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Abstract: Mining activities increase contaminant levels in the environment, so it is crucial to study the
particulate matter in these areas to understand the impacts on nearby urban areas and populations.
This work was conducted close to the active mine of Aljustrel (Portugal), where black dust deposition
is evident. PM10 samples were collected in two periods: 10–17 July and 1–10 November of 2018.
Two different techniques were used: SEM-EDX for the individual characterization of the aerosols
and ICP-MS to quantify the elemental concentration of 11 elements (Ca, Na, Fe, Mn, As, Cd, Cu, Sb,
Pb, and Zn). In this region, the observed PM10 mass concentration was 20 to 47 µg m −3 (July) and
4 to 23 µg m−3 (November), which is lower than the limit of 50 µg m−3 established in the European
Directive. The individual characterization of 2006 particles by SEM-EDX shows oxides (17%) and
sulfides (10%), while Na, Si, Fe, S, Al, and Cu are the elements with the most representativeness in
all the analyzed particles. The ICP-MS results indicate that the daily elemental concentration in the
samples collected in July is higher than November, and only As exceeds the limit established for
European legislation.

Keywords: mining exploitation; atmospheric aerosols; SEM-EDX; ICP-MS

1. Introduction

Atmospheric particles have diverse natural and anthropogenic sources. Mining activ-
ities related to the extraction and processing of sulfides have a high potential risk to the
environment and human health because the dust produced in these activities may contain
high, dangerous levels of metals and metalloids, which may travel long distances [1].
Therefore, it is imperative to understand how the particulate material (PM) influences
nearby rural and urban areas.

Mining areas have severe environmental impacts due to large mine waste dumps, soil
and water pollution, and dust emissions [2]. Dust emissions in mine sites are generally
associated with different operations: drilling and blasting, loading and dumping, draglines,
crushing and preparation, conveyors, haulage roads, and storages piles [3]. Normally,
most of these operations produce coarse dust, but fine and ultrafine particles can also be
emitted (smelting and slag dumps) [1]. This contamination does not only occur when
the mines are active. Abandoned areas without frequent remediation or rehabilitation
also represent a danger due to their accumulated pollutants on the mine waste deposits
or contaminated soils [4–7]. These pollutants can be further dispersed by wind erosion,
which is a very rapid transport (hours or days) since air masses have a faster rate [5,8].
Contaminant concentration and particle size influence the magnitude of the mining impact.
Coarse particles are generally associated with short transport, while fine particles can travel
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long distances [1]. However, contaminant composition and concentration also influence
their dispersion.

Human health in mining areas is also compromised via the inhalation, ingestion, and
dermal contact of particles with significantly elevated levels of one or more contaminants,
such as Hg, Pb, As, and Cr [1,5]. Coarse and fine particles resulting from the resuspension
of mine waste or from actual operations can be deposited in different parts of the respiratory
system and absorbed into the bloodstream depending on their bioavailability [8]. Some
trace elements contained in these atmospheric particles are highly toxic, non-biodegradable,
and bioaccumulative. Besides these particles, some geogenic minerals are also known
to have health implications, such as quartz, clay, and carbonate [9]. Consequently, the
continuous exposure of the people that work in mining areas or live nearby can generate
health problems in the short or long-term.

At the Aljustrel village, over the years, the mining industry increased the heavy metal
concentrations in different systems, such as soils (As, Ba, Cd, Pb, Hg, Zn), sediments from
water (Pb, Zn, Cu, As, Sb, Fe, P, Cr, V) and surface waters (Fe, Al, Mn, Co, Cu, As, Sb,
Ni) [10–12], which led to the classification of this region as having a high potential for
environmental hazards [10,13]. Furthermore, an ore processing plant has released dust
that settles on pavements, ceilings, windowsills, and plant leaves, forming a black layer
on all surfaces, especially in the summer, which has caused concern in the population.
Unfortunately, no information is available about atmospheric particles here. For this
reason, we decided to conduct a study to contribute with details on PM characterization
in this active mining area. Therefore, the present work objectives were: (1) individual
characterization of PM10, (2) quantification of the potential toxic elements (PTE), and
(3) ascertaining the mining industry (old and actual) contribution.

2. Study Area

Aljustrel village, located in the Beja district (SW of Portugal), has a Mediterranean hot
summer (Csa) climate, with mean temperatures of 17 ◦C (49 ◦C in summer) and an annual
mean precipitation of 450 mm [14]. In 2011, the village had about 9300 inhabitants (INE,
2012), with a density of 20 km−2. The mining industry is the main local activity, and all
the others are small factories and workshops. Agriculture and livestock are other activities
developed in this region. Beja is the nearest town (NE), located about 31 km away (as the
crow flies).

Aljustrel mine is one of the active mining complexes of the Iberian Pyrite Belt (IPB)
(Figure 1). The IPB is a metallogenic province hosting the largest concentration of vol-
canogenic massive sulfide (VMS) deposits in the world [15]. The Volcanic Sedimentary
Complex (VSC) in its lower part is mainly composed of shales, volcanogenic sedimentary
rocks, rhyolites, rhyodacites, dacites, basalts, dolerites, and the volcanogenic massive
sulfide deposits, which may be covered by a jasper/chert layer, while the upper part is
composed of black, purple and other shales and volcanogenic/volcanoclastic rocks with
associated Mn-oxide mineralization [16]. The VSC unit is covered by the Baixo Alentejo
Flysch Group (BAFG), a turbiditic sedimentary sequence with sandstone, conglomerate,
and limestone lenses.

In the Aljustrel region, six orebodies (>200 Mt) are identified: Moinho, Feitais, Estação,
Gavião, Algares, and S. João [15]. Their mineralogy is predominantly pyrite (FeS2), with
minor concentrations of sphalerite (ZnS), chalcopyrite (CuFeS2), galena (PbS), tetrahedrite
((Cu,Fe)12Sb4S13)), arsenopyrite (FeAsS), bornite (Cu5FeS4), pyrrhotite ((Fe1-XS [X = 0–0.17])),
cassiterite (SnO2) and sulfosalts [13]. Here, the mining activity goes back to the Roman
era, where the Algares and S. João masses were exploited for copper and minor silver
production. In the 19th century, Algares, Feitais, and Moinho were exploited at the surface
and underground galleries to produce pyrite, roasted pyrite concentrates, and copper.
During this time, some small Mn-Fe mines were active to produce pyrolusite concentrates.
This extensive exploitation produced a significant environmental impact due to the high
amounts of tailings (vol. 5 Mt) distributed on the surface and exposed to the weather
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(Figure 1), which promoted their oxidation and mobilization to soils and waters. For this
reason, in 2005, EDM started a rehabilitation program that has already been concluded [14].
Nowadays, the mining is underground and the works are developed at the Feitais and
Moinho orebodies, which are constrained by the environmental normative imposed by the
EU and National Portuguese Legislation. However, at the time this study was carried out,
the ore processing plant was not yet fully sealed, allowing the release of dust.

Figure 1. Simplified map of impacted areas in the Aljustrel mine, with the geological setting of the
Iberian Pyrite Belt (IPB) in the upper right corner of the figure (adapted from [13,14]).
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3. Materials and Methods
3.1. Sampling Collection

Nowadays, exploitation and first crushing are underground, then the material is
transported underground to the processing plant located at the surface for other crushing
and the production of the ore concentrates. The rejected materials are kept underground,
and the tailing muds are deposited at dams and always kept underwater. Finally, the ore
concentrates are transported from the processing plant by covered trucks for exportation.
Therefore, the two points of sampling selected were at the SE of the ore processing plant,
the presumable source of anthropogenic emissions, which is located at about 1500 m W-NW
of the village (Figure 2). Atmospheric particles were collected during two periods of 2018:
10 to 17 July and 1 to 10 November. At each sampling point, a filtering air unit prepared
to capture PM10 was used. The particles were collected through an inlet protected with
a metal screen designed to exclude insects, and carried out 2 m above the house roof.
This collector system uses a filter-based technique, in which each particle is continuously
deposited onto a filter at a known flow rate controlled by a rotameter and a gas meter. PM10
samples were collected for 24 h and using polycarbonate and quartz fiber filters alternately.

Figure 2. Localization of the ore processing plant of the Aljustrel mine (red line) and the sampling
points: P1 and P2 at a distance of 1.2 km and 1.44 km, respectively (source: Google Earth).

A gravimetric method was used to estimate the daily PM10 mass, which consists of
weighing the filter before and after sampling using an electronic microbalance (sensitivity
±0.0001 g) at least three times. Previously, the filters were equilibrated in a silica gel
desiccator for 48 h to eliminate the humidity effect. Then, mass concentration was obtained
according to the following equation [17]:

PM10(µm m−3) = [(fwp − iwp)/V] × 106, (1)

where fwp is the final weight of the filter, iwp is the initial weight of the filter and V is the
total air volume.

3.2. Meteorological Data and Backward Trajectories Air Mass Analysis

The meteorological data—temperature, wind speed, precipitation, and humidity—
were recorded daily from the Roxo dam (Aljustrel) and Alvalade weather station (Santiago
do Cacém). Air mass intrusions and desert dust events are factors that can influence the
particle type detected in some regions. Therefore, a study of satellite images of MODIS [18]
from the Iberian Peninsula and the HYSPLIT trajectory model provided by NOAA [19,20]
were used to verify the occurrence of desert dust events and the origins of the air masses.
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Satellite images were extracted for each day and the HYSPLIT model was conducted for
the sampling periods.

3.3. SEM-EDX Analysis

PM10 samples collected in polycarbonate filters (Millipore, 0.2 µm size pore, 25 mm)
were analyzed by electronic microscopy using a VP SEM HITACHI S—3400N coupled
with an EDX system (Bruker XFlash® 5010, with a detection limit of 1000 ppm) at the
Electron Microscopy Laboratory of Optics Center of the University of Beira Interior. ES-
PRIT FEATURE software was used to perform a semi-automated routine that allowed
information about size, shape, and chemical composition for each particle detected. The
samples were cut in half, mounted with a carbon double-face tape on the aluminum stubs,
and coated with a thin film of gold (Au) to make them electrically conductive. In each
filter, 300 randomly selected particles were analyzed. The elements analyzed were C, O,
Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Ba, and Pb. The SEM was operated in
high vacuum mode, with an accelerating voltage of 20 kV and a beam current of 50 uA.
Images were obtained in backscattered electron mode (BSE) and at a working distance of
5–6 mm, while the elemental analysis was at a working distance of 10–11 mm [21].

3.4. ICP-MS Analysis

The concentration of potentially toxic elements (PTE) was measured using an ICP-MS
Thermo X Series at the Central Laboratory of Analysis of the University of Aveiro. A total
of 11 chemical elements were analyzed—Na, Ca, Mn, Fe, Cu, Zn, As, Mo, Cd, Sb, and Pb.
The samples collected in quartz fiber filters (Millipore, 25 mm) were prepared according to
EPA Method 29, where each one was digested with 6 mL concentrated HNO3 and 3 mL
concentrated HF. Digestion was carried out in a microwave, ramping 10 min at 140 ◦C and
a baseline of 15 min at 140 ◦C. A blank filter and a standard sample, created through the
spike method, were also analyzed. The precision is 10% for Na, Ca, Mn and Fe and 15% for
the other elements.

4. Results and Discussion
4.1. PM Mass Concentration

In Aljustrel, the PM10 mass concentration during the first and second sampling periods
was 20 to 47 µg m−3 and 4 to 23 µg m−3, respectively. To control the air quality, the limit
established for PM10 concentration in the European Directive [22] is 50 µg m−3 for a 24 h
period. This limit is not exceeded when compared to the PM10 mass concentration in the
study area. The results also indicate that the mass concentration during the first period
(July) was higher than the second (November), and this discrepancy can be assigned
to the meteorological conditions verified at the time of sampling (Table 1). In July, the
weather was warm and dry, with an average temperature of 30.3 ◦C, while in November,
the weather was colder and windier (5.8 km h−1 to 11.5 km h−1), with four days of rain.
The predominant wind direction was from S to SW in the second campaign.
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Table 1. Meteorological data collected during the two campaigns carried out in Aljustrel.

Date

Temperature
(◦C)

Precipitation
(mm)

Wind
(Km h−1)

Humidity
(%)

Mean Max Min Mean
Mean Max

Mean Max Min
Speed Direction Speed Direction

1st Campaign [23]

10 July 2018 — 29.1 17.4 0 2.9 — — — — — —

11 July 2018 — 28.1 17.8 0 2.9 — — — — — —

12 July 2018 — 25.9 15.7 0 1.9 — — — — — —

13 July 2018 — 27.5 13.7 0 2.2 — — — — — —

14 July 2018 — 26.8 15.4 0 2.2 — — — — — —

15 July 2018 — 24.9 15 0 3.1 — — — — — —

16 July 2018 29.7 13.1 0.1 2.3 — — — — — —

2nd Campaign [24]

1 November 2018 13.1 18.8 9.1 0.0 6.8 N 27.4 86 100 54

2 November 2018 16.0 19.2 11.3 0.4 7.9 NW 25.9 E 87 100 74

3 November 2018 14.8 19 10.6 0.0 5.8 N 22.7 E 86 100 69

4 November 2018 14.6 17.5 12.7 4.1 7.9 SW 41.8 SE 83 99 63

5 November 2018 12.0 16.4 7.8 0.0 10.8 W 42.1 E 81 98 50

6 November 2018 12.1 18.2 6.3 0.0 7.9 S 32.4 SE 87 100 54

7 November 2018 14.4 19.1 8.9 3.4 6.8 W 31.7 S 83 100 50

8 November 2018 12.5 19.6 7.5 1.2 7.9 SW 47.5 E 89 100 57

9 November 2018 12.1 18.6 5.9 0.0 6.5 S 28.1 SE 85 100 57

10 November 2018 16.5 20.1 10.1 0.9 11.5 SW 46.4 S 89 100 68
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4.2. Individual Characterization of PM10

Based on the individual characterization of the PM10 analyzed using SEM-EDX, it
was possible to describe the size distribution, classify each particle, and infer its source.
A total of 2006 particles (on nine filters) were analyzed, and their size distribution shows
(Figure 3) that 73% of these particles have a size range between 0.5 and 2.4 µm, 26% are
between 2.5 and 9.9 µm, and only 1% are between 10 and 100 µm, with an error of 10%
for particles larger than 1 µm and an error slightly higher for smaller particles (<1 µm).
The particle size was calculated based on the equivalent diameter, which corresponds to
the diameter of a circle with the same particle area. It should be noted that the collected
system is prepared for PM10 based on the Stokes diameter, which is why particles with a
size greater than 10 µm have been analyzed.

Figure 3. Size distribution of the atmospheric particles detected in the SEM—EDX analysis.

The methodology used to identify all particle classes analyzed considers the elemental
chemical composition and the particle morphology. Based on the element atomic %, the
particles can be classified into organic (C > 80%), bio-genic (C + O > 75% and 1% > Na,
Mg, P, K, Ca, Fe, Si, Al, Cl < 10%), silicates (9% > Si < 60%), sulfides (15% > S < 40%,
3% > Fe < 30%, 3% > Cu < 30%, and O > 50%), oxides (50% > O < 80%, 3% > Fe < 40%,
3% > Cu < 40%) and carbonates (Ca > 2%). According to the SEM image and EDX data,
the groups defined were agglomerated particles (25%) and individual particles (75%) that
were divided into organic particles (46%) with the biogenic and combustion particles, and
the inorganic particles (54%) (Figure 4), which are generally mineral particles.

• Organic particles:

Primary Biogenic Organic Aerosols (PBOAs) are biological particles that include
microorganisms (viruses, bacteria, and fungi) and fragments of plants or animals (spores,
pollen, animal matter, and plant debris) [9,25]. These particles have specific morphologies and
have been recognized with a size ranging from 0.5 to 19 µm. PBOAs are abundant in C
and O, but other essential traces can be found such as Na, Mg, K, P, Si, Fe, Cl, Al, and Ca
(Figure 5a) [26]. Emissions of these particles are related to soils, leaf abrasions, agricultural
activities, biomass burning, and animal or human shedding [25]. The organic-rich particles
as carbonaceous particles are generated from non-combusted hydrocarbons and vehicular
origin [9]. These particles can have different morphologies, which depend on the type of
fuels, burning conditions, and atmospheric processes [26]: single sphere particles of carbon
(tarball) or aggregates of ultrafine spheres (soot) [17]. These combustion particles are rich in
C and can have S and K in minor concentrations. In this study, as shown in Figure 5b, the
combustion particle aggregates have a size above 2.5 µm and represent 69% of the total
organic particles identified.
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Figure 4. Graphical representation of all the groups defined for the PM10 analyzed by SEM-EDX:
(a) the first classification level, (b) individual group classification, (c) organic group sub-classes, and
(d) mineral group sub-classes.

• Inorganic particles:

Inorganic particles are mineral particulate aerosols derived from soils, sediments,
weathered rock surfaces, and sea emissions. In this area, the PM10 analyzed showed
silicates, carbonates, sulfides, oxides, and marine aerosols. The silicate particles (41%
of the total inorganic group) contain a high concentration of Si, Al, and O and a minor
concentration of Na, Mg, Ca, Mg, K, Ti, and Fe. Some minerals were identified as quartz,
feldspar, albite, and mica. Most of the silicate particles showed irregular shapes, but some
regular shapes (lamellar, quadrangular, and circular) were observed (Figure 5c). Their
size is between 0.5 and 18 µm, though most of them are above 2.5 µm. The common
source is crustal through wind erosion [26]. Only 2% of the total inorganic particles were
identified as carbonate particles, as particles rich in Ca with a size ranging from 0.5 to 6 µm.
These particles were irregular shapes and were identified as calcite (CaCO3) (Figure 5d).
Silicate and carbonate particles had the same source since they are a common constituent
of the soil [27], similar to the oxides and sulfides. Although, in this case, they have
an anthropogenic origin once they are the materials explored. Fe, Al, Cu, Pb, and Zn
oxides were observed in the PM10 sample analysis. The oxide particles (Figure 5e) with an
abundance of 17% have irregular shapes and are mostly smaller than 2.5 µm (size range
between 0.5 and 5 µm). However, the iron oxide may also be associated with the wind
erosion of soils [26] or traffic emissions [9]. Sulfide particles (10% of the total inorganic
group) (Figure 5f) present a high concentration of S associated with Fe, Cu, Zn, As, and
Pb. The size of sulfide particles varied, ranging from 0.5 to 5 µm. Their morphology varies
from irregular to cubic, and it was possible to identify some minerals such as pyrite (FeS2),
sphalerite (ZnS), chalcopyrite (CuFeS2), and galena (PbS), exactly the minerals present on
the exploited ore. Therefore, these particles present in the air may be connected to old or
recent mining operations. Finally, some cubic crystals of salt were identified (Figure 5g),
which are related to marine emissions. Composed predominantly of NaCl, they can also
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have Mg, Ca, and K [28,29]. Their size was between 0.5 and 9 µm, with cubic, spherical,
and irregular shapes. The presence of these can be explained by the relative proximity to
the Atlantic Ocean.

Figure 5. Examples of all the types of atmospheric particles identified: (a) biogenic particle (b) soot;
(c) silicate particles; (d) carbonate particle—calcite; (e) Fe-oxide particle; (f) sulfide particle—sphalerite
and (g) marine particle.

4.3. Concentration of PTE

The ICP-MS analysis allowed us to characterize the air levels of potentially toxic
elements (PTE). Table 2 shows the results obtained for the first and last day of the first
campaign and all the days of the second. In general, the highest levels were found in the
first campaign (July), which may be associated with the different meteorological conditions
current among sampling periods. Ca, Mo, Cd, and Sb are the elements that were not
detected in some samples.
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Table 2. Results of concentrations of the chemical elements analyzed by ICP-MS.

Concentration

Na Ca Mn Fe Cu Zn As Mo Cd Sb Pb Volume

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(µg
filter−1)

(ng
m−3)

(m−3)
Detection limit
(l.d.) (µg L−1) 0.8 0.8 0.002 0.2 0.03 0.03 0.03 0.03 0.004 0.008 0.008

July
Campaign

F1 10.8 260.942 7 169.129 0.33 7.973 32.2 777.993 0.36 8.698 4.6 111.142 0.5 12.081 0.03 0.725 0.008 0.193 0.071 1.715 1.792 43.297 41.39

F2 15.8 383.728 32 777.171 0.54 13.115 34.2 830.601 0.52 12.629 3.6 87.432 0.4 9.715 <l.d. <l.d. 0.006 0.146 0.062 1.506 1.492 36.236 41.18

F4 19.8 481.799 60 1459.996 0.81 19.71 73.2 1781.195 0.95 23.117 9.7 236.033 1.05 25.55 0.03 0.73 0.021 0.511 0.172 4.185 3.792 92.272 41.1

F5 11.8 285.103 15 362.419 0.59 14.255 88.2 2131.024 1.25 30.202 10.7 258.526 1.25 30.202 0.03 0.725 0.023 0.556 0.232 5.605 4.492 108.532 41.39

November
Campaign

F7 21.8 553.019 14 355.15 0.58 14.713 19.2 487.062 0.31 7.864 3.5 88.787 0.41 10.401 0.08 2.029 0.007 0.178 0.048 1.218 1.092 27.702 39.42

F8 7.8 187.505 <l.d. <l.d. 0.19 4.567 15.2 365.393 0.21 5.048 2.1 50.482 0.3 7.212 <l.d. <l.d. 0.004 0.096 0.039 0.938 0.832 20 41.6

F9 3.6 90.309 <l.d. <l.d. 0.31 7.777 33.2 832.853 0.38 9.533 4.4 110.378 0.55 13.797 0.03 0.753 0.011 0.276 0.07 1.756 1.692 42.445 39.86

F10 2.7 180.048 4 266.738 0.18 12.003 5.3 353.428 0.08 5.335 0.8 53.348 0.09 6.002 0.07 4.668 0 0 <l.d. <l.d. 0.242 16.138 15

F11 18.8 449.47 <l.d. <l.d. 0.19 4.543 21.2 506.85 0.31 7.411 2.9 69.333 0.3 7.172 0 0 <l.d. <l.d. 0.048 1.148 1.392 33.28 41.83

F12 7.8 437.539 7 392.663 0.12 6.731 3.2 179.503 0.09 5.049 0.6 33.657 0.07 3.927 0.08 4.488 0 0 <l.d. <l.d. 0.132 7.404 17.83

F13 23.8 562.595 0 0 0.22 5.2 28.2 666.604 0.35 8.273 3.9 92.19 0.49 11.583 <l.d. <l.d. 0.007 0.165 0.068 1.607 1.592 37.632 42.3

F14 82.8 2008.198 15 363.804 1.03 24.981 47.2 1144.77 0.71 17.22 6.3 152.798 0.7 16.978 <l.d. <l.d. 0.013 0.315 0.092 2.231 2.192 53.164 41.23

F15 18.8 427.448 0 0 0.1 2.274 4.7 106.862 0.18 4.093 0.3 6.821 0.11 2.501 0 0 0 0 <l.d. <l.d. 0.192 4.365 43.98

Min — 90 — 0 — 2 — 107 — 4 — 7 — 3 — 0 — 0 — 0 — 4 —

Máx — 2008 — 1460 — 25 — 2131 — 30 — 259 — 30 — 5 — 1 — 6 — 109 —

<l.d.—values below the detection limit.
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Some atmospheric pollutants such as Pb, As, and Cd are also a significant parameter
to control the air quality. According to the European legislation [22] for the ambient air
quality and cleaner air for Europe, the limit level for Pb is 0.5 µg m−3 for a calendar year.
However, in the Portuguese legislation [30], the As and Cd limit levels defined are 6 ng m−3

and 5 ng m−3, respectively. So, comparing the daily concentrations obtained in Aljustrel
with the legal limits, only As exceeds them (Figure 6).

Figure 6. Comparison of As, Cd, and Pb concentrations with their legal limits: (a) first and (b) sec-
ond campaign.

When comparing the mean levels of PTE obtained in Aljustrel with those obtained
in the Rio Tinto mine (IPB mine in the Spain sector) [31], the Zn, Cu, Mn, Fe, Cd, As, and
Pb concentrations are higher in Aljustrel than Rio Tinto (Table 3). This difference can be
explained by the sampling time and methodologies used in each study. However, another
important fact is that the Rio Tinto mine was inactive, so the dust origin is the particle
resuspension of the exhausted mining tailings. At Aljustrel, besides the resuspension
from the old mining sites which have not yet been rehabilitated, the mine is active and,
although most of the mine operations are underground, the ore processing plant is located
at the surface. Other studies have shown the influence of mining activity, especially in the
emissions of As, Cu, and Pb, as a source of air pollution [32,33].

Table 3. Comparison of the Zn, Cu, Mn, Fe, Cd, As, and Pb concentrations (ng m−3) in the PM10

samples between Aljustrel (Portugal) and Rio Tinto (Spain) of IPB [31].

Local Zn Cu Mn Fe Cd As Pb

Aljustrel 103.92 11.11 10.60 781.86 0.20 12.09 40.19

Rio Tinto 28.20 6.30 8.58 370.00 0.13 1.26 5.18

4.4. Source Apportionment

Since each particle type can be associated with one or more sources, a statistical study
was conducted to define them. Therefore, the elemental chemical composition data were
subjected to Principal Component Analysis (PCA) to distinguish the sources [6,13,34,35].
The software used was ANDAD 7.1, developed by the Instituto Superior Técnico (Portugal).
In the first test, all the data were used (n = 2006), and no significant associations were shown
due to the very low variability of the data. According to Pereira and Sousa (1988) [36], the
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variables or insignificant data that do not identify trends can be rejected, with the right
justification for the study case. In this specific case, all the data (particles) with zeros in most
of the variables and variables (chemical elements) without meaning were excluded (such as
C and Au or secondary constituents of mineral classes). The atomic % log10 was calculated
to obtain a comparable element concentration between particles. Then, the second test was
performed with a total of 1836 data. Five significant components were extracted (72% of
the total variance of the data), which have eigenvalues >1 and stabilization on the scree
plot. Only values ±0.5 were used to define the factors extracted (Table 4 and Figure 7).

Table 4. Results of principal component analysis (PCA) of data from chemical composition of PM10 analyzed in SEM-EDX.

Variables PC1 PC2 PC3 PC4 PC5

O 0.833 −0.066 −0.087 0.174 −0.151

Al 0.695 −0.222 −0.240 −0.229 0.070

Si 0.767 −0.233 −0.401 −0.122 −0.022

S 0.373 0.327 0.685 −0.088 0.154

Mn 0.064 −0.148 0.048 0.394 0.670

Fe 0.546 0.257 0.526 −0.003 0.217

Cu 0.201 0.064 0.234 0.641 −0.613

Zn 0.071 0.482 0.092 −0.502 −0.224

As 0.060 0.770 −0.388 −0.005 0.022

Pb 0.067 0.625 −0.424 0.359 0.198

Eigenvalue 2.26 1.52 1.37 1.05 1.01

Total variance (%) 22.60 15.22 13.69 10.52 10.14

Cumulative Variance (%) 22.60 37.82 51.51 62.03 72.17

n = 1836 of the total particles analyzed in SEM-EDX.

Figure 7. Representation of all the factorial plans and identification of group associations:
(a) PC1/PC2, (b) PC1/PC3, (c) PC1/PC4, and (d) PC1/PC5.
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The first factor (PC1) is determined by O, Al, Si, and Fe, which explain 22.6% of the
total variability. PC1 indicates that the geochemical composition of the aerosols is essentially
geogenic and related to natural processes, as most of the crushing, which releases silica dust,
is performed underground. PC2 represents 15.22% of the total variance and is composed
of As and Pb variables. The third and fourth components (CP3 and CP4) are defined by
S-Fe and Cu-Zn, which contain 13.69% and 10.55% of the total variance, respectively. These
components—CP2 to CP4—show the association with the mineral geochemistry present in
exploited orebodies (pyrite, spherite, chalcopyrite, galena, arsenopyrite), suggesting the
influence of the anthropogenic activities developed in Aljustrel. It should be noted that the
tailings are always kept submerged; therefore, they are not a source of dust and there is
no smelter, which could be a source of As and Pb. Finally, the fifth component (CP5) with
10.14% of the total variability is defined by Mn. This factor may be correlated to the vestige
of older Mn-deposits exploited in this area.

The statistical correlation between elements analyzed by ICP-MS shows a highly
significant positive correlation (r > 0.8) between Fe, Cu, Zn, As, Cd, Sb, and Pb (Table 5,
Figure 8), and a non-correlation with the other elements. This positive correlation between
these specific elements reveals the influences of mining activities on the type of particle ana-
lyzed, since those elements correspond to the typical mineralogy of the exploited orebodies.
Additionally, a dust sample from the thin black layer, which normally covers the outdoor
surfaces, was scraped from a roof for an X-ray diffraction analysis at the Geochemical
and X-ray Laboratory of the Earth Sciences Department (University of Coimbra). The
mineralogy identified was pyrite, quartz, galena, calcite, illite, chlorite, sphalerite, and
chalcopyrite, showing again that the sulfides source must be the ore processing plant, while
the other minerals may be derived from resuspension soil particles.

These statistical results show that the atmospheric particles analyzed have both a
natural and an anthropic source. Therefore, satellite images are used to identify the
influence of natural processes and show that no desert dust events happened during our
collection periods (Figure S9a,b, in the supplementary material). The backward trajectory
models were used to understand the origin of the air masses, which are predominantly
maritime (arctic and polar cold) for the first campaign and mainly continental (arctic and
polar cold) for the second [37] (Figure S9a,b, in the supplementary material). This analysis
suggests that, in this area, the PM type and concentration were influenced by local or
regional sources, conforming to the individual characterization of the particles analyzed
and statistical results.

Table 5. Correlation matrix from chemical elements of PM10 analyzed by ICP-MS.

Na Ca Mn Fe Cu Zn As Mo Cd Sb Pb

Na 1.000

Ca 0.119 1.000

Mn 0.644 0.657 1.000

Fe 0.162 0.558 0.632 1.000

Cu 0.229 0.571 0.663 0.983 1.000

Zn 0.188 0.569 0.668 0.989 0.962 1.000

As 0.163 0.515 0.629 0.988 0.962 0.994 1.000

Mo −0.221 0.082 0.021 −0.299 −0.263 −0.248 −0.275 1.000

Cd 0.182 0.535 0.644 0.959 0.930 0.969 0.981 −0.314 1.000

Sb 0.098 0.479 0.531 0.983 0.964 0.975 0.984 −0.361 0.955 1.000

Pb 0.119 0.524 0.578 0.993 0.964 0.990 0.988 −0.319 0.952 0.991 1.000
Note: for an n = 13 and p = 95% we have ρ = 0.5529. The values in bold are significant.
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Figure 8. Representation of the chemical elements with significant correlation.

5. Conclusions

The goal of this work was to characterize the PM10 samples collected near the mining
area of Aljustrel. PM10 analysis by SEM-EDX allowed us to identify the different types
of particles and associate them with probable sources. Considering the particle types
identified—PBOA, BC/EC, marine aerosols, silicates, oxides, sulfides, and carbonates—the
PM10 has both a natural and an anthropic influence. Natural particles are mainly associated
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with the remobilization of unconsolidated soils or sediments by the wind (silicates and
carbonates), marine air masses (marine aerosols), and pollination events (PBOA), while the
anthropogenic particles are related to local traffic goods transport or to mining operations
(sulfides and oxides), as there is no burning of fossil fuels in the region. In this case, the
sulfides may be emitted by the ore processing plant and the oxides may be resuspended
from the contaminated soil or abandoned mining land not yet rehabilitated. Iron, copper,
zinc, arsenic, cadmium, antimony, and lead have strong and positive correlations, indicating
a relation between the atmospheric particles and the ore processed. PTE concentration
in the air obtained by ICP-MS shows higher concentrations in July than in November,
which is attributed to the typical climate of Aljustrel, but for particle level we cannot draw
conclusions about the variation in the composition according to seasonality because the
study was too short.

In sum, the evidence of the impact of mining activity (old or actual) on the air quality
is significant and explained by the correlation between the chemical elements (S, Fe, Cu, Zn,
and Pb) or particle type (pyrite, sphalerite, chalcopyrite, and galena) and the geochemistry
of the exploited orebodies. Even though As exceeds the legal limits for air control and
quality, the presence of mineral particles rich in silicon, oxides, and sulfides is evident and
continuous exposure to these particles can lead to changes in the environment or even in
the health of the resident population. This work was the first study developed in Aljustrel
about atmospheric aerosols and shows a strong relationship between the PM10 analyzed
and the exploited ore. Although the sampling period was short, it is evident that the old or
recent mining operations have implications for the air quality of Aljustrel. It must also be
said that the mining company has already taken measures in 2020 to stop the release of
dust from the processing plant to the atmosphere.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
433/12/3/333/s1, Figure S9a: Satellite images from the Iberian Peninsula and HYSPLIT trajectory
model for each day of the first campaign [18,38], and Figure S9b: Satellite images from the Iberian
Peninsula and HYSPLIT trajectory model for each day of the second campaign [18,38].
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