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e Metallic mines are a source of PM;( in
potentially toxic elements. )

e PM;, was collected in three villages Mine Particulate Matter Health risk?
around the Rio Tinto mine during one (Rio Tinto, Spain) »- Mining towns
year.

o The village closest to the mine presented
the highest PM;o and PTE
concentrations. 3 ‘ | o

e PMF analysis revealed two mining o : Source contribution
sources presenting high contributions. g : e

o Inhalation exposure to PM;, in nearby
residents is at a safe level.

ARTICLE INFO ABSTRACT
Keywords: Mining is an economic activity that traditionally releases large amounts of particulate matter into the atmosphere
Source contribution because of the procedures required to process the mineral. In particular, polymetallic ores are environmentally

Health risk assessment
PM;o

Mining

Atmospheric pollution

harmful as they can enrich potentially toxic elements, which may cause adverse effects to humans and ecosys-
tems due to their toxicity. The aim was to assess the impact on health of this type of mining on nearby pop-
ulations. Accordingly, it was conducted an extensive PM;o sampling campaign during the entirety of 2021
through a total of 248 filters placed in three villages close to the Rio Tinto district (Southwest Spain), which is
one of the largest Cu mines in the world. A total of 58 major and trace elements were analysed, along with
organic carbon/elemental carbon, cations, and anions. The mean PM;( concentrations were high during spring
47 ngMlom’B) and summer (56 ngM10~m’3) in the population closest to the mine, wherein values surpassed
the annual and daily limit values, but were lower in the other two villages. Moreover, high enrichment of As
(annual maximum mean of 6.2 ng-m’3), Cu (70 ng‘m’B), Pb (19 ng-m’3), and Zn (50 ng-m’g) was observed in all
locations. A positive matrix factorization (PMF) was primarily used to assess the origins of this particulate
matter, revealing that the impact of the mine reduced considerably over a long distance, with contributions
ranging from 36% at the mine’s outskirts to 8% further away from it, which coincides with the features of the
mine during the abandonment phase (2001-2015). Despite this, the risk assessment revealed that the
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carcinogens were within the permissible exposure limits even in the closest village, indicating a minor concern
for the inhabitants from a toxicological perspective.

1. Introduction

Monitoring of potentially toxic elements (PTEs) and their risk
assessment in environmental compartments is a topic that has garnered
special attention at global, regional, and local scales. The ability of PTEs
to persist and bioaccumulate in biota is a threat to ecosystems and
human health, and their anomalous concentrations in soils (e.g. Kaba-
ta-Pendias, 2010) and waters (Blais et al., 2008) has been widely
described. Regarding atmospheric pollution, the risk of PTEs is partic-
ularly relevant as constituents of inhalable atmospheric particulate
matter (PM;p), which can easily be suspended in air and travel long
distances, thereby affecting many people (Ramirez et al., 2020). The
common risks of prolonged exposure to non-toxic PM include respira-
tory ailments (Moreno et al., 2019; Can-Terzi et al., 2021), cardiovas-
cular mortality (Brook et al., 2010), and adverse effects on newborns
(Peled, 2011). Additionally, the toxic features of PTEs are bound to
PM;, although the contribution of PTEs to the total mass of PM is less
than 1% (Massimi et al., 2022). Moreover, PTEs are among the main
determinants of biological responses when an organism is exposed to
PM;o (Van Den Heuvel et al., 2016), and they may pose a carcinogenic
risk (IARC, 2014) and boost the occurrence of cardiorespiratory disor-
ders (Nie et al., 2018; Cakmak et al., 2014; Wild et al., 2009). Thus,
understanding PTEs and their sources in PM; are important to preserve
human health and ecosystems.

The presence of PTEs in the atmosphere is mainly attributed to in-
dustrial activities (mineral extraction, ore processing and smelting, or
fossil fuel combustion), traffic emissions, and natural sources, such as
windblown dust and volcanic activity (Boente et al., 2020; Ermolin
et al.,, 2018; Ruggieri et al., 2012). These complex scenarios with
PM;jo-bound trace elements from multiple pollution sources require
mathematical methodologies that can differentiate the contribution of
each source to the total atmospheric pollution (Millan-Martinez et al.,
2021; Conca et al.,, 2019; Men et al., 2018; Cabello et al., 2016).
Regardless of the source, some researchers have found a strong corre-
lation between high pollutant concentrations and the economic devel-
opment level of society (Li et al., 2013). Accordingly, the population
factor was considered in several studies dealing with human health risk
assessment of PTEs in PM in highly populated cities worldwide (Naraki
et al., 2021; Men et al., 2020; Caggiano et al., 2019).

However, these are not the only areas requiring further study. For
example, regions with open-pit mining are also an interesting target of
study as mining activity attracts the population and has traditionally
been linked to atmospheric pollution (Stewart, 2020; Csavina et al.,
2012). Open-pit mining can produce a large amount of PM during
drilling, waste and ore loading, hauling, and pit dumping (Boente et al.,
2022; Huertas et al., 2012). Human health risks associated with PTEs
derived from mining activities have been extensively reviewed in the
literature, especially in metallic mines, where diseases such as cancer
are more frequent (da Silva-Rego et al., 2022; Patra et al., 2016; Utembe
et al., 2015). However, risk assessment and source contribution studies
in metalliferous mining regions are scarce (Ulnikovi¢ and Kurili¢, 2020;
Tubis et al., 2020).

This study investigates one of the most prolific open-pit metallic
mines in Europe, namely, the Rio Tinto mine (southwest Spain). Mineral
particles removed by wind from abandoned mine waste have been a
persistent source of air pollution in this historic mining district. They
comprise a variety of metal-bearing minerals, with the most common
being pyrite and its oxidation products, namely, iron oxyhydroxides and
jarosite (Fernandez-Caliani et al., 2013). The reopening of the open-pit
mine in 2015 raised concerns regarding air quality and related health
risks from exposure to dust particles generated during mining activities.

The lack of reliable information on the harmful health effects of air
pollutants on people living close to mines indicates the need for a
quantitative risk assessment of respirable particulate matter. In recent
years, several studies have attempted to assess the potential health risks
that may result from the inhalation of soil particles in the Rio Tinto mine
and other mine sites in the Iberian Pyrite Belt (Gabari and Fernandez--
Caliani, 2017; Fernandez-Caliani et al., 2019; Parviainen et al., 2022).
The approach outlined by these authors was based on indirect estimates
of exposure using simplified modelling methods for predicting the
contaminant concentrations at points of exposure, such as the
ASTM-RBCA box model (Connor et al., 2007). However, this simplifi-
cation can lead to an overestimation of the outdoor air concentration by
a factor of 10 (Verginelli et al., 2017). Here, we used direct measure-
ments of PMj( concentrations and chemical composition at or as close as
possible to the point of exposure. Thus, our point-of-contact approach
can significantly refine site-specific health risk assessments by providing
a more accurate evaluation of exposure point concentrations.

The purpose of this study was to analyse the PM;( source contribu-
tion to distinguish natural and anthropogenic emissions from the mine
and quantify the site-specific health risks associated with PTE exposure
through the inhalation of PM;( by people living around the mining area.
The results of this assessment can assist mining companies in making
informed decisions about the effects of mining on the ambient air quality
and health of nearby residents during mining operations.

2. Materials and methods
2.1. Study area

The Rio Tinto mine (Fig. 1) is located in the Spanish sector of the
Iberian Pyrite Belt and constitutes one of the largest volcanogenic
massive sulphide (VMS) deposits in the world, with more than 500 Mt of
VMS resources and approximately 2 Gt of low-grade stockwork miner-
alisation, including zones of economic interest averaging 0.41% of Cu,
which are currently being exploited at the Cerro Colorado open pit
(Atalaya Mining, 2022). The VMS orebody mainly comprises pyrite with
minor amounts of chalcopyrite, sphalerite, galena, and traces of arse-
nopyrite and grey copper ores (De Mello et al., 2022).

The mineral wealth of the district garnered strong attraction even
before the Roman era. Copper was believed to first be recovered from
the ores in the third millennium BC and silver was known to be mined in
the late Bronze Age (Salkield, 1987). Modern mining began in the
middle of the 19th century with the arrival of the Rio Tinto Company,
and the mine extensively extracted copper and pyrite from 1873 to
2001; it was closed thereafter due to profitability issues. Nevertheless,
the use of new technologies to reducing costs and the rise in copper
prices enabled the reopening of the mine in 2015, and it is currently fully
operational (Sanchez de la Campa et al., 2020).

The large size of the mining area, occupying a surface area of
approximately 20 km?, and the low grade of the ore body being mined
involves extensive earthmoving. Moreover, this region is characterised
by a dry climate and low precipitation with annual mean temperature
and humidity of 24 °C and 58% (Miiller, 2022), respectively, as well as a
mountainous landscape that enhances the presence of strong air cur-
rents. The combination of these factors results in the displacement of
significant amounts of PM enriched in PTEs, thereby leading to envi-
ronmental problems (Boente et al., 2022).

The villages of Minas de Riotinto, Nerva, and La Dehesa, with a total
population of almost 9000 inhabitants, are located in the surroundings
of the mine, at distances of 1.5, 4, and 0.2 km, respectively. For
obtaining these distances, we measured the line joining the closest
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mining operation to the monitoring station. Therefore, residents are
permanently exposed to atmospheric particulate matter derived from
mining activities, which occur uninterruptedly during the whole year.
According to the company, the pace of work is similar throughout the
year, thus being the dust production in the mine constant.

2.2. Sampling of PMj¢ and chemical analyses

This study was conducted at three monitoring stations (Fig. 1), all of
which belong to the Air Quality Network of the Rio Tinto mining district.
Sampling and chemical analyses were the same for the three stations and
were conducted according to the normalised method UNE-EN 12341
(UNE, 2015). Sampling of PM;( was conducted using high purity quartz
fibre filters (Munktell®), introduced in the inlets of regulatory
high-volume air samplers (MCV CAV-A-PM1025:30 m®h!), installed
between 5 and 15 m height on rooftops or scaffolds to avoid walls or
barriers that may cause particles blocking (Fig. SM1). These devices
fulfil UNE-EN ISO 9001:2008 standards from our accredited laboratory
and are subjected to an annual revision. One 24-h sample was collected
every four days from January to December 2021. A total of 248 filters
were collected from the three monitoring stations: 86 were gathered in
Minas de Riotinto, 78 in Nerva and 84 in La Dehesa. Slight differences in
the number of samples were attributed to unforeseen electrical current
failures in sporadic days that may occur during long campaigns in
equipment exposed to inclement weather, although a sufficiently large
database was obtained to extract robust conclusions. The filters were
transported to the laboratory and dried in a room at a temperature and
relative humidity of 20 + 1 °C and 50 + 5%, respectively, 24 h prior to
weighing. The mass of PM; g retained on the filters was determined using
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a Sartorius LA130 S-F balance, which has a sensitivity of 0.1 mg.

The methodology used to determine the chemical composition of
PM;o comprised several techniques that followed the procedures
described by Querol et al. (2002). Half a portion of each filter was acid
digested (in 2.5 mL of HNO3:5 mL of HF:2.5 mL of HClO4) for the
analysis of major elements using inductively coupled plasma-optical
emission spectrometry (ICP-OES; Agilent model 5110) and trace ele-
ments through inductively coupled plasma mass spectroscopy (ICP-MS;
Agilent model 7900). To control the quality, an analysis of NIST-1663c
(using fly ash as the reference standard material) was conducted during
the run of both ICP instruments. External calibration was conducted by
ICP-OES using elemental standard solutions (0.05, 0.5, 1, 2, 5, 10, and
25 ppm, and a 5% HNOg3 blank sample). External calibration was con-
ducted by ICP-MS using cocktail solutions (0.25, 0.5, 1, 2, 5, and 10 ppb,
as well as a 5% HNOg blank sample). The limits of detection (LoD) ob-
tained for most elements ranged from 0.01 to 11 ng/m? for ICP-MS, and
1.5 ng/m® to 1.85 pg/m? for ICP-OES for all the elements studied; these
included Al, As, Ba, Be, Bi, Ca, Cd, Cl, Co, Cr, Cs, Cu, Fe, Ga, Ge, K, La, Li,
Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, Tl, U, V, W, Zn,
and Zr, as well as rare earth elements (REEs): Sc, Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, and Ta.

A quarter of each filter was leached with Milli-Q grade deionised
water to extract water-soluble ions (NHZ, Cl~, 50‘2(, and NOg3) for
subsequent analysis by ion chromatography (IC; Methrom 883 Basic IC
Plus). For these results, the quality control for soluble water ions was
determined through a solution cocktail for low- and high-concentration
anions (0.05-2.5 and 0.5-50 ppm) and cations (1-10 ppm). The accu-
racy and detection limit for IC was 10% and 0.4 pg/m®. Additionally, for
each filter, an area of 1.5 cm? was used to analyse organic carbon (OC)

Fig. 1. Main areas of the Rio Tinto mine and the location of the three monitoring stations in the villages, including a photograph of one of the high-volume air

samplers and a wind rose for 2021.
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and elemental carbon (EC) using a Sunset Laboratory OC-EC analyser
according to the EUSAAR-2 protocol (Cavalli et al., 2010). For this
methodology, we used a sucrose aqueous solution (4.2 pg/1) to ensure
the quality of the measurements and consistent operation of the device.

2.3. Source contribution

A positive matrix factorization (PMF) analysis of the PM;( chemical
composition was conducted for the three monitoring stations using v5.0
(Norris and Duvall, 2014). For this assessment, air mass origins during
the sampling campaign were considered to determine the source
contribution. The PMF model is a factor analytical tool developed by
Paatero and Tapper (1994) and Paatero (1997) and can be used to
calculate the chemical profiles and contributions of different pollutant
sources. The basis of PMF is a mathematical algorithm based on Eq. (1):

P
Xij= > guefy+ey @
k—1

The full data can be expressed as an i x j dimension matrix (x). Here, i
is the number of samples; j is the number of chemical elements
measured; p corresponds to the number of independent factors; gk
represents the amount of air mass contributed by each factor for each
sample; fi; describes the species profiles for each factor; and i is the
residue for each sample by element.

The PMF comprises a weighted least-squares method wherein every
individual estimate of the uncertainty in each data value is required and
included in the input matrix. There are different sources of errors
contributing to the measurement of uncertainty; however, those asso-
ciated with the analytical procedure is one of the most important. In this
study, uncertainty was calculated in accordance with the methodology
developed by Amato et al. (2009), which is in accordance with European
and Environmental Protection Agency (EPA) recommendations (Belis
et al., 2019; Norris and Duvall, 2014).

Elements were classified using the signal-to-noise (S/N) ratio (Paa-
tero and Hopke, 2003). Elements with S/N > 2 were defined as strong
variables and introduced in the PMF analysis, condition which was
fulfilled by a total of 26 elements as well as OC/EC, ions and PMjq
concentration. As the S/N ratio is highly sensitive to sporadic values
compared to the level of noise, the percentage of data above the
detection limit was used as a complementary criterion.

2.4. Health risk assessment

The inhalation exposure concentration of potentially toxic trace el-
ements in ambient air was calculated by multiplying the trace element
concentration in PM;( by the exposure multiplier of residential receptors
based on Eq. (2) (USEPA, 2009):

Cair x ET x EF x ED

ECinh = 2
Cinl AT 2

where ECjyy, is the chronic inhalation exposure concentration (pg/ms);
C,ir is the average element concentration in PMj at the point of expo-
sure (ug/m>); ET is the exposure time (24 h/day); EF is the exposure
frequency (350 days/year); ED is the exposure duration for adults (15
years) and children (6 years); AT is the time period (days) over which
the exposure is averaged for carcinogenic effects (AT = 78 years x 365
days/year x 24 h/day) and non-carcinogenic effects (AT = 15 years or 6
years x 365 days/year x 24 h/day).

The exposure parameters used in Eq. (2) closely match the frequency
and duration of exposure (350 days per year for 15 years, which is the
operational lifespan of the mine) for people with a life expectancy of 78
years living close to the mining area.

Owing to the uncertainty associated with estimating the true average
trace element concentration at the exposure point (Cy;;), the 95% upper
confidence limit (UCL) of the arithmetic mean concentration was
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calculated for this variable using Eq. (3) (USEPA, 1992):

UCL = e(ﬂo.ssZﬂH/\/ﬁ) 3)

where UCL is the upper confidence limit in percentage; e is the base of
the natural logarithm; X is the mean of the log-transformed data; s is the
standard deviation of the log-transformed data; H is the H-statistic value
(Gilbert, 1987); and n is the number of samples. The data were
log-transformed by considering the natural logarithm of the values
because the dataset was found to be consistent with a lognormal dis-
tribution (Kolmogorov-Smirnov test, « = 0.05).

The cancer risk based on the lifetime average exposure to carcino-
genic trace elements through the inhalation of PM;o was estimated by
multiplying the inhalation exposure concentration by the inhalation unit
risk factor (Eq. (4)):

CR =ECinh x URF x 1000 (@)

where CR is the carcinogenic risk; ECiyn is the chronic inhalation
exposure concentration (mg/m>) averaged over a 78-year lifetime; and
URF is the unit risk factor of inhalation (pg/m3)’1, which is an estimate
of the increased cancer risk from inhalation exposure to a concentration
of 1 pg/m3 in air for one lifetime (USEPA, 2009). The URF value was
multiplied by 1000 to convert it to units of risk per mg/m®. This study
focuses on human carcinogens categorised by the USEPA, 1986 as Group
A (As and Ni) and Group B1 (Be and Cd), whose URF values were ob-
tained from the Integrated Risk Information System (IRIS) database
(available at www.epa.gov/iris).

For non-carcinogens, the risk from inhalation of PM;o-bound trace
elements was based on the hazard quotient, which was calculated by
dividing the inhalation reference concentration of trace elements by the
inhalation reference concentrations listed in the IRIS and other chemical
toxicity databases in accordance with the standard guidelines (USEPA,
1989), as expressed in Eq. (5):

__ECinh
~ RfC

HQ (5)
where HQ is the hazard quotient (unitless), ECiyy is the inhalation
exposure concentration (mg/mg), and RfC is the chronic inhalation
reference concentration (mg/mB). For multiple trace elements (n), the
overall inhalation hazard index (HI [Eq. (6)]) was calculated by sum-
ming the individual hazard quotients (HQ) for each trace element of
concern (i) by assuming additivity of effects:

Hi= 3 HQ, )
i=1

If HI exceeds 1.0, there may be a concern for potential non-
carcinogenic risk. Otherwise, no adverse health effects are assumed.

3. Results and discussion
3.1. Levels and chemical composition of PMjg

European protection laws for the atmospheric environment (Direc-
tive, 2008/50/CE) and Spanish legislation in this field (Royal Decree
102/2011, 28th January) demand one of the following two conditions
for declaring a potential health risk by PM;(: 1) a mean annual limit
value (ALV) exceeding 40 ngMlo/m?’; or 2) a daily limit value (DLV)
that stipulates that a maximum value of 50 pgPM;o/m> must not occur
more than 35 times in a calendar year. This is also indicative of the
90.4th percentile, whose threshold value is fixed at 50 pgPM;o/m°.

Our results reveal that the mean annual values of PM;, were: 27.1
ngMlo/m3 in Minas de Riotinto (Pgg4 = 41.4), 29.4 ngMlo/m3 in
Nerva (Pgp.4 = 51.4), and 41.8 ngMlo/m3 in La Dehesa (Pgg 4 = 78.2).
Only the population of La Dehesa exceeds the ALV value of 40 pgPM;o/
m>, which exceeds the 90.4th percentile. The other two populations are
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well below the threshold limit except for Nerva, whose values exceed the
90.4th percentile. Thus, a potential health risk from PM; exists in La
Dehesa, the population closest to the mine, as well as in Nerva but to a
minor extent.

Fig. 2 shows the seasonal variations in PM; at the three monitoring
stations. The global values are higher during spring and summer owing
to the warmer temperature and dry conditions that benefit the resus-
pension of PM (Vardoulakis and Kassomenos, 2008). Notably, the con-
centration values of La Dehesa are always significantly higher than those
of Minas de Riotinto and Nerva, especially during spring and summer,
when the mean surpasses both the ALV and DLV. Apart from its close
proximity to the mine, La Dehesa is also within the preferential direction
of winds (W-NW) in relation to the location of the spoil heap of fines (see
wind rose in Fig. 1) during most of the year, with speeds averaging up to
25 km/h. This undoubtedly contributed to an increase in the PM
content.

The standard deviation also presents a high variation, which implies
notable differences between the maximum and minimum PM;q con-
centrations and the presence of extreme values. We acknowledge two
factors controlling this. On the one hand, the high variability found
during February-March (winter) and June-September (summer) is
attributable to the high contributions of Saharan dust during these
seasons (Viana et al., 2002); however, in October—-December (autumn)
dust intrusions are less frequent (Rodriguez et al., 2001). On the other
hand, precipitation is another factor having influence on aerosol depo-
sition. In this context, accumulated precipitation for different seasons in
the study area is shown in Fig. SM2 (Miiller, 2022). Here, it can be
appreciated that the precipitation during winter (247 mm) is higher
than the joint sum of the other three seasons (211 mm) in our study area.
It is well known that heavy rains difficult the resuspension of PM;o and
increase the relative humidity in the atmosphere. Thus, this combination
of rainy and dry days typical in winter is another factor implying the
presence of extreme values as well as the low mean concentration of
PM; during this season.

The presence of high PM;( concentrations, especially near mines, is
frequently attributed to mechanical disruption operations, such as
crushing, grinding, and haulage, which cause the production and
resuspension of dust (Sastry et al., 2015) despite the efforts made for
dust reduction from mining processes through irrigation with CaCOs--
neutralised water (Zafra-Pérez et al., 2023). However, although the
concentrations found in this study exceeded thresholds, they were
relatively low compared to other mining villages in the world. Most of
the studies that can be found in the literature are focused on coal mines.
In this context, Pandey et al. (2014) reported concentrations reaching
seasonal mean concentrations of 271.9 ugPM;o/m® in India. In another
coal mine in Colombia, the maximum seasonal mean concentration
found in a nearby mining village was 61.14 pgPM;o/m® (Huertas et al.,
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2012), which is consistent with our results. Conversely, studies con-
ducted in metallic mining villages revealed seasonal average concen-
trations of 187 pgPM;o/m? in China (Cheng et al., 2017). The maximum
seasonal mean found in this study was 56 pgPM;o/m® during summer,
which is far from those of previous studies. However, historically,
open-pit coal mines tend to generate more PM;y than metallic mines
because of the mechanical characteristics of coal, which have tradi-
tionally led to health problems for people living in the surroundings,
especially children (Pless-Mulloli, 2000).

In particular, the study area is relatively close to Africa. This implies
that exposure to Saharan dust events provoked extreme PM concentra-
tions. These occur particularly between February and March and
June-September (Viana et al., 2002). During the full year of 2021, the
number of days with intrusion of Saharan dust from North Africa was
25%, which is within the average for the 1980-2021 period in Medi-
terranean Europe (Adame et al., 2022). A study of Saharan dust out-
breaks during our sampling time was carried out. Computed box-plot
diagram (Fig. 3a) for all samples allowed to find two periods presenting
extreme values: 3" week of February and 2™ week of August. According
to NOAA’s HYSPLIT model (Stein et al., 2015), these peaks are coinci-
dent with two North African outbreaks (Fig. 3b), which undoubtedly
contribute to the increase of PMj in the Rio Tinto mining district. Thus,
except for these two weeks, Saharan intrusions were not significant
enough to cause extreme values on our data. Complete datasheet for
these two intrusions can be found in the Supplementary Materials sec-
tion (Figs. SM3 and SM4).

The monitoring stations are located in villages near the mine. Thus, it
is essential to study the chemical composition and provenance of PM;q
reaching the mining villages to discern the real impact of the mine on the
environment. Previous studies have highlighted that the most significant
PTEs present in massive sulphide mineralisation from the Iberian Pyrite
Belt are As, Cu, Pb, and Zn (Saez et al., 1996; Chopin and Alloway,
2007). The statistical descriptors of PTEs and trace elements for the
three monitoring stations during 2021 are listed in Table 1. The results
of the major elements are presented in Table SM1. Apart from the
enrichment of the aforementioned elements, there were also remarkably
high concentrations of Ba, Cr, Mn, Ni, and Ti. The first four elements are
enriched in the mining operations developed in the Rio Tinto mine
(Boente et al., 2022), whereas Ti is a typical trace element of clayey soils
related to iron-bearing minerals, such as pyrite (Mclaughlin, 1954).

Differences can be observed among the monitoring stations, as pre-
sented in Table 1. Minas de Riotinto and Nerva present similar annual
mean concentrations for almost all elements, with generally low stan-
dard deviations that ensure normal distributions. Although the main
PTEs of the mineralisation show higher concentrations in Minas de
Riotinto compared to those in Nerva, no significant differences were
observed between the element concentrations at these two monitoring
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Fig. 2. Seasonal variations of PM; represented as mean and standard deviations in the three monitoring stations during 2021. Red lines correspond to the daily limit

value (DLV) and annual limit value (ALV).
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Fig. 3. a) Box plot diagram showing PM;, concentrations in Minas de Riotinto, representative for the three monitoring stations. b) Backward trajectories ending at

the Rio Tinto mining district for days presenting extreme values.

stations. However, maximum peaks for PTEs of the mineralisation were
higher in Minas de Riotinto, especially for Cu (89.6 ng-m~>) and Zn (348
ng-m~3). This is consistent with the fact that this village is closer to the
current area of operation than Nerva. However, similar to those of PM,
the concentrations of both PM;( and PTEs are very similar and cannot be
considered differently.

These differences are noteworthy when considering the concentra-
tions found in the La Dehesa village. The concentrations of all elements
are considerably higher than those obtained for the other populations,
especially for As (6.2 ng/m3), Cu (70 ng/m3), Pb (19 ng/m3) and Zn (50
ng/m3). In this context, the coefficient [Mean;, pehesa/Me€anyinas de
Riotinto], Which indicates the number of times that the elements exceeded
the mean concentration in Minas de Riotinto, reveals the following
exceedances for As (4.11, the highest among all the elements studied),
Cu (3.41), Pb (3.50), and Zn (1.88). Moreover, the large standard de-
viations for this station also imply more variability in the data, indi-
cating more differences between the upper and lower concentrations.
For the remaining elements, the coefficient is always above 1.0,

implying that La Dehesa has the highest potential toxicological risk.
Additionally, this village also has the highest levels of PMj.

Fig. 4 depicts the evolution of the four main PTEs in the Rio Tinto
mine. The concentrations of all PTEs in La Dehesa were significantly
higher than those in Minas de Riotinto and Nerva, and they were
especially enriched in As, Cu, and Pb. The values of As, the most haz-
ardous PTE in La Dehesa, are practically at the same level throughout
the year, similar to the values of Pb in Nerva and Minas de Riotinto (<10
ng/m3). In line with the evolution of PM;, the concentrations were also
higher during spring and summer than during the cold seasons.

In conclusion, two clear trends were observed. First, Minas de Riot-
into and Nerva are the furthest villages from the mine and present
similar compositions of PM;( and PTEs, with PM; o being higher in Nerva
and PTEs being more abundant in Minas de Riotinto. These concentra-
tions were similar to those reported by Sanchez de la Campa et al. (2011)
during the abandonment phase of the mine. Notably, the practically
equal similarities between both villages imply the existence of a
geochemical background for PM; affecting the entire mining district,
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Table 1
Mean and maximum concentrations, and standard deviation of trace elements analysed in the three monitoring stations during 2021. Units are expressed in ng/m®.
Minas de Riotinto Nerva La Dehesa
Element Mean Max Std Mean Max Std Mean Max Std
As 1.5 45 0.9 1.5 4.4 0.8 6.2 32 5.6
Ba 11 41 7.7 9.9 36 7.3 26 111 22
Be <0.1 0.2 <0.1 0.0 0.1 0.0 0.1 0.2 <0.1
Bi 0.2 0.6 0.1 0.1 0.8 0.1 0.5 2.3 0.5
cd 0.1 0.4 0.1 0.1 0.4 0.1 0.2 1.1 0.2
Co 0.2 1.3 0.2 0.3 1.1 0.2 0.9 3.9 0.9
Cr 1.5 12 2.2 1.6 19 2.4 3.5 108 12
Cs 0.1 0.3 0.0 0.1 0.3 0.1 0.1 0.4 0.1
Cu 21 90 20 11.3 38 8.0 70 275 55
Ga 0.2 1.7 0.3 0.3 1.6 0.3 0.6 2.7 0.5
Ge 0.1 0.6 0.1 0.1 0.6 0.1 0.2 0.7 0.2
Li 0.5 3.4 0.6 0.7 3.2 0.6 1.4 6.1 1.2
Mn 8.4 42 9.0 10 40 9.0 25 125 25
Mo 1.1 29 4.5 1.3 29 5.3 0.3 4.8 0.8
Nb 0.2 1.2 0.2 0.2 1.1 0.2 0.3 1.4 0.2
Ni 2.6 92 10 1.4 12 1.8 3.6 126 15
Pb 5.5 14 3.4 5.2 15 2.9 19 336 38
Rb 1.0 6.1 1.0 1.3 5.8 1.1 1.8 9.9 1.7
Sb 0.7 3.0 0.6 0.5 1.6 0.3 2.7 11 2.4
Se 0.1 0.4 0.1 0.1 0.4 0.1 0.2 0.6 0.1
Sn 0.8 3.4 0.7 0.8 3.0 0.7 1.3 4.7 1.0
Sr 2.8 21 3.8 3.1 20 4.0 3.3 23 4.2
Th 0.1 0.8 0.1 0.1 0.8 0.1 0.3 1.4 0.3
Ti 38 277 54 43 255 51 52 306 63
Tl <0.1 0.1 <0.1 <0.1 0.1 <0.1 0.1 0.5 0.1
u 0.1 0.3 <0.1 0.1 0.3 0.1 0.1 0.5 0.1
A 1.5 8.0 1.5 1.8 7.6 1.6 2.0 9.9 1.9
w 0.1 0.9 0.1 0.1 0.7 0.1 0.1 0.8 0.1
Zn 26 348 43 20 182 21 50 244 45
Zr 2.9 11 2.9 2.6 8.9 2.9 4.3 18 3.5
SREEs 3.0 18 2.9 3.3 17 2.9 5.7 25 4.8
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Fig. 4. Seasonal average concentrations for: a) As; b) Cu; ¢) Pb; and d) Zn in the three monitoring stations.
whose origin can be addressed through the source contribution analysis. 3.2. Source contribution analysis
Second, the village of La Dehesa (0.2 km from the mine) showed the
highest concentrations of PM and PTEs, especially in the warmest sea- Source apportionment analysis is important to understand the degree
sons, thus being more potentially hazardous for human health from both of influence of mining operations and other sources of PM on the total
physical and chemical perspectives. pollution in populations, for this study, especially in La Dehesa, which is

the most concerning result of the previous section. The source
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contribution is greatly defined by the location of the monitoring stations
and chemical composition of the PM samples (Hopke, 2012).

In this study, PMF analysis revealed five principal sources of PMj.
Two of these can be considered natural (crustal and sea salt), and three
have an anthropogenic origin (regional and traffic, combustion, and
mining). In La Dehesa, a second mining source, namely, Mine-2, was also
observed. The chemical profiles of PM;g sources for Minas de Riotinto,
Nerva, and La Dehesa are presented in the Supplementary Materials
(Figs. SM5, SM6, and SM7, respectively).

Natural sources appeared at all three monitoring stations. The crustal
source showed silicate components such as Al, Fe, Ca, and K. These are
typical elements that were previously found in background soils from
the Rio Tinto mining district and are derived from local dust resus-
pension (Vazquez-Arias et al., 2022) and Saharan outbreak dust
(Rodriguez et al., 2001). An aged sea salt source was also detected with
the features of marine elements Na, Cl, and Mg, as well as sulphates and
nitrates. This was also previously identified on the coast of Huelva
(Millan-Martinez et al., 2021), approximately 80 km to the south,
revealing that seawater intrusions reach these latitudes. With respect to
anthropogenic sources, the regional and traffic sources are characterised
in the three stations by the presence of organic carbon and typical PTEs
from vehicle exhaust emissions, such as Pb, Sb, Sn, and Bi. Moreover,
Amato et al. (2014) found that these elements were also linked to
non-exhaust vehicle emissions, such as road dust resuspension and tyre
wear. The combustion source was dominated by elemental and organic
carbons (EC and OC), NHy4, and K, which are typical elements from
combustion.

The fifth source is mining, which deserves special consideration as it
presents clear differences between monitoring stations. A source in
Minas de Riotinto and Nerva, named Mine-1, is characterised by typical
sulphide-like elements exploited from the mine: Cu, Sb, Zn, Pb, Bi, or Fe,
and typical elements from the Iberian Pyrite Belt along with EC, which
reveals the partial exhaust contribution. In contrast, PMF revealed an
additional source of mining in La Dehesa, namely Mine-2, whose pre-
dominant elements are As, Cu, Cr, Zn, Bi, Sn, sulphates, and nitrates. To
highlight the agglomeration of PTEs in the absence of K, Mg, and Fe, we
assumed another pollutant source. In particular, the presence of sec-
ondary ion compounds (SICs) in this source suggests that these elements
are associated with mineral extraction and processing.

The contributions of each of the previously identified sources to the
monitoring stations are shown in Fig. 5. The proportion of the sea salt
component is similar in the three areas (around 16-17% with annual
mean concentrations ranging from 4.3 to 6.0 pg/m®). This pattern is
repeated for the crustal source (16-23%, with annual means of 5.2-7.9
png/m®) and combustion source (8-12%, annual mean of 2.4-4.5 pg/m>).
Major differences are found in the regional and traffic factor, which is
significantly higher in Minas de Riotinto (total contribution of 43% with
an annual mean of 11.2 pg/m%) and Nerva (a contribution of 37% with
annual mean 10.7 pg-m~>) than in La Dehesa (only 20% with an annual
mean 7.5 pg/m®). This is because Minas de Riotinto and Nerva are
significantly more populated by one order of magnitude and subse-
quently have more traffic, which has also been observed in other studies
(Boente et al., 2022; Sanchez de la Campa et al., 2020).

Notably, in La Dehesa, which is up to 0.2 km from the mine, the sum
of the factors Mine-1 + Mine-2 reached 36% of the total contribution.
The proximity of the monitoring station to La Dehesa may explain this
division between the two mining sources, with notable contributions.
However, in Nerva and Minas de Riotinto, the more distant villages from
the mine, contributions are reduced to 17% (half of La Dehesa) and 8%
(a fourth of La Dehesa), respectively. This results in total contributions
of 13.4, 5.1, and 2.0 ngMw/m3 in La Dehesa, Nerva, and Minas de
Riotinto, respectively. The concentration found in Minas de Riotinto can
be considered as the geochemical background of the area because it
coincides with the levels that the mine reached during its abandonment
phase (2001-2015) (Sanchez de la Campa et al., 2011). Notably, the
factor Mine-2, which is practically formed by PTEs As, Cu, and Zn, has a
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Fig. 5. Pie charts of the average source contribution (%) and mean concen-
tration (ug/m°) for the three monitoring stations.

contribution of 27% with the highest annual mean concentration of the
monitoring station (9.9 pg/m>). Therefore, this is a potential risk for the
inhabitants of the mining village, which should be addressed through
health risk assessments.

3.3. Health risk assessment

The results of the site-specific health risk assessment for the exposure
scenario enabled the quantitative estimation of the probability of
occurrence of any deleterious health effects in the exposed population
through the inhalation of PMjg-bound trace elements. The hazard quo-
tients of the potentially toxic trace elements ranged from negligible
values to 0.52 for As at La Dehesa station (Table 2). Accordingly, the
threshold value of 1.0 was not exceeded for any trace element of
concern. The hazard index also fell within the acceptable risk level,
indicating that no detrimental effects were expected from inhalation
exposure to PM;o. However, the obtained results suggest that the
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Table 2
Human health risk assessment of PM10 for non-carcinogenic elements in the monitoring stations.
SAMPLING LOCALITY MINAS DE RIOTINTO NERVA LA DEHESA
Non- RfC' (mg/  Source Cair 95% ECinp’(mg/  HQS Cair 95% ECinp’(mg/  HQS Cair 95% ECinp’(mg/  HQS
carcinogenic m?%) data UCL (mg/ m?) (unitless) UCL (mg/ m?) (unitless) UCL (mg/ m?) (unitless)
Element m%) m%) m%)

As 1.50E-05 Cal EPA 1.89E-06 1.81E-06 0.12 1.71E-06 1.64E-06 0.11 8.06E-06 7.73E-06 0.52
Be 2.00E-05 IRIS 6.00E-08 5.75E-08 0.00 6.02E-08 5.77E-08 0.00 6.00E-08 5.75E-08 0.00
Ccd 1.00E-05 ATSDR 1.00E-07 9.59E-08 0.01 1.25E-07 1.20E-07 0.01 2.00E-07 1.92E-07 0.02
Co 1.00E-04 ATSDR 3.00E-07 2.88E-07 0.00 3.54E-07 3.40E-07 0.00 1.38E-06 1.32E-06 0.01
Cu 1.00E-03 RIVM 4.10E-05 3.93E-05 0.04 1.66E-05 1.59E-05 0.02 9.14E-05 8.77E-05 0.09
Mo 4.00E-04 ATSDR 3.30E-07 3.16E-07 0.00 4.06E-07 3.89E-07 0.00 1.51E-07 1.45E-07 0.00
Ni 9.00E-05 ATSDR 4.90E-06 4.70E-06 0.05 3.66E-06 3.51E-06 0.04 6.27E-06 6.02E-06 0.07
Pb 1.50E-04 OAQPS 7.04E-06 6.75E-06 0.05 6.09E-06 5.84E-06 0.04 2.23E-05 2.14E-05 0.14
Sb 2.00E-04 IRIS 9.70E-07 9.30E-07 0.00 5.83E-07 5.59E-07 0.00 3.76E-06 3.61E-06 0.02
Se 2.00E-02 Cal EPA 1.10E-07 1.05E-07 0.00 1.35E-07 1.29E-07 0.00 1.97E-07 1.89E-07 0.00
Sn 2.10E+00 R-to-R 1.39E-06 1.33E-06 0.00 1.26E-06 1.21E-06 0.00 1.99E-06 1.91E-06 0.00
Tl 3.50E-05 R-to-R 5.00E-08 4.80E-08 0.00 5.20E-08 4.98E-08 0.00 1.13E-07 1.09E-07 0.00
A% 1.00E-04 ATSDR 2.06E-06 1.98E-06 0.02 2.31E-06 2.22E-06 0.02 2.79E-06 2.67E-06 0.03
Zn 1.05E+00 R-to-R 4.36E-05 4.18E-05 0.00 4.17E-05 4.00E-05 0.00 8.08E-05 7.75E-05 0.00
Hazard Index ) HQ; 0.30 Hazard Index ) HQ; 0.25 Hazard Index ) HQ; 0.90

2 Chemical toxicity databases: IRIS (Integrated Risk Information System), CalEPA (California Environmental Protection Agency), ATSDR (Agency for Toxic Sub-
stances and Disease Registry), RIVM (Dutch National Institute for Public Health and the Environment), OAQPS (EPA Office of Air Quality Planning and Standards), R-

to-R (Route-to-Route extrapolation).

b As derived from the Equation: ECiyp, = Cair X ET x EF x ED/AT. For abbreviations and values used in the formula see section 2.4.
¢ As derived from the Equation: HQ = EC;y,/RfC. For abbreviations see section 2.4.

concentration and chemical composition of dust particles in La Dehesa
must be monitored. The cumulative hazard index obtained at this
location (HI = 0.90) was close to the regulatory limit, wherein As was
the largest single contributor to the overall non-carcinogenic risk.

For carcinogen exposure (Table 3), the threshold level considered in
the assessment was 1.0E-05, which is regarded in the Spanish regulatory
framework (Royal Decree 9/2005 of 14th January) as the risk level of
exposure that would result in no more than one excess case of cancer in
100,000 individuals exposed over a lifetime. Be, Cd, and Ni showed
non-concerning risks during the entire study, with a maximum of
2.77E-07 for Ni, which is two orders of magnitude below the acceptable
limit. Considering As, the estimated lifetime cancer risk values associ-
ated with inhalation exposure of all other PTEs recognised as carcino-
genic or likely to be carcinogenic to humans ranged from 1.35E-06 to
2.97E-06 and 5.43E-07 to 1.19E-06 for adults and children, respec-
tively. Therefore, although the values were close to the permissible
exposure limit for carcinogens, they did not exceed the limits. However,
in this case, the difference was less than one order of magnitude.
Therefore, it is of vital importance to control the emissions of PM;q
emitted by the mine to avoid reaching or surpassing the maximum limits
in the future, especially after stating the notable contribution of the

Table 3

mine.
4. Conclusion

This study describes the impact of large metallic mines on air quality
in populated areas. The research was conducted in three mining villages
surrounding the Rio Tinto mine, where 248 PM filters were collected
and analysed during a full year. The proposed methodology followed
three steps: 1) assessing and discussing the amount of PM; arriving in
the mining villages; 2) conducting a source contribution analysis to
discern the total contribution of the mine to PMjq and its chemical
profiles; and 3) conducting a health risk assessment for humans to know
whether the mine has adverse effects on the residents’ health.

The results revealed that around a large copper mine, such as Rio
Tinto, the annual and daily limit values for PM;jq are surpassed during
warm seasons, especially in villages at a close proximity to the mine.
However, the degree of effect was much lower in populations further
away. Additionally, we concluded that PM; is highly enriched in the
four PTEs that are attributable to mineralisation: As, Cu, Pb, and Zn.
Following this tendency, the source contribution analysis revealed at
least one mining source with a minimum contribution of 8% (2 pgPM; o/

Human health risk assessment of PM10 for carcinogenic elements in the monitoring stations.

Station Carcinogenic Element concentration  Inhalation Exposure Inhalation Exposure Inhalation Unit Risk Cancer Cancer Risk
locality element 95% UCL (mg/m®%) Concentration (adults)” Concentration (children)” Factor” URF (ug/m®)  Risk (children)
ECinh (mg/m®) ECinh (mg/m®) -t (adults)
Minas de As 1.89E-06 3.48E-07 1.39E-07 4.30E-03 1.50E-06 6.00E-07
Riotinto Ni 4.90E-06 9.02E-07 3.62E-07 2.40E-04 2.16E-07 8.68E-08
Be 6.00E-08 1.10E-08 4.43E-09 2.40E-03 2.65E-08 1.06E-08
cd 1.00E-07 1.84E-08 7.38E-09 1.80E-03 3.31E-08 1.33E-08
Nerva As 1.71E-06 3.15E-07 1.26E-07 4.30E-03 1.35E-06 5.43E-07
Ni 3.66E-06 6.73E-07 2.70E-07 2.40E-04 1.62E-07 6.48E-08
Be 6.00E-08 1.10E-08 4.43E-09 2.40E-03 2.65E-08 1.06E-08
cd 1.30E-07 2.39E-08 9.59E-09 1.80E-03 4.31E-08 1.73E-08
La Dehesa As 3.76E-06 6.92E-07 2.77E-07 4.30E-03 2.97E-06 1.19E-06
Ni 6.27E-06 1.15E-06 4.63E-07 2.40E-04 2.77E-07 1.11E-07
Be 6.00E-08 1.10E-08 4.43E-09 2.40E-03 2.65E-08 1.06E-08
Ccd 2.00E-07 3.68E-08 1.48E-08 1.80E-03 6.62E-08 2.66E-08

@ As derived from the Equation: ECy;, = Cqir X ET x EF x ED/AT. For abbreviations and values used in the formula see text.

b As specified in the USEPA’s Integrated Risk Information System (IRIS).
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m?) to the total contribution in the furthest villages, but a notable 36%
(13.4 pgPM;o/m%) with two mining sources in the closest village: the
first one was related to the mine waste, and the second one was related
to the ore and presented carcinogenic PTEs. In summary, the site-
specific assessment of inhalation exposure to PMjp-bound trace ele-
ments in the three study areas around the mining area of Rio Tinto
revealed no appreciable risk of adverse non-cancer health effects
attributable to the mine with the current levels of contribution. How-
ever, the risk values for As are close to the threshold values; therefore, a
slight increase in mining production could lead to unacceptable levels of
As.

The outcomes of this assessment have double utility because the
results and methodology are easy to extrapolate to other similar cases.
Moreover, the information provided here would assist mining com-
panies in making informed decisions about the impact of mining oper-
ations on the ambient air quality and health of nearby residents.
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