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HIGHLIGHTS GRAPHICAL ABSTRACT

o Fibrous epsomite in the Perticara mine
shows high concentrations of 2'°Po and
210Pb.

o Bitumen contains 2°Po, while the host
rock shows a slight anomaly of “°K and
226p,

e Water shows high amounts of Mn, Al,
Fe, Pb and Mg.

o High concentrations of 2*?Rn are present
in the tunnel.

mK

sericolite

e Epsomite is able to capture radioactive
elements in confined environments.

ARTICLE INFO ABSTRACT
Editor: Daniel Alessi Natural fibrous epsomite crystals containing high amounts of toxic and radioactive elements have recently been
discovered in the abandoned sulphur mine of Perticara (Italy). In the present study, all the different matrices that
Keywords: characterize the Perticara mine (air, water, host-rock, minerals, and bitumen) were sampled and investigated
El%s"mite employing a multi-analytical approach to define the distribution and origin of these hazardous elements. Water
210;[; samples showed high Al, Fe, Pb, Mg, and Mn content but not radioactive elements. The bitumen sample showed a
Radioactivity higher amount of 21°Po and 2°Pb (0.12 Bq/g and 0.11 Bq/g, respectively), compared to the host-rock and fibrous
PTEs sericolite samples, but lower than fibrous epsomite crystals (>'°Po 5.59 Bq/g; 2'°Pb 5.93 Bq/g). A high ??Rn
Gessoso-Solfifera formation concentration was also detected in the tunnels and it is likely the source of both 21°Po and 2!°Pb, which are in
Sulphur mine radioactive equilibrium, especially in epsomite. This latter mineral, being capable of capturing 2°Po and 2'°Pb,

can be used as a helpful mineral indicator for the presence of radioactive elements in similar environmental
conditions. Moreover, our results also highlight a slight anomaly in the *“°K and 2?°Ra content of the host-rock,
probably derived from the evaporitic sediments of the rock succession. The current risk for humans linked to the
mine environment is minor since the activity of the mine ended several decades ago. However, the results of this
study must be taken into serious consideration for any future development of this area (e.g., industrial
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archaeology, farming, educational, scientific and touristic purposes), and represent the basis for the calculation
of radiotoxicity and dose assessment, which is fundamental for the correct and safe management of the mining
environment and neighbouring areas.

1. Introduction

Global concerns about fibrous minerals, potentially toxic elements,
and radioactivity are steadily increasing due to their significant threats
to human health and environmental quality. Concerning fibrous min-
erals, bio-persistent asbestos, zeolites and other silicates are toxic (or
suspected to be) and thus deeply investigated to assess the effects on
human health (Ballirano et al., 2018; Betti et al., 2022; Cangiotti et al.,
2017; Gianfagna and Oberti, 2001; Giordani et al., 2016, 2022a; Gual-
tieri et al., 2021; Mattioli et al., 2018, 2022; Petriglieri et al., 2021).
Nevertheless, a key role in fibrous minerals toxicity is not only linked to
the size of the crystals but also to the chemical composition, encom-
passing the content of metals and other toxic elements, often attached as
impurities on the surface of the fibres (Giordani et al., 2019, 2022b;
Pacella et al., 2018). This is particularly true for the fibrous minerals
highly soluble in water and biological fluids, which can release signifi-
cant amounts of toxic elements.

Potentially toxic elements (PTEs) include both metals and metal-
loids, e.g., As, Cd, Hg, Pb, and Sb or micronutrients, e.g., Cr, Cu, Ni, Se,
and Zn, that may become toxic when their concentrations exceed the
tolerance limits (Han et al., 2021). The high levels of exposure of Pb, Fe
and Mn cations increase the production of reactive oxygen species (ROS)
in cells, which oxidizes biological proteins and may even cause cell
death. In the case of Pb, the blood flow favours its distribution in the
body and almost 95 % of lead is dumped in skeletal bones as insoluble
phosphate (Khanam et al., 2020). The significant signs of Pb poisoning
are mainly related to the central nervous system and the gastrointestinal
tract, and its chronic exposure can result in several diseases (e.g., birth
defects, brain damage, autism, allergies, paralysis, kidney damage) and
may even cause death (Markowitz, 2000; Martin and Griswold, 2009).
Regarding Fe and Mn, despite being essential metals for humans and
playing an important role in many biological and physiological pro-
cesses, exposure to high concentrations can have toxic effects. Excessive
Mn may accumulate in the liver, kidney, and brain, resulting in harmful
effects such as the development of Parkinson-like disorders (Tang et al.,
2019). The main routes of exposure to PTEs include ingestion through
indirect consumption of polluted foods, absorption through the con-
sumption of water, direct skin contact with contaminated water and soil,
and inhalation of dust (Antoniadis et al., 2017; Niede and Benbi, 2022).

Concerning radioactivity, about 70 radionuclides are present in the
Earth's crust and are naturally found in air, water, soil, and building
materials. Some have applications in many fields (e.g., agriculture,
medicine, sterilization), but many others can have serious health im-
plications (Ali et al., 2012; Paschoa and Steinhausler, 2010). For
example, 222Rn and two of its short-lived progeny 2'®Po and 2'4Po (all
alpha emitters) represent most of the risks for inhalation exposure (NRC,
1999; Vengosh et al., 2022). 222Rn emission from a material depends on
many factors, such as the concentration of U in the same matrix, its
physical properties, and the climatic conditions (Keller and Schutz,
1988; Righi and Bruzzi, 2006). Exposure to high radon concentration
can lead to lung cancer (US EPA, 2009) and its decay products deposited
in the lung emit alpha particles, which damage the cells of the bronchial
epithelium (Petermann et al., 2022). 210py is the penultimate daughter
of the 238U decay series and is an alpha-radioactive emitter with a half-
life of 138.4 days before decaying to stable 2°°Pb (e.g., Persson and
Holm, 2011 and references therein). The natural radiation background
of 21%Po in surface soils is in the range of 0.01-0.2 Bq/g depending on
the bedrock, soil properties, depth of sampling, and climatic conditions
(Carvalho et al., 2017; Meli et al., 2013). Similarly, 2'°Pb is a progeny of
222Rn and has one of the highest dose coefficient values, posing one of

the higher risks to human health among radionuclides occurring in na-
ture (Eckerman et al., 1999; WHO, 2017).

These issues coexist in the abandoned Perticara sulphur mine, where
highly soluble epsomite crystals extensively grow with a fibrous habit
and contain significant amounts of PTEs and radioactive elements
(Giordani et al., 2022c). The Perticara mine is located on the Apennines
chain in the Rimini province (Central Italy). It was developed in the
Gessoso-Solfifera Formation (Messinian, Upper Miocene; Fig. 1), a rock
succession mainly composed of gypsum, limestones, and marls (e.g.,
Rossi et al., 2021 and references therein; Roveri et al., 2003). The ac-
tivity of the mine, developed on eight levels, started in the XVIII century
and ceased in 1964. Nowadays, almost all the galleries are closed and
very few air exchanges with the outside occur. Many galleries are
flooded, while others are accessible only with self-protective equipment
due to the absence of breathable air, poor in O, and rich in toxic com-
pounds like CO3 and HjS (Belvederi et al., 2016).

Considering the possibility of re-opening the Perticara mine for
educational, scientific, and touristic purposes, it is important to under-
stand the distribution and possible source(s) of the potentially toxic and
radioactive elements, to manage the mining environment and neigh-
bouring areas correctly and safely. For these reasons, the different
matrices inside the mine were sampled and investigated in this work.
Several analytical techniques such as X-ray Powder Diffraction (XRPD),
Environmental Scanning Electron Microscopy (ESEM-EDS), Inductively
Coupled Plasma-Atomic Emission (ICP-AES), Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS), Atomic Absorption Spectrometry
(AAS), Gamma Spectrometry, Alpha Spectrometry, Radon Monitor, and
Alpha Track Detector (ATD) were combined and integrated to obtain a
picture of information on the distribution and origin of these toxic and
radioactive elements as complete as possible. These results could
represent a fundamental reference for future studies that define the real
risks for the environment and human health connected with mining
activities.

2. Materials and methods

Representative samples of the different matrices that characterize
the Perticara sulphur mine environment were collected and analysed: (I)
natural fibrous epsomite crystals (labelled MP); (II) vein-filling fibrous
gypsum (sericolite variety, MP_SER); (III) the host-rock where the
mining tunnels were dug (MP_MAR); (IV) natural bitumen that emerges
from the walls of the mine (MP_BIT); (V) dust deposited on the ground
(MP_DUS); (VI) two different water discharges (WDO for water sample
collected in “Discenderia Ovest”, and WDF for water sample collected in
“Discenderia Fanante”, respectively). In Fig. 2, the sketch map of the
mine galleries and the location of the collected samples are reported.

After collection, the samples were stored at about 20 °C, i.e., a
temperature comparable to that of the mine, in airtight containers to
prevent modifications or alteration, such as dehydration/hydration and
the phase changes of the materials. Morphological observations and
qualitative micro-chemical characterization were performed by ESEM
with an energy-dispersive X-ray spectrometer (EDS), while mineralog-
ical compositions were determined by XRPD. Detailed chemical com-
positions were obtained using ICP-AES, ICP-MS and AAS. For the 2!%Po
and 219Pb determinations, an a-spectrometer was employed, and a high-
purity germanium (HPGe) detector gamma spectrometer was used to
measure the activity of gamma emitters. Moreover, active and passive
measurements of the Radon content in the atmosphere of the mine were
performed, as well as the direct measurements of gamma irradiation
inside the mine galleries. The various analytical methods are described
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in detail in the Supplementary Material (S1).

3. Results
3.1. Morphology and micro-chemical characterization (ESEM-EDS)

The sample MP_SER occurs as fibrous gypsum (sericolite) filling a
complex network of centimetric veins inside the host-rock. ESEM images
show the presence of different layers up to 200 pm thick of highly fibrous
gypsum in intergrowth with layers of massive-type gypsum (Fig. 3a).
EDS analyses reveal a homogeneous composition (pure gypsum) for both
varieties (20.75 wt% of CaO and 25.17 wt% of SO3).

Epsomite (MP) extensively grows perpendicularly to the surface of
walls and blocks inside the mine and is formed by very long fibrous
crystals (up to 4 cm) with a small size in width (Fig. 3b). Morphometric
details and chemical composition of epsomite fibres are reported in
Giordani et al. (2022c¢).

3.2. Mineralogical composition

XRPD patterns of the investigated samples and their semi-
quantitative mineralogical estimations are presented in Fig. 4 and
Table 1, respectively. According to the relative pattern, the MP_SER
sample consists of pure fibrous gypsum, as shown by the first-order d-
spacing of 7.55 A (26 11.72) accompanied by the minor peaks corre-
sponding to 4.27 A (20 20.81) and 3.79 A (20 23.48) in the diffracto-
gram. MP_DUS is a polycrystalline sample and is mainly composed of
gypsum (7.56 ;\, 4.27 A and 3.79 A), associated with moderate contents
of dolomite (2.88 1°\) and quartz (3.34 1°\). Calcite (3.03 f\) and epsomite
(4.21 A, 5.33 A and 2.66 f\) are present in minor amounts, while traces
of phyllosilicates (mainly illite/mica group) are also detected (d-spacing
value of 10 A). MP sample pattern is consistent with the pure heptahy-
drate magnesium sulphate epsomite, showing the three strongest peaks
corresponding to the (hkl) indices (020), (120) and (220). The highest
peak intensity occurs at 20 ~21°, corresponding to a d-spacing value of
4.21 A. At 2.67 A and 5.34 A are positioned the two secondary re-
flections (0.25), while minor peaks correspond to d-spacing of 5.99 A
and 2.08 A. The MP_MAR is a polycrystalline sample mainly composed
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of gypsum (7.56 A, 4.27 A and 3.79 A), with a minor amount of quartz
and dolomite (3.34 A and 2.88 10\, respectively), while calcite (3.03 10\)
and illite-mica (10 ;\) are also present in traces. If we exclude the
presence of epsomite, MP_MAR is compositionally very similar to the
MP_DUS sample.

3.3. Chemical composition

The accurate chemical compositions of the sericolite (MP_SER), host-
rock (MP_MAR), bitumen (MP_BIT), and two water (WDO and WDF)
samples are reported in Table 2. The major chemical constituents of
MP_SER are S and Ca (236,000 and 157,000 mg/kg, respectively) and
are perfectly consistent with the gypsum phase (sericolite). A high
amount of Si (1240 mg/kg) and significant contents of Sr (126 mg/kg)
and Mg (65.8 mg/kg) were also detected. In addition, a minor amount
(< 10 mg/kg) of Cu, Mn, Ti, Zn, Rb and Sn are present in the sericolite
sample.

MP_MAR sample shows a more complex composition, reflecting the
presence of different minerals in the host-rock, as previously observed
by Giordani et al. (2022¢). Accordingly, the contents of S and Ca (81,000
and 116,000 mg/kg, respectively) are very high and related to gypsum.
However, the main element of the sample is Si (129,000 mg/kg),
coupled with high contents of Al (25,200 mg/kg), Mg (22,600 mg/kg),
Fe (17,600 mg/kg), K (11,300 mg/kg), Sr (3610 mg/kg) and Ti (1230
mg/kg), probably linked to the presence of silicates and carbonates
(quartz, illite-mica, and dolomite). Moreover, significant contents of Mn
(710 mg/kg), P (413 mg/kg), Ba (265 mg/kg), and minor amounts of Zn
(82 mg/kg), Rb (71 mg/kg), Cr (66.2 mg/kg), Ni (44.8 mg/kg), Cu (29.6
mg/kg), Th (21 mg/kg) and As (16.1 mg/kg), were found in MP_MAR
sample. Other elements are present in very low amounts (< 10 mg/kg;
see Table 2).

The bitumen sample (MP_BIT) shows a high concentration of S and
Ca (82,000 and 53,150 mg/kg, respectively), followed by Mg (6400 mg/
kg), P (1,185 mg/kg), Fe (1115 mg/kg), Sr (493 mg/kg), Al (132.5 mg/
kg), K (127 mg/kg) and Sn (126.5 mg/kg). Minor amounts of Mn (35.55
mg/kg) and Ti (23.9 mg/kg) were also detected, while other elements
such as Ni, Pb, Ba, Cu, Criy and As are <10 mg/kg.

Regarding the water composition, the two analysed samples (WDF
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Fig. 1. Geological map of the Perticara sulphur mine (after Conti et al., 2020 and modified from Giordani et al., 2022¢). The yellow star indicates the entrance of the
mine; the black bolded rectangle indicates the approximate extent of the tunnel and galleries of the mine as inferred from Belvederi et al. (2016).
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and WDO) show similar concentrations for most chemical components.
They show high amounts of Mg (498-504 mg/L, respectively) and Mn
(>1880 pg/L). However, significant differences can be highlighted be-
tween WDF and WDO samples, respectively, in the concentration of Al
(479 vs. 49 pg/L), As (7.1 vs. 0.9 pg/L), Co (1.6 vs. 0.1 pg/L), Criot (23.8
vs. 1.3 pug/L), Fe (32,906 vs. 117 pg/L), Ni (11.4 vs. 4.1 pg/L), Pb (17.5
vs. 0.7 pg/L), Cu (14.3 vs. 3.3 pg/L), and Ti (11.7 vs. <1 pg/L).

3.4. %1%o and ?1°Pb concentration

The concentration of 21°Po and the relative standard deviation (SD)
in the investigated solid samples are shown in Table 3. The mean con-
centration of 21°Po (Bq/g) obtained by six replicates presents the
following trend: MP_SER (0.039 + 0.01) < MP_MAR (0.088 + 0.02) <
MP _BIT (0.12 £ 0.015). However, all samples present a significantly
smaller amount of polonium than the epsomite fibres (5.59 Bq/g;
Giordani et al., 2022¢). Table 3 also shows 2'°Pb mean activity con-
centration (Bq/g) for MP_BIT and MP samples, obtained with six repli-
cates and the relative standard deviation (SD). In both samples the 210py,
results in secular radioactive equilibrium with 2!°Po. In water samples
(WDF and WDO), only 210pg was determined. The activity was 0.012 +
0.001 and 0.013 + 0.001 (Bq/L), respectively.

Discenderia
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3.5. Gamma spectrometry

Host-rock (MP_MAR), epsomite (MP), and dust samples (MP_DUS)
were investigated employing high-purity germanium (HPGe) radiation
detectors, and the results are resumed in Table 4. The rock sample
(MP_MAR) shows a low amount of radioactive elements. The average
concentrations of “°K and 23%U are 0.38 Bq/g and 0.08 Bq/g, respec-
tively. 22°Ra reaches a value of 0.052 Bg/g; both 22Th and 2?®Ra show a
value of 0.022 Bq/g, while 225Th has a value of 0.019 Bq/g. 2*°Th, 21%pb,
and 2%°U are below the minimum detectable activity (MDA). The dust
sample (MP_DUS) shows a slight variability in the radioactive elements
content, but the detected amount is generally low. “°K content (average)
is 0.295 Bq/g, while that of 238U is 0.061 Bq/g, 2?°Ra is 0.029 Bq/g, and
228Th is 0.017 Bq/g. The concentration of 232Th is the same as 2?®Ra, i.e.,
0.018 Bq/g. Similarly to the previous sample, 23°Th, 219Pb, and 23°U are
below the MDA. The composition of the epsomite (MP) is significantly
different: the radioactive element content is always below the MDA,
except for 21°Pb, which is very high, with an average value of 3.7 Bg/g.

3.6. Radon concentration and alpha trace detector

The 222Rn measurement results, collected according to the pathway

4K Epsomite (MP)
@ Water (WDF, WDO) O Bitumen (MP_BIT)
© Dust (MP_DUS)

[ Host rock (MP_MAR) @  Alpha Track Detector
ﬂ o E Radon measurement
A Sericolte (MP_SER) "~ Path

@ 555ma.s.l.

Mine well

Mine well

Level5-210masl_ _ _ _ _ _ _ _ _
Level 6-190m a.s.l.

Level 7-170m a.s.l.

[ Ore deposit
I Gypsum
- Host rock

topographic
surface

Level 0-310ma.s.l.
Level 1-290 ma.s.l.
Level 2-270 ma.s.l.
Level 3-250 ma.s.l.
Level 4-230 ma.s.l.

Fig. 2. (a) Sketch map of Perticara sulphur mine galleries with the collected samples' location (inset). (b) Geologic cross section of the Perticara area.

Modified from Rinaldi, 1987.
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Fig. 3. a) ESEM microphotograph of sericolite sample (MP_SER), where different types of gypsum can be observed, and related EDS spectra. b) ESEM micropho-

tograph of the fibrous epsomite sample (MP) and related EDS spectra.

A-B-C-D-E, are shown in Fig. 5. Immediately after entering the mine, the
level of 222Rn present in the air constantly increased until it exceeded the
800 Bq/m® value. During the stay in the areas furthest from the
entrance, the recorded value always remained around 800 Bq/m?, with
some points exceeding this value and reaching the maximum value of
972 Bq/m°>. On the way out of the mine, the value rapidly dropped, with
a rate similar to that occurred during entry. It should be noted that the
reported value corresponds to an average measurement collected in a
time of 10 min of measurement. Another exciting result comes from the
passive monitoring of 222Rn. Due to the prohibitive condition of the
mine (absence of breathable air and its variation related to external
atmospheric pressure), it was possible to recover only one of the passive
dosimeters installed inside the mine. The recovered alpha trace detector
was positioned inside the tunnels in the closest position to the entrance
of the Perticara mine (Fig. 2). The average value of the concentration of
222Rn, relating to about six months of measurements, reveals the value
of 2200 + 300 Bg/m®.

3.7. Gamma irradiation

A diagram of the measurement of gamma irradiation in terms of
environmental dose equivalent H*(10) trend is shown in Fig. 5. The
collected data inside the mine showed slightly higher values than the

environmental background outside (evaluable at 30-60 nSv/h), settling
on average at values of 60-80 nSv/h with peaks up to 120 nSv/h.

4. Discussion

The analyses of WDO and WDF water samples reveal PTEs concen-
trations generally lower than the limits imposed by the Italian legisla-
tion for domestic and/or industrial usage (Law Decree 152/2006 3 April
2006, and subsequent amendments), with the exceptions of Mn, Al, Fe
and Pb. Regarding Mn, it is 37 times the threshold limit (50 pg/L), which
could be linked to the natural abundance of Mn oxides in the area
(Ruggieri, 1970). The concentration values of Al, Fe, and Pb also exceed
the threshold values set at 200, 200, and 10 pg/L, respectively (Table 2).
Despite being a parameter not regulated by law, the amount of Mg is
much higher than those measured in other surrounding spring waters in
a similar geological context, which usually have Mg <117 mg/L
(D'Angeli and De Waele, 2016). It cannot be excluded that a contribution
to these relevant concentrations may derive from the weathering of the
abandoned material and railway tracks. Strong enrichments, primarily
in Nat and SOF~ and secondly in Ca®" and Mg?", have already been
reported for the Perticara mine (Peruzzi et al., 2016) and have been
linked to interaction processes between circulating waters and the host
rock (Roveri et al., 2003). The concentration of 210pg in water samples
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Fig. 4. XRPD patterns of the investigated samples. MP_SER = pure fibrous
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epsomite crystals (from Giordani et al., 2022c); MP_MAR = host-rock (from
Giordani et al., 2022c).

Table 1

Semi-quantitative mineralogical composition of the investigated samples
determined by XRPD using CuK radiation. MP_SER = pure fibrous gypsum
(sericolite); MP_DUS = dust deposited on the ground; MP = pure epsomite
crystals (from Giordani et al., 2022c); MP_MAR = marly host-rock (from Gior-
dani et al., 2022¢). +++ > 60 %; ++ = 60 %-30 %; + = 30 %-5 %; TR (traces)
<5%.

MP_SER MP_DUS MP MP_MAR
Epsomite - + +++ -
Gypsum +++ +++ - +++
Calcite - + - tr
Dolomite - ++ - ++
Quartz - ++ - ++
Illite/Mica - tr - tr

Science of the Total Environment 906 (2024) 167498

from the Perticara mine (0.012 and 0.013 Bq/L, respectively) are com-
parable with the values reported in the literature for groundwater
(Persson and Holm, 2011) and perfectly fit in the range of mineral wa-
ters sampled in Italy (0.0004-0.021 Bq/L; Desideri et al., 2007). Typi-
cally, 210pg has a very low solubility (Desideri et al., 2007; Seiler et al.,
2011) and, in the Perticara mine, the concentrations are much lower
than the limit value of 0.1 Bq/L for drinking water (Linkevicius, 2013;
WHO, 2011).

Moving to solid samples, sericolite (MP_SER) and host rock
(MP_MAR) show low concentrations of 21%9p5 (0.039 + 0.01 Bq/g and
0.088 + 0.02 Bq/g, respectively). These amounts are comparable with a
typical radiation background for surface soils (0.01-0.2 Bq/g; Carvalho
et al., 2017). Concerning the host-rock sample, the concentration of
210p, is also similar to the values of the original 238y (0.080 Bq/g) and
intermediate 22°Ra (0.052 Bq/g), indicating secular equilibrium of the
radionuclides. The concentration of 2'°Po increases in the bitumen
sample (MP_BIT; 0.12 + 0.02 Bq/g), in equilibrium with the original
210pp (0.11 + 0.02 Bq/g) content. This means it is polonium-supported,
which exclusively results from the on-site decay of 2!°Pb and not from
other external sources. The concentrations of 21%Po and 2'°Pb reach the
maximum values in the epsomite sample (5.59 and 5.93 Bq/g, respec-
tively). These values are also confirmed by 2!°Pb gamma spectrometry
data (3.7 Bq/g), while 2%%U and ??°Ra were not detected. Although
epsomite shows the highest concentration of 21%Po and 2'°Pb, natural
bitumen is also interesting, reaching a value one order of magnitude
higher than in the other investigated matrices. Contrarily to 2*®U and
32T, some of their related decay products are slightly soluble and can
be mobilized in the liquid phases (Smith, 1992). Then, the concentration
of 21°po and 2!°Pb in the bitumen could be linked to the 233U and 232Th
present in the host-rock and to the mobility of the related decay products
in hydrocarbons and water, as suggested by Smith (1992). In addition,
the major carrier phases for Po are related to biological processes rather
than inorganic particles (Wei and Murray, 1994). Evidence of 2'°Po
remobilization from sediment under both anoxic and hypoxic conditions
was observed in the seawater column by Jones et al. (2015). Several
authors (Lehto et al., 1999; Persson and Holm, 2011; Vaaramaa et al.,
2003) hypothesized that redox-sensitive metals such as Fe and Mn,
coupled with the degradation of organic matter, are the fundamental
mechanisms for 2°Po remobilization. In the Perticara mine, high con-
centrations of Fe, Mn and organic matter are present, and despite the
different conditions (continental environment), similar processes may
occur.

The content of “°K in the investigated host-rock sample MP_MAR
(0.38 Bq/g) is higher than the literature (Table S2, Supplementary
Material). It is important to note that our host-rock sample is mainly
composed of gypsum coupled with a low amount of carbonate and very
low clay fraction content. Clay minerals are generally the principal
source of natural gamma rays due to their ability to fix K, U and Th.
Uranium is strictly related to the organic matter content, enrichment
processes (authigenic uranium), and then to the detrital grains input,
while 4°K and 232Th are associated with the clastic fraction (Manzi et al.,
2007; Sampalmieri et al., 2010; Sierro et al., 2000). Considering 226Ra,
MP_MAR shows an activity of 0.052 Bq/g, which is significantly higher
than the literature data for gypsum. In the case of 232Th, the value of
0.022 Bq/g perfectly fits in the range for all the sedimentary rocks
considered as reference (Table S2). Therefore, the slight anomaly on 40g
and 2?°Ra radioisotopes observed in the investigated host-rock could be
related to a higher presence of K and U (and related decay series) in the
original sediments and rock formations.

In nature, the exhalation of #2?Rn into the atmosphere is the primary
source of 21%Pb, which decays in 2!°Po through 21°Bi (Jones et al., 2015
and references therein). Although ?!°Po is produced from 2!°Pb decay
within the atmosphere, this activity represents a relatively small fraction
of the 2'%Pb activity because of the short atmospheric residence time of
21013’b—containing aerosols (Harada et al., 1989; Kim et al., 2005).
However, the confined atmosphere makes the Perticara mine a very
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Table 2
Major and minor element concentrations in investigated samples. MP from Giordani et al. (2022¢). The symbol < means below the detection limit.
Element MP_SER mg/kg MP_MAR mg/kg MP_BIT mg/kg MP mg/kg WDF mg/L WDO mg/L
Al <0.1 25,200 132.5 100 0.476 0.049
Sb <5 <5 <5 <5 0.0009 0.0002
As <1 16.1 1.00 3 0.0071 0.0009
Ba <0.5 265 3.15 <0.5 0.0108 0.0083
Ccd <0.5 0.5 <0.5 <0.5 <0.0001 <0.0001
Ca 157,000 116,000 53,150 1030 417 421
Co <0.5 9.9 0.60 0.5 0.0016 0.0001
Cr (tot) <1 66.2 2.5 <1 0.0238 0.0013
Fe <5 17,600 1115 94 32.906 0.117
P <0.5 413 1185 7.2 0.72 0.230
Mg 65.8 22,600 6400 77,000 504 498
Mn 7.4 710 35.55 36 2.073 1.881
Ni <0.5 44.8 6.85 11 0.0114 0.0041
Pb <0.5 9.8 5.05 <0.5 0.0175 0.0007
K <0.5 11,300 127 120 31.0 32.1
Cu 8.3 29.6 2.5 <1 0.0141 0.0033
Si 1240 129,000 <10 204 19.1 15.3
Sn 3.44 7.7 126.5 <0.2 <0.0005 <0.0005
Sr 126 3610 493 7.2 9.587 9.069
Tl <0.1 <0.1 <0.1 <0.1 <0.0001 <0.0001
Te <0.5 <0.5 <0.5 <0.5 <0.001 <0.001
Ti 7 1230 23.9 5.3 0.0117 <0.001
Th <5 21 <5 <5 <0.001 <0.001
Zn 5.93 82 <0.5 18.4 0.112 0.024
S 236,000 81,000 82,000 127,000 4760 4050
Ce <10 <10 <10 <10 0.002 <0.001
La <1 5 <1 <1 0.001 <0.001
Rb 5 71 <1 <1 0.018 0.017
18) <1 <1 <1 <1 <0.001 <0.001
Hg <0.0005 0.027 0.185 <0.0005 <0.0001 <0.0001
Table 3 1,200 90
21%pg and ?'°Pb mean concentration and standard deviation (SD) in the analysed =
samples. The concentration of 210pg in the MP sample (from Giordani et al., 1.000 80 é
2022c) is also reported for comparison. ’ E
QD
sample 2194 (Bq/g) 219} (Bq/g) ~ 800 70§
MP_SER 0.039 + 0.01 (SD 0.005) - % %
MP_MAR 0.088 + 0.02 (SD 0.005) - 2 600 60 2
MP_BIT 0.12 £+ 0.02 (SD 0.015) 0.11 + 0.02 (SD 0.032) é‘ =
MP 5.59 + 0.84 (SD 1.11) 5.93 + 1.19 (SD 0.54) & 400 50 E
E
210p,, (Bq/L) 210p}, (Bq/L) 200 — Pathway 40 §
WDF 0.013 + 0.001 (SD 0.003) - e 22Rp concentration E
WDO 0.012 + 0.001 (SD 0.003) - 0 ] ] ‘ T G(IImmal irraldiatioln ] ] ‘ @ 30 =

particular environment with a very low content of oxygen and high
amounts of other gases (e.g., COy and HyS) (Belvederi et al., 2016).
Similarly, the high 222Rn concentration in the galleries (800 Bq/m> from
direct measurement and 2200 + 300 Bq/m® from 6 months average) is
likely related to the confined atmosphere, even with different values
during time. This variability is probably linked to barometric pressure
and ventilation and can follow the dynamics of the other gases in the

Table 4

10 20 30 40 50 60 70 80 90 100 110 120

Time (minutes)

Fig. 5. 2??Rn concentration values and gamma irradiation trend detected in the
galleries of Perticara sulphur mine. The data collection was performed during
the pathway inside the galleries (sequence A-B-C-D-E as reported in Fig. 2). For
the gamma irradiation graph, each reported point corresponds to the average of
30 measurements.

The average concentration of radiogenic elements, in Bq/g, measured by HPGe radiation detectors on host-rock (MP_MAR), dust samples (MP_DUS), and epsomite
(MP). The minimum detectable activity (MDA) for each sample and element is also reported. *Evaluation based on gamma emission of related short-life decay

elements.

Sample MP_MAR MDA MP_DUS MDA MP MDA
40K 0.38 + 0.050 0.029 0.295 + 0.040 0.025 < 0.13
238y (from 23*Th)* 0.080 + 0.027 0.051 0.061 + 0.022 0.041 < 0.97
2307 < 0.51 < 0.4 < 4.6
22Ra (from 2!Pb) 0.052 + 0.007 0.0038 0.029 + 0.005 0.0048 < 0.14
210pp, < 0.083 < 0.074 3.70 + 0.90 1.3
232Th (from 2%8Ac)* 0.022 + 0.007 0.0086 0.018 + 0.007 0.0059 < 0.31
228Ra (from 2%°Ac)* 0.022 + 0.007 0.0086 0.018 + 0.007 0.0059 < 0.31
228Th (from 2'2pb)* 0.019 + 0.004 0.0035 0.017 + 0.003 0.0035 < 0.088
25y < 0.012 < 0.015 < 0.32
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network galleries (Belvederi et al., 2016; Sahu et al., 2016). Here, 222pn
tends to accumulate since the activities of the mine ceased, and higher
concentration in the furthest galleries is also expected. WHO recom-
mends a radon concentration threshold in buildings of 100 Bq/m®
(WHO, 2009), and the derived air concentration (DAC) limit for radon
and its daughters in mine workplaces is 1000 Bq/m3 (IAEA, 2003; ICRP,
1993). Then, the radon concentration in the mine is more than signifi-
cant. Moreover, the decay daughters of 222Rn probably remain in the
galleries, resulting in the high amounts of 21°Pb and 2'°Po detected in
the investigated samples, mainly in epsomite (MP). In groundwater, it
has been observed that the occurrence of 2!%Pb is directly associated
with ?*?Rn (Seiler et al., 2011; Vengosh et al., 2022). Similar 210pp and
210pg anomalies may be due to reducing conditions, sulphate reduction,
manganese oxide dissolution and high pH in the water-air interface
environment. In particular, 21°Po can be strongly related to sulphur
recycling and the dissolution and reprecipitation of sulphur minerals
(Seiler et al., 2011; WHO, 1999). The lowest concentration of 210pg jn
MP_SER (another secondary phase) could be explained by the proximity
to the mine entrance, where 2?2Rn was more easily released to the
external environment. Alternatively, sericolite could be formed before
the mine closure, while epsomite (MP) formed after.

Currently, considering that neither miners (or workers in general)
nor tourists have access to the galleries, there is no exposition and the
risk to human health related to the Perticara mine should be considered
negligible. However, the real possibility of re-opening this mining site
for educational, scientific and touristic purposes makes it essential to
have an accurate knowledge of the related environmental conditions
and, particularly, the potential risk factors (e.g., PTEs and radioactive
elements). Additionally, it is also of relevant importance to shed light on
comprehensive PTEs of farmland crops in the vicinity of abandoned
sulphur mines and associated smelting areas, as well as possible aquifer-
river hydrogeological connections, to evaluate the health risks for
humans in consuming such crops. Moreover, it should be understood
whether similar conditions, particularly the concentration of 2??Rn,
210pg, 210pp and PTEs can also be present in other mines in comparable
geological environments. In any case, it is important to underline that, in
the case of radioactive elements, high activity concentration does not
necessarily imply a higher effective dose, which is a derived quantity
involving a well-known relationship between measured physical quan-
tities, environmental conditions and biological effects.

5. Conclusions

In this work, a comprehensive analytical approach was applied to
different geological matrices of the abandoned Perticara sulphur mine to
know the distribution and origin of toxic and radioactive elements in
this peculiar environment. The main results of the study raise various
points of concern.

Epsomite crystals are the only samples that showed high concen-
trations of 21°Po and 2!°Pb, while 233U and ?2°Ra were not detected in
the same minerals. Bitumen also presented relevant 2!°Po activities in
equilibrium with 210pp, The rest of the solid samples (sericolite and host-
rock) showed, in fact, 2!°Po content typical of surface soils, with the
value of other radioactive elements (238U and 226Ra) indicative of a
secular radioactive equilibrium of the radionuclides. The slight anomaly
on *°K and 2?°Ra contents observed in the host-rock can be likely related
to a higher presence of K and U (and related decay series) in the original
sediments and rock formations. Also, the 2°Po content is consistent with
groundwater values in the water discharges inside the mine. On the
contrary, these waters revealed high concentrations of Al, Fe, Pb, Mg
and, particularly, Mn. As the surficial waters are used for human, agri-
cultural, and pastoral activities, these anomalies and possible aquifer-
river hydrogeological connections should be further investigated. The
confined atmosphere of the mine, with the high 222Rn concentration, is
likely the source of the high level of 21°Po and 2'°Pb, in radioactive
equilibrium, detected in epsomite fibres. Thus, the 222Rn-rich, anoxic,
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and hypoxic atmosphere, coupled with the abundance of Mn, Fe, and
organic matter in the mine, could play a key role in the 2'°Po
remobilization.

This work highlighted that natural epsomite, which is a very com-
mon mineral phase in mines, caves, and underground environments, is
able to capture 2'°Po and 2'°Pb. For this reason, it can be used as a
helpful mineral indicator for the presence of radioactive elements in
similar environmental conditions, also helping to ensure safe manage-
ment. No target is currently exposed to these hazardous elements in the
Perticara sulphur mine, as it is abandoned. However, there is a real
possibility of re-opening this site for educational, scientific and touristic
purposes, as happened for many other mines in recent years (e.g., Price,
2021; Sorcaru, 2021). Since high concentration doesn't mean it may be
harmful, the results of our study represent the basis for the calculation of
radiotoxicity and dose assessment in the real scenario connected to
visiting the mine, which is fundamental for the correct and safe man-
agement of the mining environment and neighbouring areas. These re-
sults indicate that in areas with a long history of mining, despite
decommissioning, environmental hazards and human health risks may
still emerge in terms of radioactivity and PTEs. The current awareness of
environmental contamination caused by local mines is often insufficient
and some risks due to exposure to PTEs and radioactive elements still
need to be addressed in some areas.
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