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Polluted soil is an important source of exposure to potentially toxic elements (PTEs) for humans, especially in
urban areas. We studied the fate of PTEs in the total (<2 mm) and fine (<50 pm) fractions of urban soils in
playgrounds, passing areas, and vacant lots of the historic mining village of Minas de Riotinto in SW Spain. The
mineralogical and chemical observations included analysis by scanning electron microscopy, electron back-
scatter diffraction, X-ray diffraction, chemical analysis of Al, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, As, Cd, Ba, Tl, and
Pb after acid digestion by Inductively Coupled Plasma-Mass Spectrometry and Sb by X-ray fluorescence.

The total and fine fractions of natural and mixed (consisting of natural soils and aggregate pavements) urban
soils have significantly higher concentrations of sulfide-associated PTEs (Ni, Cu, Zn, As, Sb, and Pb) and Ba in
comparison to the aggregate pavements. Most of the natural and mixed urban soils surpass the regulatory levels
set by the regional Government for As and Pb to declare a soil as contaminated. This work highlights the
mineralogical source of PTEs in the urban soils. Primary geogenic sulfide minerals are prone to oxidation pro-
moting dissolution of PTEs and acid generation in the future. Additionally, for the first time, we have described
arsenian plumbojarosite and beudantite in urban soils which are abundant secondary phases under the cir-
cumneutral pH conditions, effectively retaining As and Pb. Inhalable small PTE-rich particles (<10 pm) are
present in many soils in playgrounds and garden areas potentially posing health risk to residents upon dusting
and resuspension in the air.

1. Introduction Soil geochemistry is mainly influenced by parent rock lithology and

mineralizations (Galan et al., 2008), but also by the contribution of soil

Urban soils represent around 3% of the global terrestrial surface, but
more than half of the world’s population is concentrated in urban areas.
Hence, the influence of urban soils on human health is a growing
concern (Li et al., 2018), especially for children (Han et al., 2020).
Humans transiting public areas are exposed to pollution of potentially
toxic elements (PTEs) from urban soils via inhalation, ingestion, and
dermal contact (Li et al., 2018). Children are more vulnerable for haz-
ardous substances in comparison to adults (Zhang et al., 2019). Ac-
cording to (Fernandez-Navarro et al., 2017, 2012), the proximity of
mining and related industries increases the mortality rate associated to
certain types of cancer in Spain. There are also indications that residents
in mining areas are at higher risk of developing pigment gallstones in
comparison to a control population and that these calculi are enriched in
sulfide-associated PTEs (Parviainen et al., 2018, 2016).

forming processes and human activities (Diez et al., 2009). Therefore,
urban soils of cities located in mining regions may be enriched in PTEs
due to natural processes (ore deposit lithology) and anthropogenic ac-
tivities (mining).

Atmospheric pollution derived from mining activities and related
industries is known to have a negative impact on the surrounding soils
(Ettler, 2015). When these activities are located nearby residential
areas, they may have an impact on urban soils (Alsaleh et al., 2018;
Argyraki et al., 2018). Mine waste sites are usually barren which pro-
motes the resuspension of fine particulate matter (PM) in the atmo-
sphere. Furthermore, according to their size, airborne PM from polluted
soils or mine wastes can be divided into solid particles suspended by
wind, ranging between 1 and 100 um, and other aerosols smaller than 1
um, and may be dispersed in the air (U.S.EPA, 1996; WHO, 2000). Fine
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airborne PM may be transported over long distances and deposited in
urban areas (Csavina et al., 2012). Hence, deposition of airborne PM
may alter the mineralogical and chemical composition of urban soils by
accumulation of sulfide minerals, associated to mine wastes, and their
alteration products.

So far, little attention has been paid to the quality of urban soils and
their potential impact on human health in the mining towns located in
Huelva Province, SW Spain. Dozens of towns, including for instance
Minas de Riotinto, Nerva, El Campillo, La Dehesa, Tharsis and Calanas,
were built close to mines that were active in the past century. The
human health risk is mainly related to the potential increase of cancer
risk and other chronic toxic effects by the cumulative potential of
carcinogenic and non-carcinogenic elements from polluted urban soils
(Fernandez-Caliani, 2012; Zhang et al., 2019). Recently, we reported on
the carcinogenic risk of natural urban soils of Minas de Riotinto for As
and Pb and increased cancer mortality rates in this locality for neo-
plasms associated with these elements (Parviainen et al., 2022). Our
current study aims to characterize the mineralogical-chemical associa-
tion of PTEs in different types of urban soils (natural and aggregate
fillings) in Minas de Riotinto, which are key indicators of potential
pollution and health risk to residents in areas close to mining activities,
using a multidisciplinary approach combining soil science, environ-
mental geochemistry, and mineralogy. Minas de Riotinto offers a unique
study site due its location in the proximity of one of the World’s largest
non-ferrous metal reserves, where large-scale mining activities date
back to 19th century and earliest activities to 3rd Millenium BC (Nocete
et al., 2014). We aimed to study the bulk mineralogy and chemistry as
well as the characteristics of the soil fine fractions (<50 pm) in relation
to the different parent materials and soil use, as a first step to assess the
environmental and potential human health risk of the urban soils. This
study provides essential information for the local decision makers in
choosing pavement materials in urban areas to minimize the potential
exposure risk to PTEs.

2. Materials and methods

2.1. Site description

The study site, Minas de Riotinto, is located in the Province of Huelva
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in SW Spain (Fig. 1), where the surrounding geology is dominated by the
volcano-sedimentary rocks of the Iberian Pyrite Belt that host one of the
largest polymetallic massive sulfide deposits at the global level (Saez
et al., 1999; Tornos, 2006). The typical mineral assemblage in the
massive sulfides consists of pyrite [FeS;] as the main mineral phase
together with sphalerite [ZnS], galena [PbS], and chalcopyrite [CuFeSs]
as major phases and arsenopyrite [FeAsS], tetrahedrite-tennantite
[Cug(CusX3)SbsS13-Cug(CusX3)As4S15], cobaltite [CoAsS], Sb-As-Bi
sulfosalts, gold, and electrum as minor phases (Almodovar et al., 2019).
Common oxidized phases include magnetite [Fe304], hematite [Fe3Os],
cassiterite [SnO,], and barite [BaSO4] (Almodovar et al., 2019).

In this study, we focus on urban soils in Minas de Riotinto (approx.
4000 inhabitants), a historical mining village that was built in close
vicinity of the Rio Tinto mines at the end of 19th century. The large-scale
industrial mining, focusing principally on exploitation of pyrite for
sulfuric acid production and copper, started in 1873, bloomed in the
early 20th century, and finally ceased in 2001. Recently the mining was
reactivated, and Atalaya Mining is exploiting copper since 2015 at Cerro
Colorado (Fig. 1). The ceased Corta Atalaya open pit is one of the largest
ones in Europe. The open pits and vast areas covered by mining residues
are located to a few hundred meters from the village (Fig. 1). The his-
torical mining residues contain for instance pyrite ashes, slag, and waste
rock piles (Fernandez Caliani, 2008).

Minas de Riotinto has a Mediterranean pluviseasonal oceanic bio-
climate with upper thermomediterranean thermotype and low subhu-
mid ombrotype (Rivas-Martinez et al., 2011). The annual mean
temperature and precipitation are 16 °C and 603 mm, respectively
(Climate-data.org, 2012). Typically, the precipitation falls between
October and April. The dominant wind directions in Minas de Riotinto
are N to NNE, and these winds from northerly directions blow from the
mining area towards the village (Fig. 1).

2.2. Sampling

A total of thirty urban soil samples were collected from Minas de
Riotinto (Fig. 1). Urban soils may be composed by natural soils devel-
oped from local parent material. Additionally, the use of aggregate
materials is common in urban areas in Spain. They are made up of
allochthonous materials, such as calcareous sand (known as “albero”) or
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Fig. 1. Satellite image of the study area with urban soil sampling points in Minas de Riotinto (MRT) (37°41’33.3"N, 6°35'28.6”W) and a wind rose representing the

wind directions (https://www.meteoblue.com).
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gravel, and are usually used as fillings in pavements of parks and rec-
reational areas. In this study we collected natural soils, and we found
two types of artificially produced soils with differing characteristics,
which are referred to as aggregate soils. Mixed soils refer to mixtures of
natural and artificial soils. Therefore, we have classified the soil types
into 1) natural; 2) calcareous sand aggregate (high-carbonate content);
3) gravel aggregate (low-carbonate content); and 4) mixed soils. The
land use types are classified into 1) playground; 2) passing area; and 3)
garden in public parks; and 4) vacant lots (generally used as parking
lots). Football courts and a school yard are classified as playgrounds.
Natural soils are usually green or vegetated areas, whereas aggregate
soils do not have associated vegetation. Sample characteristics (soil type
and land use) and geographical coordinates are presented in Supple-
mentary Table S1.

Twenty seven composite topsoil samples were collected from public
parks, playgrounds, and green areas representing the main urban soils
available for our study. Approx. 1 kg of exposed topsoil (2-3 cm) was
collected using stainless steel spatula from each sampling site from three
to four points in a maximum area of 10x10 m and stored in plastic bags.
Additionally, three deeper samples from 20 to 30 cm depth (assigned
with letter P) were collected using soil auger corer at the sampling sites
MRT4, MRT12, and MRT22 that correspond to natural soils. All sam-
pling utensils were cleaned exhaustively in between samples with
alcohol.

2.3. Sample preparation and analysis

In the laboratory, the samples were dried at room temperature
applying periodic mixing. The samples were homogenized and sieved
using a 2 mm mesh after which the gravel was discarded. The fraction <
2 mm was considered as total fraction. Subsequently, an aliquot of
approx. 30 g was dry-sieved using a 50 um mesh and the fine fraction
(<50 um) was recovered. The total fraction was grinded for bulk powder
X-ray diffraction using PANAlytical X’PERT PRO diffractometer equip-
ped with an X’Celerator detector and a theta-theta goniometer at the
Instituto Andaluz de Ciencias de la Tierra (IACT, Granada, Spain). The
measurements were performed on the scan range from 3.0 to 70.0 (26)
with a step size of 0.0167° and time/step of 0.22 s. The identification
and quantification of the mineral phases was performed using XPowder
software (v. 2004.04; https://www.xpowder.com). We chose the fine
fraction for further detailed mineralogical analysis because it may be
subjected to airborne transport and may cause higher exposure risk to
humans. The fine fraction of selected samples was mounted on carbon
tape, carbon coated, and studied by FEI QemScan 650F high-resolution
Field Emission Environmental Scanning Electron Microscope at Centro
de Instrumentacién Cientifica (CIC) at Universidad de Granada. Back-
scattered mode was used for high-resolution imaging of the fine PTE-
rich particles and their semiquantitative chemical composition was
studied by energy-dispersive X-ray microanalysis (EDX). The accelera-
tion voltage was set to 20 kV for the data acquisition. For the micro-
structural identification of the iron oxyhydroxides and sulfate phases,
two representative PTE-rich samples were chosen and silica polished
probes were prepared. The carbon-coated probes were studied under
AURIGA Field Emission Scanning Electron Microscope (FESEM) at CIC.
The crystallographic analysis of the phases of interest was done using
Electron Backscatter diffraction (EBSD) of Oxford Instruments.

Soil pH was measured in a suspension of soil total fraction and
distilled water (1:2.5) using a Metrohm 914 pH/Conductometer. The
suspension was agitated and let to settle for half an hour, after which pH
was measured.

Both total and fine fractions of the topsoil samples were analyzed
after acid digestion by an Agilent 8800 TripleQuad Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) at IACT (Granada, Spain) for Al, V,
Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, As, Cd, Ba, Tl, and Pb. To the exception of
the topsoils samples, we analyzed only the total fraction (<2 mm) in the
deep soil samples (MRT4P, MRT12P, and MRT22P), because these
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samples are not exposed to dusting. Samples were subjected to a
microwave-assisted aqua regia digestion with HCl and HNOs (3:1). To
control the quality of the analyses, a certified reference material (RTC-
CRMO052, loamy clay) was run and procedural blanks were analyzed to
counter possible contributions from the digestion procedure. The anal-
ysis of the CRM gave satisfactory results for Al, V, Cr, Mn, Co, Ni, Zn, As,
Cd, and Pb. The results for certified elements are presented in the Sup-
plementary Table S2. Antimony was not analyzed by ICP-MS, but in the
view of its importance in this study, we alternatively measured all
samples by Portable X-ray Fluorescence (PXRF). RTC-CRM052 was also
analyzed using PXRF in six replicates. The values for Sb were (mean
27.6 mg/kg; standard deviation 1.5) within the prediction interval of the
certified value (20.1; 6.2). Precision was estimated by the relative
standard deviation (RSD) and the result was good (5 < RSD < 10) ac-
cording to (U.S.EPA, 2006). Detection limit of PXRF for Sb is 11.7 mg/
kg.

2.4. Statistical analysis

The obtained data were analyzed to verify their normal distribution
and homoscedasticity, and as they were not fulfilled in all cases, nor
after their logarithmic transformation, hence non-parametric tests were
performed. The comparison of mean values was made using the Kruskal-
Wallis test, and the analysis of the statistically significant differences
between groups was made using the Mann-Whitney U test. The differ-
ences were considered significant when p value < 0.05. To assess the
relationships between the different variables of study in the fine fraction
of the soils samples, a correlation analysis (Spearman) and a Principal
Component Analysis (PCA) were performed; PCA with Kaiser normali-
zation were calculated with the components rotated using the Varimax
method to clarify the relationship among factors. All statistical analyzes
were made using SPSS software v.20.0 (SPSS Inc., USA).

3. Results
3.1. Bulk mineralogical composition and pH

Mineralogical composition of the major mineral phases in the soil
samples is presented in Supplementary Table S3 and the data are sum-
marized in Table 1. Evaluation of the samples by soil type reveals that
natural soils in Minas de Riotinto are principally composed of quartz
(average 76%) and minor amounts of other silicates, such as plagioclase,
K-feldspar, muscovite and clinochlore. These natural soil samples have
low neutralization potential, which is reflected by the almost total
absence of carbonate minerals (only one sample, MRT4, contains 1%
calcite) and the significantly lower pH values (average 6.8; Table 2) in
comparison to the other soil types. The deep samples (MRT4P, MRT12P,
and MRT22P) exhibit similar mineral composition with the respective
natural surface samples. The calcareous sand aggregates in Minas de
Riotinto contain an average 22% of quartz and are rich in carbonates
with an average of 77% and 3% of calcite and dolomite, respectively.
The coarser gravel aggregates contain more quartz (55%) and other
silicate minerals, whereas they contain significantly less carbonates
(37% and 4% of calcite and dolomite, respectively) in comparison to the
calcareous sand aggregates. The pH values of the two aggregate soil
types are 8.5 and 8.4, respectively. Mixed soils present higher variability
in the mineralogical composition, but generally, they have higher
neutralization potential than the natural soils with 17% and 42% of
calcite and dolomite, respectively. The average pH of mixed soils is 8.1.

We could not distinguish any sulfide minerals or secondary mineral
phases in the XRD patterns probably due to their scarcity and the
restricted detection limits of the XRD mineral quantification.

3.2. Chemical composition

All analyzed elements exhibit higher median values in the fine
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Table 1
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Summary table of the average mineralogical composition (values in %) and standard deviations in parenthesis of major phases based on bulk powder XRD analyses in
the urban soil samples from Minas de Riotinto. The soil types are classified into 1) natural; 2) calcareous sand aggregates (high-carbonate content); 3) gravel aggregates

(low-carbonate content); and 4) mixed soils. (N = number of samples).

N Soil type Quartz Plagioclase (Albite) K-Feldspar (Microcline) Muscovite Clinochlore Calcite Dolomite
12 Natural soils 76 (8.7) 6.5 (5.6) 4.8 (3.2) 9.1 (5.5.) 4.8 (4.9) 1.0 () -

6 Calcareous sand aggregates 21 (6.8) 3.3(3.2) 2.0(0) 1.3 (0.6) - 77 (5.2) 3.00)

6 Gravel aggregates 55 (6.3) 21 (5.0) 4.3 (0.6) 11 (2.6) 2.8 (0.5) 37 (18) 4.0 (-)

3 Mixed soils 44 (24) 3.7 (2.0) 1.0 6.5 (5) 2.3(0.6) 17 (8.6) 42 (22)

fraction (<50 pum) of the urban soils in Minas de Riotinto with respect to
total fraction (<2 mm; Table 2), and the difference is significant (p <
0.05) for V, Cr, Mn, Co, Ni, Cu, Zn, Rb, and As. The deep natural soil
samples (MRT4P, MRT12P, and MRT22P) exhibit similar chemical
composition with their respective surface samples, showing no signifi-
cant differences for any of the analyzed elements.

The geochemical characteristics of the total and fine fractions also
show trends in the PTE abundances between the different soil types
(Table 2). When comparing the statistical significance of the differences
in median values, we have grouped natural and mixed soils (with a
natural soil component) and both types of aggregate soils. The total
fractions of natural and mixed soils exhibit significantly higher con-
centrations of Ni, Cu, Zn, As, Ba, and Pb in comparison to aggregate
soils. The fine fractions of natural and mixed soils contain significantly
higher concentrations of Ni, Cu, Zn, As, Ba, Tl, and Pb in comparison to
aggregate soils, whereas higher values of V and Sr in aggregate soils.

We pay special attention to the chemical composition of the soil fine
fraction because there is a higher risk of inhalation of fine particles. The
elements associated to sulfide minerals present significantly higher
median values including Cu (235 and 370 mg/kg, respectively), Zn (223
and 125 mg/kg), As (272 and 263 mg/kg), and Pb (882 and 536 mg/kg)
in the fine fractions of natural and mixed soils in comparison to the total
fractions (Table 2). Additionally, these soils exhibit elevated median
values for Ba with 465 and 502 mg/kg, respectively. The natural soils
exhibit high chemical variation with elevated standard deviation values
(Table 2), probably due to variability in the geological units and min-
eralizations. Because of the high detection limit of Sb by PXRF in com-
parison to ICP-MS, we were able to detect Sb only in the samples that
have high concentrations of other sulfide-associated elements (including
six natural samples MRT3, MRT4, MRT13, MRT18, MRT 24, and
MRT27; two mixed samples MRT15 and MRT26; and two aggregate
samples MRT10 and MRT17). For instance, the highest concentrations of
As, Sb, and Pb in natural soils correspond to a playground (MRT24;
1950 mg/kg, 271 mg/kg, and 6370 mg/kg, respectively), whereas in
mixed soils the highest concentrations are found in a garden soil of a
public park (MRT15; 2660 mg/kg, 445 mg/kg, and 9749 mg/kg,
respectively). Additionally, the samples from the Cerro Colorado view-
point (MRT26 and MRT27) —closest to the mining area— exhibit high
concentrations in the fine fraction for Cu (6750 and 2090 mg/kg,
respectively), Zn (1020 and 233 mg/kg), As (193 and 519 mg/kg), Sb
(60 and 147 mg/kg), and Pb (422 and 1170 mg/kg).

Both types of aggregate soils, in general, exhibit lower concentra-
tions of all determined elements, except for V and Sr that are present at
significantly higher median concentrations than in the natural and
mixed soils (Table 2). The low-carbonate aggregates exhibit similar
median values to natural soils for Rb. However, high concentrations of
PTEs related to sulfide minerals are found in the fine fraction of only one
aggregate soil sample with high carbonate content (MRT17 in a passing
area) with up to 293 mg/kg of As, 36 mg/kg of Sb, and 789 mg/kg of Pb.

3.3. Mineralogical characteristics of PTEs

Observations under electron microscope revealed clear differences in
the abundances of PTE-bearing phases between natural and artificial
aggregate soils (Supplementary Fig. S1). In Minas de Riotinto, the fine

fractions of the natural and mixed soils contained abundant primary
sulfide minerals, as well as abundant secondary mineral phases con-
taining PTEs (Figs. S1A-B). On the contrary, the calcareous soils contain
very scarce PTE-bearing grains (Figs. S1C-D).

Detailed observations on the natural soils in Minas de Riotinto affirm
the presence of abundant primary minerals such as galena and barite.
Additionally, less abundant mineral phases of geogenic origin, such as
ilmenite [FeTiOy], well-crystalline Fe oxide (hematite and magnetite)
and cassiterite, are found. Besides primary mineral phases, different
secondary minerals are observed, which are formed as consequence of
sulfide oxidation. Abundant Fe hydroxide phases (goethite [Fe**O(OH)]
and ferrihydrite [Fe§+0300.5(H20)]) retain SO4 and PTEs with varying
concentrations of As (approx. 1.3-2.5 wt%), Sb (1.5-3.1 wt%), Cu
(0.6-1.1 wt%), and Pb (1.2-2.7 wt%), and also some grains are void of
PTEs (Fig. 2A,D). Arsenian plumbojarosite [Pbg soFe3(AsO4)o.18(-
S04)1.82(0OH)¢] and beudantite [PbFe3(As04)(SO4)(OH)e] are also
abundant in the natural soils, for instance in the sample MRT24 located
in a playground (Fig. 2C,D). These phases contain traces of Cu (0.7-1.7
wt%). An unidentified Sn and Sb-rich phase (approx. 28 and 19 wt%,
respectively) with Fe (20.0 wt%) and traces of As, S, and Pb is also
detected (Fig. 2C). These secondary mineral phases are found as ag-
glomerations of small crystals covering other mineral phases, as well as
abundant single crystals (<5 um) (Fig. 2). The mineral identification by
crystallographic analysis using EBSD confirmed the presence of goethite,
ferrihydrite, plumbojarosite, and beudantite (Supplementary Fig. S2), as
well as geogenic phases including magnetite, hematite, galena, and
sphalerite. Beudantite and plumbojarosite tend to appear together as
fine-grained aggregates as shown in Figure S2.

The PTE-rich mineral phases found in mixed soil samples in Minas de
Riotinto are similar to those in natural soils. They contain small grains
(<5 pm) of primary sulfide minerals, such as galena, sphalerite, and
pyrite. Moreover, abundant geogenic barite and well-crystalline Fe
oxide, and less abundant zircon [ZrSiO4], monazite [(CeLaNd)PO4], and
celestine [SrSO4] are observed. The secondary phases encountered
include Fe hydroxides (goethite and ferrihydrite), arsenian plumbojar-
osite, and beudantite (Fig. 3; Fig. S2). The Fe hydroxides are abundant
and usually found coating surfaces of silicate mineral grains. In MRT1 -a
mixed calcareous sand sample located in a playground- these secondary
phases do not retain PTEs perceivable to SEM-EDX (Fig. 3A). Whereas, in
MRT15 -located in a garden area of a public park- Fe hydroxides retain
traces of Cu, As, Sn, Sb, and Pb (Fig. 3B). Abundant arsenian plumbo-
jarosite and beudantite occur coating other minerals and as small (<3
um) individual grains in the mixed soils located in gardens (Fig. 3B,C,D;
Supplementary Fig. S1), and beudantite is found to trap Cu (approx.
1.0-1.9 wt%), Sb (4.5 wt%), and Sn (4.1 wt%; Fig. 3C,D).

The calcareous sand type of aggregate samples in passing areas of
public parks in Minas de Riotinto have only scarce PTE-bearing phases
(Fig. S1). A few sulfide mineral grains are found, including chalcopyrite,
galena, pyrite, and also an unidentified Pb phosphate. A few grains of
well-crystalline Fe oxides, barite, monazite, ilmenite, and zircon are also
found. Scarce Fe hydroxides contain in some cases Zn (2.3-6.7 wt%;
MRT17 in Fig. 4A) or As and Pb (MRT10; Fig. 4B), as well as, seldom As,
Sn, Sb, and Pb. Additionally, scarce aggregates of arsenian plumbojar-
osite and beudantite, void of PTEs perceivable to ESEM-EDX, presenting
hexagonal crystal forms (MRT8 and MRT10; Fig. 4D,E) and Mn-Fe



Table 2
Summary table of the pH values and chemical composition (mg/kg) of the urban soils in Minas de Riotinto classified by soil type 1) natural; 2) calcareous sand aggregates (high-carbonate content); 3) gravel aggregates
(low-carbonate content); and 4) mixed soils. (N = number of samples; SD = standard deviation; T = total fraction; F = fine fraction).

pH Al v Cr Mn Co Ni Cu Zn Rb Sr As cd Ba Tl Pb
T F T F T F T F T F T F T F T F T F T F T F T F T F T F T F

Natural soils (N = 12)
Mean 6.8 12,400 44,800 25 41 18 38 211 39 3.7 7.0 11 21 380 576 143 206 28 41 64 45 324 420 1.4 11 393 667 0.48 0.77 842 1370
Median 7.1 11,200 38,800 20 46 16 41 159 444 2.8 80 9.0 24 89 235 82 223 23 42 28 43 78 272 0.63 0.57 167 465 0.41 0.62 208 882
SD 1.4 6430 26,000 18 18 14 17 151 220 24 25 71 10 864 776 134 100 19 14 132 32 414 540 1.9 1.1 383 645 0.34 0.51 1080 1740
Min. 3.6 5890 24,300 5.6 94 23 6.1 23 60 1.1 15 16 33 11 55 25 25 83 17 87 12 62 43 0.09 0.38 52 112 0.06 0.23 34 82
Max. 8.5 26,600 120,700 61 61 42 58 495 833 86 10 27 33 3090 2270 431 346 78 62 479 132 1050 1950 4.2 3.4 1180 2340 098 1.9 3320 6370
Calcareous sand aggregates (N = 6)
Mean 8.5 3250 14510 36 88 16 39 201 442 31 7.0 46 13 22 47 98 147 7.2 17 155 193 50 93 0.11 0.31 54 132 - 0.22 83 167
Median 8.5 2760 14220 36 97 16 41 191 416 25 6.2 37 12 10 29 41 53 6.3 17 164 215 23 52 0.11 0.19 33 68 - 0.22 16 26
SD 0.16 1250 3650 9.0 21 45 80 68 74 1.7 21 22 21 23 44 142 220 25 43 37 49 54 99 - 0.30 47 128 - 0.11 151 307
Min. 8.3 2290 8690 27 46 10 24 129 378 19 55 22 10 59 18 14 39 52 9.5 98 117 21 34 <0.00 0.11 27 63 <0.00 0.11 10 18
Max. 8.7 5570 18,500 50 100 24 47 327 574 65 11 7.7 16 62 133 382 594 12 22 191 237 156 293 0.11 0.74 148 385 <0.00 0.33 389 789
Gravel aggregates (N = 6)
Mean 8.4 7870 29,900 21 46 11 28 364 675 23 42 49 12 31 94 36 61 26 39 229 104 15 34 0.10 0.47 106 142 0.16 021 24 48
Median 8.4 8970 32,500 21 42 89 25 282 532 20 40 32 12 25 84 34 53 33 35 55 78 14 32 0.10 0.47 70 88 0.16 0.18 14 36
SD 0.30 4520 17,400 14 34 9.2 14 258 512 1.2 1.2 44 53 19 53 21 31 16 30 419 98 81 17 - 0.16 97 116 0.07 0.17 20 45
Min. 8.0 2120 8200 59 13 23 91 098 205 11 25 22 59 11 33 12 31 44 9.7 85 19 538 17 <0.00 0.36 22 43 0.091 0.035 8.7 17
Max. 8.8 12,200 49,700 35 85 26 50 775 1550 4.6 6.0 14 20 57 176 68 115 40 89 1080 268 25 53 0.10 0.59 270 347 0.22 0.46 60 137
Mixed soils (N = 3)
Mean 8.1 5820 26,100 19 44 17 33 1090 1570 5.0 11 10 15 951 2410 175 420 13 21 194 74 1260 1040 090 1.3 787 737 0.25 0.49 3390 3570
Median 8.0 5350 22,300 15 35 11 36 1270 1770 3.6 6.3 6.2 15 352 370 93 125 16 23 107 74 113 263 0.87 0.54 240 502 0.32 052 159 536
SD 0.22 3060 19,600 9.2 31 15 19 903 454 46 94 75 3.3 1350 3760 203 523 6.3 12 214 42 2080 1400 0.8 1.6 1090 649 0.17 0.12 5720 5350
Min. 7.9 3030 8750 12 19 57 12 106 1050 21 49 48 11 75 115 26 109 57 87 37 31 26 193 0.31 032 75 238 0.05 0.36 16 422
Max. 8.3 9090 47,400 29 79 35 50 1880 1890 11 22 18 18 2490 6750 406 1020 17 32 438 116 3660 2660 1.4 3.2 2050 1470 0.36  0.60 10,000 9740
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Fig. 2. Backscattered images of natural soils in Minas de Riotinto. A) Beudantite (Beu) and Fe hydroxide (MRT4), B) arsenian plumbojarosite (Pjrs) and Fe hydroxide
(MRT4), C) a Sn and Sb -rich phase and beudantite (MRT24), D) arsenian plumbojarosite and Fe hydroxide (MRT24).
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. . hydroxide with traces of Zn (MTR10; Fig. 4F) are found. These sec-
LA LLLRSIILYggRDg ondary phases also appear as small crystals < 3 pm.
R R A e i I B R
=) [Nl -R-Nololelele ol =N ]
-l [ [ . .
4. Discussion
: H 4.1. Mineral-chemical association of PTEs in urban soils
OO 0NN =H 0O ~FT AN O
ToMNOAATNHNOON—O T O
Al e B B R A B B A B!
2|T777°9°°g9°ec°r The bulk mineralogical composition of the urban soils in Minas de
Riotinto shows contrasting patterns between natural soils with high
quartz contents and artificial aggregate soils with high carbonate con-
N2 ILITORSDS tents, whereas mixed soils have highly varying quartz, calcite, and
slesss83333382:2 dolomite contents (Table 1 and Table S3). Subsequently, the median pH
/M [ | [ . . . g .
value of natural soils is significantly lower than that of aggregate soils.
Based on the chemical abundance and mineralogical characteristics of
P N AN the PTEs, Cu, Zn, As, Sn, Sb, Ba, and Pb are recognized as the most
SRR EREEEEEEERE relevant PTEs in the urban soils, whereas other PTEs, such as, Co, Cr, Ni,
g|g9°cceceegeer and Cd are found in lower concentrations (Table 2). A recent study on
the soils surrounding the nearby town of El Campillo, revealed similar
i trends with, on the one hand, large variation and high concentrations of
E g 8 % g 3035 E % 3 § As (min.-max. 7.0-2230 mg/kg), Cu (13-1120 mg/kg), Pb (19-3490
PIEEEEE ; SSco - mg/kg), and Zn (18-722 mg/kg), and on the other hand, smaller vari-
ation and lower concentrations of Co (0.4-96 mg/kg), Cr (0.60-268 mg/
kg), Ni (1.4-95 mg/kg), and Cd (0.020-3.3 mg/kg) (Zuluaga et al.,
i b Do oo o 2017). These authors established background values for soils of El
ARRE8888S8 Campillo for Cr (21 mg/kg), Co (14 mg/kg), Ni (20 mg/kg), Cu (83 mg/
sl°cececesges - kg), Zn (93 mg/kg), As (45 mg/kg), Cd (0.16 mg/kg), and Pb (89 mg/
kg), which may serve as background values for Minas de Riotinto as the
distance between the towns is three kilometers and they host similar
NONDNOOWODNO . . . .
AN e ] lithology. The mean values of natural and mixed soils of Minas de
gl|°eesecegge~ Riotinto surpass these background values for Cu (380 and 951 mg/kg,
respectively), Zn (143 and 175 mg/kg), As (324 and 1257 mg/kg), Pb
(842 and 3392 mg/kg), and slightly for Cd (1.4 and 0.90 mg/kg), but not
g g £ N g o % § for Cr (18 and 17 mg/kg), Co (3.7 and 5.0 mg/kg), and Ni (11 and 10
g glsS8335s3a3 mg/kg). We also compared the mean concentrations of the deep natural
5 soil samples with the background values from El Campillo. Copper (97
33 i mg/kg), As (446 mg/kg) and Pb (587 mg/kg) presented higher values
3 T9geess than the background. These observations suggest the lithological asso-
P RO IN=SS - : : :
glglsssccs- ciation of the anomalous concentrations of PTEs (including Cu, As, Zn,
s and Pb) in the natural urban soils. These elements are directly associated
£ with minerals in the ore deposit (Almodovar et al., 2019; Saez et al.,
= t 1999). The mean values of all aggregate soils do not exceed the back-
2 N OV M©oO . X
g 388388 ground values set by Zuluaga et al. (2017). When comparing median
—g z|°9°9°" values, only As, Cu, and Pb (as well as Cd slightly) surpass the back-
g ground values for natural and mixed soils. Furthermore, according to the
X regulatory values set by the Decree of Andalusian Government, most of
El |gg8gg
Tl oM TIT NS
g|S|Sscsscw
§ Table 4
§ auag Results of PCA for fine fraction of urban soils in Minas de Riotinto. The Kaiser-
Sle|12383¢< =S Meyer-Olkin value was 0.5. The correlations with high factor loadings are
gl=]" <3 highlighted with bold numbers.
S 3 =
§ Q i 1 2 3
E LI E T Al 0.159 —0.096 -0.241
sl IRsS R \% —0.185 0.890 —0.236
L|o|ss- o cr 0.207 0.750 —0.169
8 s S Mn 0.229 -0.017 0.673
] £ Co 0.405 0.437 -0.129
= o = Ni 0.007 —0.646 —0.339
= 0 S ]
£ %3 = 5 Cu 0.022 —0.265 0.861
S|>|e~ s g Zn 0.034 -0.166 0.828
E E g Rb —0.002 —0.520 0.474
g &g Sr -0.322 0.843 —0.150
g 8 - 2 As 0.936 0.042 0.068
2=z 3 = o cd 0.078 —0.082 0.802
NG 2.8 Ba 0.927 —0.149 0.114
» o Q= Tl 0.580 ~0.500 0.040
23 g & Pb 0.925 0.055 0.076
'E é 2>55853825438828 S 5 Variability 31% 20% 15%




A. Parviainen et al.

the soils may be declared as potentially contaminated (Decreto 18/
2015, 2015). The majority of studied natural (70% with median 73 mg/
kg of As and 50% with median 208 mg/kg of Pb in total fraction;
Table 2) and mixed urban soils (67% with median 113 mg/kg of As and
30% with median 159 mg/kg of Pb) surpass this regulatory value for As
(36 mg/kg) and Pb (275 mg/kg). Only one aggregate soil sample ex-
ceeds the regulatory values for both As and Pb (MRT17 with 156 and
389 mg/kg, respectively), whereas another sample exceeds the value for
As (MRT8 with 52 mg/kg).

Among the studied elements, Cr, Cd, As, Ni, and Pb are recognized as
toxic to humans, and, according to the International Agency for
Research on Cancer, Cr (VI), Ni, As, Cd, and Pb are carcinogenic and Sb
is potentially carcinogenic to humans (IARC, 1989; Tchounwou et al.,
2012). Furthermore, the pH is a key factor controlling the fate of PTEs in
soils (Simon et al., 2005). Therefore, understanding the mineralogical
associations of PTEs and their potential mobility is essential in an urban
environment to assess the toxicity of these soils.

Spearman’s correlations of the fine fraction of the natural and mixed
soils show, on the one hand, that As presents very high positive corre-
lation with Pb (0.94) which is strongly supported by the presence of
abundant arsenian plumbojarosite and beudantite in these soils
(Table 3). Additionally, Cu, As, Ba, Tl, and Pb present high positive
pairwise correlations (0.60-0.89). Zinc is positively and highly corre-
lated with Cu (0.60), whereas moderately correlates with Cd (0.53).
Further, Sr presents high positive correlations with V (0.73) and Cr
(0.70), and Cr with V (0.83), whereas Mn correlates with Ni (0.64).
Rubidium does not correlate with any of the other elements. When
Spearman’s correlations are run for all urban soils together, the results
are very similar to natural soils —exhibiting very high positive correla-
tion for the main pollutants including Cu, As, Ba, Tl, and Pb, and addi-
tionally Zn presents positive correlation with these elements.

The PCA performed on the fine fraction of the urban soils in Minas de
Riotinto includes three components explaining 66% of the variability
(Table 4). Component 1 (explaining 31%) includes As, Ba, and Pb (and
Tl with weaker factor loading) in direct relationship; Component 2
(explaining 20%) includes V, Cr, and Sr also in direct relationship; and
Component 3 (explaining 15%) includes Mn, Cu, Zn, and Cd. Cobalt and
Rb have weak factor loadings. According to these groups, Component 1
(elements with lower mobility) and Component 3 (recognized as
micronutrients with higher mobility; (Kabata-Pendias, 2010) seem to be
related to the main pollutants, i.e., to the elevated concentrations of
PTEs found in these samples. Arsenic and Pb are sulfide-associated el-
ements found in the ore deposit (Almodovar et al., 2019). The Compo-
nent 2 is related to elements that exhibit low concentrations in the
natural soils. All statistical analyses imply the association of Ba with the
main sulfide-related elements (e.g., As and Pb), however, Ba merely
occurs in barite. Even though there is no mineralogical association, the
compositional abundances of Ba correlate with sulfide-related elements
in the natural and mixed soils. We did not include Sb in the PCA due to
the different techniques used for the chemical analysis. However, we
find high Sb concentrations in samples with high concentrations of As
and Pb. Subsequently, Sb shows very high correlation with As (0.92) and
Pb (0.91) in these samples. Additionally, mineralogical analysis
confirmed that Sb is related to sulfide-associated elements, such as As,
Sn, and Pb.

Arsenian plumbojarosite and beudantite are common secondary
phases after alteration of primary sulfide minerals (such as galena)
described in mining environments. They appear as natural alteration
products of ore deposits and also in mine wastes, but are rarely described
in urban soils (to our knowledge this is the first time they are described
in urban soils). For instance, beudantite works as a natural sink for As
and Pb in gossans in the Iberian Pyrite Belt (Nieto et al., 2003), and it has
been detected in tailings in various mine sites working as a natural
attenuation mechanism for As and Pb (Courtin-Nomade et al., 2016,
2002; Gieré et al., 2003; Kocourkova et al., 2011; Néel et al., 2003;
Romero et al., 2010, 2007; Roussel et al., 2000). Beudantite was also
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detected in agricultural soils in Taiwan and was reported to have low
solubility in the same pH range as in the natural soils of Minas de
Riotinto (Chiang et al., 2010). Leaching tests at pH 2 and 4 also exhibited
low solubility of As and Pb (Chiang et al., 2010). Our study shows that
these minerals, that are common oxidative weathering products of
galena (Nieto et al., 2003), are abundant in urban soils of Minas de
Riotinto, especially in the natural and mixed soils, but are also detected
in the aggregate soils (Figs. 2-4). Arsenopyrite, tedrahedrite, and As-Sb
sulfosalts are primary sources of As and Sb in the massive sulfide de-
posits of the Iberian Pyrite Belt (Almodovar et al., 2019). Beudantite and
plumbojarosite act as important traps for As and Pb which explains the
high correlation between these elements, but As, Cu, Zn, Sb, and Pb are
also retained by Fe hydroxides in trace amounts (generally below 3.0 wt
% for each element; Figs. 2-4).

Hexagonal plumbojarosite [Pbo,sFe§+(SO4)2(OH)6] and beudantite
belong to the alunite supergroup —a large group of minerals with varying
compositions— and are stable in the pH conditions of the studied soils
presenting low solubility with solubility products (Ks) from 101 to 10°
21 (Forray et al., 2014; Kocourkova et al., 2011; Kolitsch and Pking,
2001; Roussel et al., 2000). Beudantite and plumbojarosite form solid-
solutions and they present high crystal-chemical flexibility being able
to incorporate different elements (e.g, Cu and Sb) (Hudson-Edwards,
2019; Kolitsch and Pking, 2001; Pekov et al., 2016; Sejkora et al., 2009).
In our study, we find traces of Cu, Sn, and Sb in beudantite (Fig. 3C,D).
Studies on synthetic As-Pb jarosite with pseudo-rhombohedral
morphology also suggest that these phases immobilize effectively As
and Pb and are potential long-term traps (Forray et al., 2014).

The remaining sulfide minerals in the natural and mixed soils are
prone to oxidation in the atmospheric conditions prevailing in the top-
soils. Hence, they may contribute to the liberation of PTEs, further
acidification of soils, and subsequent precipitation of secondary phases.
The fate of PTEs in the precipitating secondary phases depends on the
dynamics between Fe3+, SO‘Z{, and soil properties (Simon et al., 2002). In
the pH range of the studied soils, goethite and ferrihydrite are stable
phases with Kg, values from 107 to 10*, even though decreasing
crystal size and Al substitution may increase the K, by several orders of
magnitude (Bigham et al., 1996; Schwertmann, 1991). Hence, the
presence of Fe hydroxides, beudantite and plumbojarosite, pH, and soil
properties, play key roles in the fate of As, Cu, Zn, Sb, and Pb, that may
be prone to remobilization after mineral dissolution in case of changing
pH and redox conditions (Simoén et al., 2005, 2002). The Fe hydroxides
detected in the current study represent less important long-term traps
for As and Pb in comparison to for instance beudantite, because they
contain lower concentrations of these PTEs. The mobility and avail-
ability of most divalent cationic metals decrease at higher soil pH,
whereas the mobility of oxyanions (including As and Sb) gradually in-
creases with rising pH (McLean and Bledsoe, 1992). Arsenic is a redox
sensitive element (Couture et al., 2015) that is readily mobilized under
anoxic conditions in soils, but here in oxidized surface environment As
tends to be stable.

4.2. Influence of particle size on the potential exposure risk of PTEs

Based on our study, the natural and mixed urban soils of Minas de
Riotinto contain higher amounts of PTEs in comparison to artificial soils,
and both total and fine fractions of the natural and mixed soils have
significantly higher concentrations of Ni, Cu, Zn, As, Ba, and Pb.
Accordingly, recent studies report elevated concentrations of Cu, As, and
Pb in the topsoils of the nearby village of El Campillo (Zuluaga et al.,
2017) and in sediments of the Tinto River affected by mining (Cruz-
Hernandez et al., 2016; Parviainen et al., 2015), as well as high contents
of Cu and Pb in mine soils (Monaci et al., 2020; Rossini-Oliva et al.,
2016). Our mineralogical observations under scanning electron micro-
scope reveal that PTEs are mainly associated to particles < 10 pm,
including both primary, geogenic mineral phases such as sulfides, as
well as, secondary phases, including arsenian plumbojarosite,
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beudantite, and Fe hydroxides. This study also highlights that smaller
(<5 pm) PTE-bearing particles are frequent in the natural and mixed
soils, and to lesser extent in aggregate materials. Even though, the
mineralized parent rocks have a major influence on the chemical and
mineralogical composition of the natural soils (Galan et al., 2008), the
enrichment of sulfide-associated PTEs, and especially As, in some
aggregate soils of Minas de Riotinto implies that deposition of atmo-
spheric PM derived from the mining site may contribute to the quality of
the urban soils. The calcareous aggregates are poor in PTEs by nature
therefore we assume that higher concentrations come from an external
source. In fact, Co, Ni, Cu, As, and Pb present significantly higher values
in the fine fraction of aggregate soils with respect to the total fraction,
which implies the deposition of airborne PM. However, we cannot rule
out other processes, and the elevated PTE concentrations in artificial
soils may be affected by admixing of aggregate fillings with surrounding
and underlaying natural soils even though there may not be apparent
disturbance. Recent studies, however, corroborate that the contami-
nated soils and mining facilities in the Rio Tinto mining district is a
persistent source of atmospheric pollution of PTEs (Castillo et al., 2013;
Fernandez-Caliani et al., 2013; Sanchez de la Campa et al., 2020). Ac-
cording to these authors, the windblown PM (<10 pm) has similar
chemical and mineralogical characteristics to the mine wastes. The
airborne PM adjacent to the mine waste dumps contains sulfide-related
PTEs, including As, Bi, Cd, Cu, Sb, Zn, and Pb. Pyrite, chalcopyrite, and
their secondary phases such as goethite, jarosite, plumbojarosite, and
hematite, were detected (Fernandez-Caliani et al., 2013). Additionally,
they detected apatite [Cas(PO4)sF], gypsum [CaSO2-2H,0], ilmenite,
rutile [TiO], titanite [CaTi(SiO4)O], cassiterite, zircon, and monazite as
minor phases in the PM. The airborne PM from mine sites may cause
direct exposure risk to humans. Additionally, deposition of PM may
influence the quality of the urban soils by altering their chemical and
mineralogical composition.

During the hot and dry summer season, as is the case in our study
area, windblown dust and resuspension of fine PM of polluted urban
soils may pose a severe exposure risk to residents via inhalation. Chil-
dren — while playing — may additionally be exposed through ingestion
and dermal contact. Based on our health risk assessment of the urban
soils of Minas de Riotinto, considering the whole town of as an exposure
area, the studied soils exhibit carcinogenic risk of As for both adults and
children, whereas As and Pb present non-carcinogenic risk for children
(Parviainen et al., 2022). Many studies have reported that the smaller
fractions, PM < 10 pm and especially < 2.5 pm, pose higher exposure
risk via inhalation, because these particles may penetrate and deposit
deeper in the lungs to the trachea-bronchial or alveolar area (Oberdor-
ster et al., 2005; Schlesinger et al., 2006; Valavanidis et al., 2008; Zereini
et al., 2012). Furthermore, other studies have estimated PTE bio-
accessibility from geogenic PM in lungs using in-vitro studies that
simulate lung fluids. For instance, (Guney et al., 2017) suggested high
bioaccessibility for PTEs, such as As, Cu, Fe, Mn, Ni, Pb, and Zn, from PM
derived from contaminated soils and mine tailings. The chemical form of
the inhaled PM influences on the bioaccessibility and toxicity of PTEs on
humans (Gonzalez-Grijalva et al., 2019; Mazinanian et al., 2013).
Furthermore, the mineralogical composition of the soils may have an
impact on the gastric bioaccessibility of As (Meunier et al., 2010; Morais
et al., 2019). Hence, identifying the mineralogical-chemical character-
istics of the small particles is important in urban soils to evaluate po-
tential exposure risk to PTEs. The results of this study may have an
implication in choosing the pavement material for public areas to
minimize exposure risk to humans. Calcareous sands or gravel pave-
ments have proven as better options in comparison to natural soils in
Minas de Riotinto. However, further toxicity assays and bioaccessibility
tests are necessary to comprehensively evaluate the potential toxicity of
the urban soils in Minas de Riotinto.
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5. Conclusions

For the first time, the mineralogical-chemical association of PTEs in
the urban soils of Minas de Riotinto in SW Spain is studied in this work,
and we evaluated the characteristics of the soil total and fine fractions in
the view of potential exposure risk to humans. Natural soil development
in the mineralized bedrock area of the Iberian Pyrite Belt results in
significantly higher concentrations of Ni, Cu, Zn, As, Sb, Ba, and Pb in
both total and fine fractions of the natural and mixed (with natural soil
component) urban soils in comparison to the artificial aggregate soils.
The fine fraction of aggregate soils, that are composed of calcareous
sand and by nature do not exhibit elevated contents of PTEs, serve us in
evaluating the deposition of anthropogenic airborne PM derived from
the mining area.

This work highlights the mineralogical control of PTEs in the urban
soils. The remaining, unweathered sulfide minerals may be a source of
soluble PTEs upon oxidation in the future, whereas abundant arsenian
plumbojarosite and beudantite are stable mineral phases under the pH
conditions of the studied soils and serve as important traps for As and Pb.
The PTEs are commonly present in the small particles (<10 pm) that
may be inhalable upon dusting and suspension in the air.

This study also highlights the importance of the selection of pave-
ment material of urban areas that are overlying mineralized bedrock.
The natural and mixed soils of Minas de Riotinto contain anomalous
concentrations of PTEs, especially Cu, As, Sb, and Pb. Many of the old
playgrounds in Minas de Riotinto were constructed on natural soils and
the ones having calcareous sand pavements have been worn down
mixing with the underlying natural soil (e.g. MRT1, MRT9, MRT18, and
MRT24). In these cases, covering the natural soils by calcareous sands
would improve the quality of the urban soils and decrease the PTEs’
exposure risk to humans.
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