inhalable for humans. About 25% of the measured fibres are thin-
ner or equal to 3 pm and almost every fibre is longer than 5 pm, so
there is a significant fraction that is able to penetrate the lungs. Due to
the instability of epsomite at lung conditions (37 °C and 100% relative
humidity), the inhaled fibres rapidly become a solution. Chemical
analysis on epsomite crystals revealed the presence of toxic elements
(As, Co, Fe, Mn, Ni, Sr, Ti, Zn) and very high amounts of radioactive iso-
topes (21%Po and 228Th). Consequently, the entire load of hazardous ele-
ments could be quickly released into the lung environment and thus
have an effect on human health.

Considering that natural epsomite is common in several natural and
anthropic environments worldwide (e.g., caves, mines, geological out-
crops, mineral springs, efflorescence) and also has several applications,
the presence of toxic elements and radioactive isotopes in the studied
epsomite fibres suggests the need for attention in handling other ep-
somite samples. Investigations on other commonly used soluble miner-
als could also be important in assessing the eventual exposure of hu-
mans to hazardous materials.

Although toxicity is generally evaluated only for biopersistent min-
erals, our findings suggest that soluble phases should also be investi-
gated and their possible hazard assessed.

The natural epsomite, which is highly soluble in the lung environ-
ment, can be considered a representative case study to investigate this
interaction. These preliminary results can be the basis for further de-
tailed studies on the content of hazardous elements in building materi-
als and the interaction of toxic elements (e.g., metals or radioactive par-
ticles) with humans and their eventual harmful effects on health.
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