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Abstract Mining has become one of the main
factors in the global biogeochemical cycle of poten-
tially toxic elements. Therefore, it is considered one of
the anthropogenic activities with the greatest negative
impact on the environment. These impacts are max-
imized in semiarid regions, where mining activities
can lead to soil degradation and decrease in land
productivity. This study aimed to assess the level of
contamination in natural, urban, and agricultural soils
of three important mining areas, where approximately
80,000 people live, and pollution levels have never
been determined before. For this purpose, soil samples
were collected around iron, uranium, and vanadium
mines, as well as in the main human settlements of the
region. The concentrations of 34 elements were
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determined by instrumental neutron analysis activa-
tion (INAA) and inductively coupled plasma optical
emission spectrometry (ICP OES) techniques. Pollu-
tion indices (CF, EF, mCy, PLI, and REEP) revealed
that there is a moderate to heavy level of pollution for
89% of the analyzed elements. Additionally, an
extreme contamination level was observed in 78% of
the samples, for at least one element. Statistical
analyses were performed to identify patterns in the
distribution and common sources of pollution. The
results suggest that the concentrations for Al, Ba, Hf,
Na, Pb, Rb, REE, Ta, Th, U, Zn, and Zr are associated
with geogenic causes. However, the influence of
anthropogenic sources such as agriculture and mining
on the accumulation of these elements in soils should
not be disregarded. In contrast, the contents of As, Br,
Cd, Co, Cr, Cs, Cu, Fe, K, Mn, Ni, Sc, Ti, and V reflect
the direct impact of anthropogenic sources.

@ Springer


http://orcid.org/0000-0002-3733-2899
https://doi.org/10.1007/s10653-021-00934-x
https://doi.org/10.1007/s10653-021-00934-x
https://doi.org/10.1007/s10653-021-00934-x
https://doi.org/10.1007/s10653-021-00934-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s10653-021-00934-x&amp;domain=pdf
https://doi.org/10.1007/s10653-021-00934-x

4554

Environ Geochem Health (2021) 43:4553-4576

Graphic abstract

) &) —g—
reactor nuclei
in MONP
Semiarid

Neutron Activati

o ®
@

Keywords Soil analysis - Trace elements - Neutron
activation analysis - ICP OES - Anthropogenic impacts

Introduction

The current growth of human society is strongly
related to a process of progressive industrialization
and greater exploitation of natural resources. Anthro-
pogenic activities are contributing to an accelerated
process of environmental pollution since they are
responsible for the introduction and redistribution of
potentially toxic elements (PTE) and naturally occur-
ring radioactive materials (NORM) into ecosystems
(Dolezalova et al., 2019). There are a significant
number of research works dedicated to the assessment
of pollution by these inorganic pollutants, which
reveals the great importance given by the scientific
community to this topic (Fordyce et al., 2019; Kumar
et al., 2017; Li et al., 2014; Wang et al., 2019). In
general, these works show that the sources of
contamination for these pollutants are diverse and
that in the last ten years there has been a drastic
increase in their concentrations in different environ-
mental matrices (soil, sediments, underground and
surface waters).

Contamination by PTE and NORM currently
represents one of the most sensitive problems for
human health, due to their toxicity and radiological
effects (Bonotto, 2015; Tchounwou et al., 2012).
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Several types of cancers (e.g., breast, lung, skin,
stomach, etc.), kidney damage, behavioral distur-
bances in children, among other health disorders, have
been associated with short and long-term exposure to
these pollutants (Jarup, 2003). Although these adverse
health effects have been well known for a long time,
exposure to these types of pollutants is increasing,
mainly in less developed countries.

Mining has become one of the anthropogenic
activities that most impacts the environment, mainly
in developing countries (Akinci & Guven, 2019;
Reyes et al., 2019). Mining activities produce a huge
quantity of wastes that predominantly contain PTE as
by-products (Wang et al., 2019). The diffusion of these
pollutants into the environment by natural factors or
accidental release may cause long-term multi-elemen-
tal contamination of the entire ecosystem (Ling et al.,
2019). Several works focusing on mining impacts on
the environment indicate that mining areas can be
considered extremely vulnerable regions to metal
pollution and, consequently, to environmental
degradation.

Brazil is one of the leading countries in mining,
which on average represents 14.5% of total exports
and 3.7% of gross domestic product (GDP) of the
country (IBRAM, 2020). The state of Bahia (Northeast
Brazil) is among the federal states with the most
important and diverse mineral deposits (amethyst,
chromium, gold, iron, manganese, nickel, vanadium
and uranium). This fact has contributed to accelerated
development and expansion of mining in this state.
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However, most mining areas are in semiarid regions,
where soils are poorly developed and suffer a lot of
erosion due to climatic conditions. Therefore, pro-
longed mining activity makes it difficult to find
another land use, once the mine is closed (Van Zyl
and Straskraba, 1999).

In recent years, Brazil has been the scene of major
mining accidents, which have been considered among
the largest environmental disasters in the world
mining industry (Burritt & Christ, 2018; WISE,
2020). Contrary to expectations, the government
reduced resources for regulatory agencies and there
was a setback in environmental legislation, thus
placing the population living in mining areas in a
situation of greater vulnerability (Do Carmo et al.,
2017). In this context, studies carried out by public
universities play an important role in the monitoring
and evaluation of the possible impacts of mining
activities, especially in inhabited areas. This is
precisely the aim of the present work, which consti-
tutes a precedent because it is the first time such a
comprehensive investigation has been carried out in
this region, characterized by a strong presence of
mining operations and accelerated population growth.

In this study, the concentrations of thirty-four
elements in natural, agricultural, and urban soils were
determined in three important mining areas of the state
of Bahia (NE-Brazil). This purpose was achieved by
combining two of the most powerful analytical
techniques: INAA and ICP OES. To assess the state
of contamination in the topsoil, never before done in
this region, different pollution indices were calculated.
Robust statistical analyses were used to establish inter-
element relationships and identify whether the ele-
ments have geogenic and/or anthropogenic origins,
providing vital information on the local impacts of
mining and other anthropogenic activities. All the data
reported in this work can be used as environmental
reference information in studies related to mining
activities worldwide or as baseline values for future
work in the same area.

Study area
The study was conducted in three important mining

areas: the iron and uranium mines in Caetité and the
vanadium mine in Maracas. Both municipalities are

located in the semiarid region of the state of Bahia,
northeast of Brazil (Fig. 1).

The municipality of Caetité, located in the central-
southern region of Bahia, is 645 km away from
Salvador (main city of the state). This region hosts
several uranium-enriched zones and comprises the
most important uranium province in Brazil, with a
total reserve of ca.112,000 metric tons of triuranium
octoxide (U3Og) (Lobato et al., 2015). For this reason,
this municipality concentrates—since 1999—the
exploitation of this mineral by having the only active
uranium mine (open-pit mine, area: 1700 ha) not only
in Brazil but also throughout Latin America (INB,
2020). Roughly 300 tons per year of U3Og are
produced from the orebodies located at the northern
region of the municipality (Lobato et al., 2015).
Furthermore, in 2005 an important iron ore field, with
deposits that contain more than 10 billion tons of iron,
was found in the southern part of the municipality
(CETEM, 2013). This mine has the capability of
producing up to 20 million tons of iron ore per year,
which would place Bahia as the third iron-producing
state in the country. (BAMIN, 2016).

The municipality of Maracas is located in the east-
central region, 365 km from Salvador. The region
boasts one of the highest-grade vanadium resources in
the world with a total reserve estimated in 19,010 kt
(Largo Resources, 2020). The mining activity began in
2014, and the mine (open pit, area: 17,690 ha) was
projected to produce more than 10,000 tons of
vanadium pentoxide (V,0s) annually. The annual
V,0s production guidance for 2020 was:
11,750-12,250 tons (Largo Resources, 2020).

The climate is semiarid characterized by an average
annual temperature of 22 °C but can reach up to 35 °C
during the summer season (December-February). The
average precipitation is about 71.8 mm in Caetité, a
little less in Maracas (67.0 mm). The rain events are
erratic and are mainly concentrated during the sum-
mer. The winds generally blow from east and south-
east and are particularly intense in the Caetité region
(upto 153 kmh™h.

Regarding geological features, the area is part of the
Sédo Francisco Craton. The Caetité region, specifically,
is in the “Lagoa Real” lithological unit, which is a
granite—gneissic complex. It covers an area of more
than 2000 km? and crosses the area with N-S orien-
tation (Pascholati et al., 2003). The pre-Espinhaco
lithological unit, also with N-S orientation, dominates
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Fig. 1 Geolocation of the municipalities of Caetité and Maracas, and the mining facilities studied in the state of Bahia (Northeast,
Brazil). Yellow area corresponds to the semiarid region (75% of the state territory)

the Maracas area. This unit is characterized by intense
and complex folding and the presence of longitudinal
faults (De Paula & Abrahdo, 1991). In general, these
lithological units are composed of alkaline granite
bodies, orthogneiss, albites, and amphibolites rocks,
among others. A heterogeneous relief predominates
over the region with an altitude that varies between
800 and 1000 m and isolated mountains.

The predominant soil types are the dystrophic red-
yellow latosols, eutrophic cambisols, and neosols
(arenosols), the latter extremely susceptible to erosive
processes. Previous work done in the region showed
that latosols have a high permeability (percolation 150
mm hfl), while the cambisols have a moderate
permeability (percolation 5-150 mm h~') (PLA-
NARQ, 1997). The study area is close to the two
main hydrographic basins of the state of Bahia: the Sao
Francisco and the Contas river basins. However, the
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rivers of the region are ephemeral and remain dry most
of the year, except during the rainy season.

In the neighborhood of the mining areas are located
important urban centers. Approximately 80,000 peo-
ple are considered to live near these mining areas.
Agriculture and livestock are, in addition to mining,
the most important economic activities in the region.

Materials and methods

Since this section is vital for a clear understanding of
the work, the main methodological steps are summa-
rized in a flowchart presented in the Supporting
Material (Figure S1).
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Sampling procedure and sample preparation

In the three mining areas, natural soils were collected
near the mining waste deposits. In the Maracas region,
specifically, the sampling was carried out by contour-
ing the margins of the Jacaré and Contas rivers, due to
their proximity to the vanadium mine. In this case, the
soil samples were collected 20-25 m away from the
river banks. In the main human settlements around the
mines, urban and agricultural soil samples were
collected specifically in industrial, residential, and
farming areas. A digital Global Positioning System
(GPS) device was used to record the geographic
coordinates at each sampling site (see Table S1). A
total of thirty-four locations were sampled (Fig. 2):
uranium mining area (UMA; n = 17), iron mining area
(IMA; n=15), and vanadium mining area (VMA;
n=12).

The sampling procedure was performed based on
the guidelines established by the US Environmental
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Fig. 2 Map of the studied area and sampling sites

Protection Agency (USEPA, 1989a) and the Brazilian
Agricultural Research Corporation (EMBRAPA,
2014). After removing stones, thick materials, and
other debris, topsoil samples (A horizon) were
collected at a depth of 20 cm from the surface layer.
In a5 x 5m area, five individual samples were
randomly collected, which were then pooled and
homogenized to form a composite sample of 1 kg
approximately. Finally, the composite samples were
stored in sealed plastic bags, previously labeled and
transported to the laboratory for further treatments and
analyses.

The soil samples were dried in an oven at 80 (£ 2)
°C until they reached a constant weight and then
ground using a porcelain mortar and pestle to reduce
the grain size to a fine powder. Afterward, the samples
were sieved with a 150-mesh sieve (< 125 pum). For
both compositional analyses, representative subsam-
ples of approximately 10 g of each sieved soil were
taken and placed in 50-mL Falcon tubes, which were
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previously washed with an acid solution and then
rinsed with deionized water.

Instrumental neutron activation analysis (INAA)

This analysis was carried out at the research reactor
IEA-R1 of the Nuclear and Energy Research Institute
(IPEN), Sao Paulo, Brazil. The IEA-R1 is a pool type
research reactor operating between 2 and 3.5 MW
(IPEN, 2020).

For the sample analysis, five certified reference
materials (CRMs) were used: BE-N (basalt),l GS-N
(granite)z, JB-1 (basalt)2 (see footnote 2), IAEA-Soil-
7 (soil),” and W1 (diabase).* This set of geological
CRMs was chosen because: they have a matrix similar
to the samples analyzed and they exhibited the most
precise concentration valueS for the elements of
interest. These CRMs were irradiated and measured
under the same conditions, together with the samples
under study.

To determine the short-lived radionuclides of Al,
Dy, Mn, Ti, and V, short-time irradiations were
performed. Soil and CRM W1  samples
(m ~ 78.5 £ 0.5 mg) were packed into sealed bags
(1 cm x 1 cm), placed into a cylindrical polyethylene
vial (called “rabbit”) and irradiated for 10 s in the
reactor with the help of a pneumatic facility. The
irradiated samples were measured twice (after 1-min
and 1-h decay) using an HPGe coaxial detector
(Canberra model: GC2018, Relative efficiency: 20%,
Resolution: 1.8 keV). At the first count, the CRM and
the soil samples were measured at 5 cm from the
surface of the detector for 2 and 5 min, respectively.
For the second count, they were placed in close-
geometry configuration and measured for 10 min.

The long-lived radionuclides of As, Ba, Br, Ce, Co,
Cr, Cs, Eu, Fe, Hf, K, La, Lu, Na, Nd, Rb, Sc, Sm, Ta,
Tb, Th, U, Yb, Zn, and Zr were determined by
exposing the samples to long-term irradiations. In this
case, soil and CRMs (BE-N, GS-N, and Soil-7)

! Certified Reference Material from Service d” Analyse des
Roches et des Minérauxs (SARM), France.

2 Certified Reference Material from the Geological Survey of
Japan (GSJ), Japan.

3 Certified Reference Material from the International Atomic
Energy Agency (IAEA), Austria.

4 Certified Reference Material from the United States Geolog-
ical Survey (USGS), United States.
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samples (m ~ 108.5 & 0.5 mg) were separated into
four different groups. Each group were packed in a
column, wrapped in aluminum foil and then placed
into an aluminum “rabbit.” The irradiation time (t;)
for all groups was 8 h and before measuring the
samples, it was necessary to wait for a “cool down”
time (tq) until the permitted dose levels were reached.
Some complementary technical information of this
analysis is shown in Table S2 (Supplementary
Material).

Long-time irradiated samples were measured in
gamma-ray spectrometers, composed of HPGe coaxial
detectors (Canberra model: GX2020, Relative effi-
ciency: 20%, Resolution: 2.0 keV). The counting
procedure was performed twice: after 6-7 days from
irradiation (at 5 cm from the surface of the detector)
and after 15-20 days from irradiation (in close-
geometry configuration). In all cases, the measure-
ment time was 1 h. The GENIE 2000 and S100
software were used for the acquisition and analysis of
gamma-ray spectra.

The CAX program (Zahn et al., 2019) was used to
calculate the elementary concentrations, their uncer-
tainties and detection limits. This program uses the
INAA relative method, which can be expressed
mathematically as:

N - mcry

7 e/l (ts—tcrm)
NCRM

Cs = CCRM [mg kgfl] (1)
where m [kg] represents the irradiated mass of the soil
and the CRMs samples, ¢ [mg kg '] the concentration
of the element of interest reported in the CRM
datasheet, and N, [photons s~ '] the gamma-ray count
rate at the full-energy peak of energy E. The
exponential term is introduced to take into account
the time elapsed between the measurement of the soil
samples and the CRM, and A [s7'] is the decay
constant of the specific radionuclide.

The uncertainties in the determined concentration
values were up to 10%, except in some cases where the
concentrations of some elements were below or near
the limit of quantification (LOQ), determined by the
Currie method (De Geer, 2004). Table S3 (Supporting
Material) shows the main nuclear parameters of the
radionuclides measured by INAA, as well as the LOQ
for each element.

The quality of the measurement was established by
determining the concentration of the elements of
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interest in the CRM JB-1 and in mono-elemental
references of Al, Mn, Ti, and V. The Z-score test was
used to compare the concentration values obtained
with those reported for the CRM. The Z-score values
were not only within the accepted range [—2, 2] but
also 90% of the values were within [—1, 1], which
constitutes evidence of the good accuracy of the
results (see Fig. S2). The fact that Br concentration
was reported as a “provisional value” in CRM JB-1
and the lack of a mono-elemental reference of Dy
prevented both elements from being be included in the
quality control test. However, they were considered in
the analysis based on the high level of coincidence
obtained for the other elements.

Inductively coupled plasma optical emission
spectrometry (ICP OES)

Since the isotopes frequently used in the INAA to
determine Cd, Cu, Ni, and Pb present some difficulties
such as low isotopic abundance, small or null neutron
capture cross sections, and low gamma-ray branching
ratios; these four elements were determined by ICP
OES. In this case, a subsample of 250.0 (= 0.1) mg of
each sieved soil was placed in a tube, and 2.5 mL of
concentrated nitric acid (HNO3) and 1.5 mL of 37%
hydrochloric acid (HCl) were added with a pipette.
Aqua regia digestion, which is a standardized method
for analyzing metals in environmental samples, was
performed following the procedure recommended by
ISO 11466 (1995). This procedure was carried out
using a TECNAL digester block (TE-007 MP) with a
cold finger. The acid solution was heated at 130 (% 2)
°C for 5 h, then cooled to room temperature and finally
centrifuged at 2000 rpm for 5 min. Once the acid
digestion procedure was completed, the samples were
transferred to clean 50-mL Falcon tubes and Milli-Q
ultrapure water (resistivity: 18.2 MQ cm™") was added
to complete 15 mL.

Digested soil samples were analyzed using the
spectrometer (ICP OES, Varian 710-ES) operated
under the following conditions: RF power (1.3 kW),
plasma gas (Argon), plasma gas flow (15 L min™'),
auxiliary gas flow (1.5 L min~"), nebulizer pressure
(150 kPa), nebulizer gas flow (0.7 L min_l), stabi-
lization time (15 s). Each sample was analyzed in
triplicates for 3 min each.

The calibration of the equipment was carried out
before the measurements of the samples by using

multi-elemental high-purity standards (South Caro-
line, USA) and mono-elemental Merck standards
(Darmstadt, Germany). To determine the limit of
quantification, ten blank samples were prepared using
15 mL of Milli-Q ultrapure water and then measured
at the same operating conditions. The spectral lines
and the LOQ (calculated as in, TUPAC, 1978) of the
analyzed elements (Cd, Cu, Ni, and Pb) are exhibited
in the supporting material (see Table S4).

Although the aqua regia digestion gives the
pseudo-total concentration, the recovery percentages
of the selected elements obtained from the CRM
analysis were higher than 86%. Furthermore, the
calculated Z-score values were between 0.2 and 0.8
(Fig. S1), thus indicating that the adopted procedure
leads to reliable results.

Assessment methods of contamination in soils

In order to assess quantitatively the state of soil
contamination in the studied areas, single and com-
bined indices of pollution were calculated. These
indices allowed us to classify the areas in various
levels of contamination according to the metal
content. Since the indices used in this work have been
widely discussed in many scientific articles, the
equations and parameters involved in the calculation
of each index were summarized in Table S5 (Supple-
mentary Material).

Two single indices, the enrichment and the con-
tamination factors (EF and CF) were calculated to
identify the pollution level for each individual metal.
They are commonly used to estimate the degree of
intensity of the anthropogenic impact on soils (Hadzi
et al., 2019). The EF calculations were performed
using Al as the reference element, which is usually
chosen because it is one of the most common elements
in the Earth’s crust (Bern et al., 2019).

Additionally, the combined indices: modified
degree of contamination (mCy), Pollution Load Index
(PLI), and Pollution Index for Rare Earth Elements
(REEP) were calculated to assess the level of
contamination by considering the simultaneous pres-
ence of numerous pollutants. The mCy and PLI both
calculated from the CF are widely used in environ-
mental studies to identify the levels of metal pollution
accumulation (Fosu-Mensah et al., 2018), whereas the
REERP is specifically defined for assessing the level of
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contamination due to the content of rare earth
elements in a region of interest (Jinxia et al., 2010).

Table 1 shows the different contamination cate-
gories for all the indices used in this study, except for
PLI, which has only three categories: PLI < 1 indi-
cates no contaminated, PLI = 1 (base line of pollu-
tion), and PLI > 1 contaminated (Tomlinson et al.,
1980).

Due to the fact that background values play an
important role in the correct interpretation of geo-
chemical data and in accurately assessing the level of
contamination; they must be chosen carefully. In this
study, the background values for 19 of the 34 elements
determined were taken from Machado (2018), whose
work focused on the “Lagoa Real” lithological unit.
However, in that study the values of elements of
interest such as As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn
were not reported. For that reason, the values reported
by Da Silva et al. (2015) and Biondi et al. (2011) were
used as reference concentrations for those elements.
These studies established background values for a
semiarid region, also located in northeastern Brazil,
with similar geological and climatic characteristics to
that of our study.

In the case of Br, Cs, Hf, Ta, and V for which there
are no previous studies in the region that report their
background concentrations, the values of the Upper
Continental Crust (UCC), reported by Rudnick and
Gao (2014), were used only for comparative purposes.
Likewise, the concentrations obtained for REE and Sc
were compared with the value reported by De Sa Paye
et al. (2016), who investigated the distribution of these
elements in 88 sites distributed across Brazil. Finally,
it is worth mentioning that Table S6 summarizes all
the background values used in this work, as well as the
guideline values for agricultural and urban soils
established by Brazilian legislation (CONAMA
420/2009) and the USEPA (2020).

Data statistical analysis

All data obtained were statistically analyzed using the
STATISTICA v18.0 software. Each metal concentra-
tion data set was evaluated in terms of descriptive
statistical parameters, such as minimum and maxi-
mum values, median, mean, mean standard deviation
(M.S.D), skewness, and kurtosis. The assumption on
data normality distribution was evaluated by the
Kolmogorov—Smirnov test at a level of significance
p < 0.05.

To identify relationships between the elements,
Spearman correlation coefficients (rg) were computed.
The Spearman test provides a statistical measure of the
strength of a monotonic relationship between paired
data. Unlike Pearson’s correlation, this nonparametric
test does not require that the data follow a normal
distribution. The principal component analysis (PCA)
and hierarchical cluster analysis (HCA) were used to
identify patterns in the distribution of metal through-
out the region. These multivariate statistical tools have
been used successfully in environmental pollution
studies (Hadzi et al., 2019; Reyes et al., 2019). Prior to
the calculation of the PCA, concentration data were
standardized and subjected to a centered log-ratio (clr)
transformation as shown in Bern et al. (2019):

clr(Cx) = log,g <¢%> (2)
where the log-ratio is applied to the concentration of
individual elements (Cy) after dividing by the geo-
metric mean of a particular subset of all element
concentration for a given sample. This transformation
is commonly used for the analysis of compositional
data (CoDA).

Table 1 Soil pollution
categories based on the

calculated indices (CF, EF,
mCy, and REEP)

*Lower limit of the interval
is included: [).

**Upper limit of the

Contamination level CF EF" mCd* REEP™
Unpolluted <1 <1 <1.5 <05
Low to moderately polluted - 1-3 1.5-2 0.5-1
Moderately polluted 1-3 3-5 2-4 1-2
Moderately to heavily polluted - 5-10 4-8 -
Heavily polluted 3-6 10-25 8-16 2-10
Heavily to extremely polluted - 25-50 16-32 -
Extremely polluted >6 > 50 > 32 > 10

interval is included: (]
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Results and discussion

To carry out a more detailed analysis of the data
obtained, the thirty-four measured elements were
divided into six groups: This classification was done
following chemical, geological and toxicological
criteria such as the ratio of charge and ionic radius,
abundance in the Earth’s crust, and toxicological
effects in living organisms. Tables S7-S9 summarize
the descriptive statistic of all the elements in each
mining region.

Crustal rock forming elements (CRFE): Al, Fe, K,
and Na

CREFE together with Ca and Si constitute the predom-
inant minerals in the Earth’s mantle, which makes
them the most abundant elements in soils (Railsback,
2003). In the three mining areas, the highest concen-
tration value was observed for Al (IMA = 8.7%,
UMA = 11.6% and VMA = 9.2%). The IMA region
presented the highest Fe concentration (7.4%), being
the soil sample (SL-20) the one that exhibited the
maximum value (18.7%). These were expected
results, considering that hematite [Fe,O3] and itabirite
(banded-quartz hematite) are the main minerals in this
region and both have high Fe contents: 66% and 32%,
respectively (ENRC, 2012). Regarding the K content,
the samples showed high variability, which reached up
to 40% in the urban area of Caetité. Na concentrations
exhibited values did not exceed 2.6%, which is typical
of saline and sodic soils found in semiarid regions.

According to the Kolmogorov—Smirnov test, in
IMA only Al showed a normal distribution (p < 0.05),
whereas Fe, K, and Na exhibited right-skewed and
leptokurtic distributions. In UMA, only K and Na did
not follow a normal distribution, and in VMA all the
elements are normally distributed.

Forty-four percent of the soil samples presented a
low to moderate enrichment level of Fe (1 < EF < 3)
and only the samples collected at iron (SL-20) and
vanadium (SL-28) mines exhibited a moderate enrich-
ment (3 < EF < 5). Eighteen percent of the samples
showed low to moderate K enrichment, most of them
corresponding to urban soils or close to mining areas.
In the case of Na, EF values showed a low enrichment
for this metal. The average contamination factors
revealed that in the three mining areas there is a
moderate pollution of Aland Fe (1 < CF < 3). In fact,

Al concentration in all urban soils exceeded 7.7%, the
reference value for urban soils recommended by the
USEPA (2020). Likewise, the soil in the urban area of
Caetité (SL-15 and SL-16) presented Fe concentra-
tions above the reference value (5.5%). Most agricul-
tural soils showed moderate pollution of Al, Fe, and K.
The higher values of mCy and PLI were observed in
SL-03 (mCq = 1.6; PLI = 1.6), SL-13 (mCq4 = 1.7;
PLI = 2.1), and SL-20 (mCq = 2.2; PLI = 1.4), which
corresponds to the UMA and IMA waste areas. These
results indicate that soils collected near the mines have
been negatively impacted by this activity.

It has been pointed out that wastes from mining
activities, specifically from uranium production, con-
tain oxides of aluminum, iron, and potassium in high
concentrations (23.4%, 3.9%, and 11.2%, respec-
tively), which are easily transported in diluted form in
the liquid effluents (Fernandes et al., 2004). For that
reason, the eventual leaching of these effluents and/or
diffusion by natural factors may explain the high
concentrations of these elements observed in the soils
around the mines.

Large-ion lithophile elements (LILE): Ba, Cs,
and Rb

The term LILE refers to trace elements characterized
by having large ionic radii; which are “incompatible”
elements and generally end up enriched in the crust
(Chauvel & Rudnick, 2016). The concentrations of Ba
and Rb in the mining areas slightly exceeded (~ 1.3
times) the values reported for the UCC; however, they
are lower than the reported background values, which
suggests that the study region presents a natural
enrichment of both elements. In UMA and VMA, Ba
and Rb followed a normal distribution, while in IMA
both elements exhibited positive skewness, so they
follow asymmetric distributions.

More than 85% of the samples exhibited EF values
below 1, reinforcing that Ba and Rb may have a crustal
origin (Marrugo-Negrete et al., 2017). The CF values
showed that 62% of the samples can be considered
unpolluted by these elements (CF < 1) and that only
agricultural and urban soils exhibited a discrete
contamination. Figure 3 shows that the concentration
of Ba found in the regional agricultural and urban soils
exceeds the values established by the Brazilian
legislation for these soils.
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Fig. 3 Concentration of Ba in the agricultural and urban soils
collected in the main human settlement of the region of study.
Solid lines represent the guideline values for agricultural soil

The values of Cs concentration presented high
positive kurtosis (greater than five), suggesting it
follows a leptokurtic distribution. The overall con-
centration (2.2 mg kg~ ") was two times lower than the
UCC value, indicating a depletion of this element.
This result was corroborated by the Rb/Cs ratio
obtained for the analyzed soils, which was 2.8 times
the value reported for the UCC: 20 (Rudnick & Gao,
2014).

High field strength elements (HFSE): Hf, Ta, Ti,
and Zr

The elements that make up this group have high ionic
valencies compared to their radii and are considered to
be “conservative” due to their limited mobility during
geological processes (Jiang et al., 2005). In the three
mining areas, HFSE concentrations in soils decreased
in the following order: Ti > Zr > Hf > Ta. The
Kolmogorov—Smirnov test confirmed that all data sets
are distributed following a normal distribution.
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(red line: 300 mg kg_l) and urban soils (blue line:
500 mg kg~ ") recommended by CONAMA, 2009

Higher concentrations of Ti were obtained in the
three regions, which was an expected result because
titanium is the seventh most abundant element in the
Earth’s crust. The IMA region exhibited the highest
concentrations (8823 mg kg~'), which could be
explained based on the association of Ti with iron
ores (e.g., ilmenite: FeTiO3) (Rudnick & Gao, 2014).
However, Ti concentrations of up to 7.5 times the
background value (2127 mg kg™ ") suggest a predom-
inantly anthropogenic origin, since the rocks of the
studied region have regular content (2.26-7.53%) of
titanite (CaTiSiOs) in their composition (Machado,
2008). Nowadays, Ti is added to asphalt, concrete, and
commercial fertilizers; it is also used in paint pigments
(titanium white: PW6) and in iron and vanadium
alloys (Lyu et al., 2017).

Indeed, the CF values obtained for Ti reflect a
significant pollution level, specifically in urban soils
and near the iron and vanadium mines. In the Caetité
region (IMA and UMA), 46% of the samples showed
heavy pollution (3 < CF <6) and 18% can be



Environ Geochem Health (2021) 43:4553-4576

4563

classified as extremely polluted (CF > 6). In VMA,
the CF values ranged from 1.3 to 3.6, indicating a
moderate to heavy pollution. The points SL-27 and
SL-28, which are the closest to vanadium mine,
exhibited the highest CF values in this region. The EF
values for Ti revealed that 81% of the samples are
moderately enriched (3 < EF < 5).

The Hf, Ta, and Zr contents in soils showed a
similar behavior throughout the region. The samples
belonging to the UMA and VMA regions presented
Hf, Ta, and Zr concentrations higher than the IMA
values: 3, 1.5, and 4 times, respectively. Furthermore,
the regional concentrations of these elements are 6, 3,
and 7 times higher than the UCC values (Hf:
53mgkg', Ta: 0.9 mgkg ' Zr: 193 mg kg™ ).
The EF values revealed that 71% of the samples
present a moderate enrichment of both Hf and Zr
(3 < EF < 5), while 10% exhibited moderate enrich-
ment of Ta. Based on these findings, it can be stated
that the region is naturally enriched in Hf, Ta, and Zr.
However, the fact that the highest EF values for these
elements were observed in the sample collected near
the vanadium mine (SL-27), suggests that the enrich-
ment levels may also be associated with the impact of
the mining activities.

Naturally occurring radioactive material (NORM):
Th and U

Across the region, Th concentrations ranged between
2.6 and 62.7 mg kg ™', whereas U values varied from
1.2 to 18.6 mg kg~ '. The assumption of a normal
distribution for both elements was corroborated by the
Kolmogorov—Smirnov test. As expected, the concen-
trations were higher in the UMA; whereas the IMA
had the lowest values (see Fig. 4). More than 60% of
the samples exhibited Th and U contents above the
geological reference values (Th: 24.3 mg kg™, U:
3.1 mg kg™") reported by Machado (2008). In the
study region, the Th/U ratio obtained was: 4.8, which
is slightly higher that the reported for the UCC: 4.3
(Rudnick & Gao, 2014), but is still within the range of
acceptable values.

The soil samples collected in the district of Maniagu,
the closest to uranium mine, showed an extreme
contamination of U (CF > 6) and it was the only place
where the guideline value of U in urban soils
(16 mg kg_l, USEPA (2020) was exceeded. Natural
soils around the uranium mine (SL-03 and SL-12) also

35 v T T T T - T
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Fig. 4 Concentrations of Th and U in each mining area. Dotted
lines represent the geological reference values for Th:
24.3 mg kg™ (red) and U: 3.1 mg kg~' (blue) Machado (2008)

showed severe contamination (3 < CF < 6). The aver-
age values of mCy (2.2) and PLI (1.8) indicated a level
of moderate contamination in UMA. On the other hand,
in IMA the average value of the same indices (mCy.

= 0.9 and PLI = 0.7) suggested that this area can be
classified as uncontaminated concerning the Th and U
content in soils. Finally, in the VMA region, mCy and
PLI values (1.6 and 1.5, respectively) revealed a low to
moderate level of contamination. The soil sample SL-
25 showed the highest EF values of Th (5.9) and U (7.5)
in this area, indicating a moderate to severe enrichment
for both elements. This sampling point, located north-
east of Maracas, corresponds to an area of confluence of
two geological blocks: Gavido and Jequié blocks.
Precisely, in areas of geological contact high concen-
trations of Th and U are expected to occur (De Queiroz,
2016).

Although the whole region is an area naturally
enriched with NORM, the impacts of mining activity
on soils should not be neglected. It has been reported
that Th and U can be found in the composition of the
waste in the tailings dam with average concentrations
of 0.004 and 0.018%, respectively (Fernandes et al.,
2008). The diffusion of these elements in the envi-
ronment can increase their concentrations in soils, thus
becoming Technologically Enhanced Naturally
Occurring Radioactive Materials (TENORM).
Human health effects ranging from headaches,
cataracts, congenital disorders, sterility to leukemia,
and other types of cancer are directly associated with
the presence of these radionuclides in the soil and
water (IAEA, 2005).
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Rare earth elements (REE): Ce, Dy, Eu, La, Lu,
Nd, Sc, Sm, Tb, and Yb

Figure 5a shows the comparison between the concen-
trations of REE in the three mining areas and the
values reported in similar studies. As can be seen, the
concentrations of REE reported for the “Lagoa Real”
lithological unit and those detected in the study areas
are higher than the reported for Brazilian soils and the
UCC, indicating a certain level of natural enrichment
of these elements in the region. In the three mining
areas, Ce, La, and Nd were the most abundant
elements and their concentrations are up to four times
higher than those reported for the UCC, but remain
below the background values. Scandium was the only
element that showed a concentration similar to the
value reported for Brazilian soils and UCC.

For a better analysis, the REE were subdivided into
light rare earth elements (LREE: La, Ce, Nd, Sm, Eu,
Sc) and heavy rare earth elements (HREE: Tb, Dy, Yb,
Lu). The LREE/HREE ratio in each region was: 26.4
(IMA), 21.0 (UMA), and 14.7 (VMA), which shows
that LREE contents are significantly higher and that
they account for 94% to 96% of the total REE content
determined in soil samples. These percentage values
are in agreement with the trend described in similar
studies (De Sa Paye et al., 2016; Wang & Liang,
2015).

In IMA, the data set for Ce, Dy, Eu, La, Nd, and Sm
showed high positive skewness values, indicating that
these elements follow a distribution with a long right
tail. In the other two mining areas, Kolmogorov—
Smirnov test showed that all REE (except for Sc) are
normally distributed. The positive skewness and
kurtosis indicate that Sc follows a right-skewed and
leptokurtic distribution.

The results of the sum of all REE (XREE) showed
high contents of these elements throughout the study
area (Fig. 5b). In 10 samples (29%), the background
value (ZREEgg) reported for the lithological unit
“Lagoa Real” was exceeded, whereas 82% of the
samples surpassed the XREE reference value for
Brazilian soils: 176 mg kg~' (De Sd Paye et al.,
2016). The samples belonging to UMA (from SL-01 to
SL-17) and VMA (SL-23 to SL-34) exhibited higher
concentrations of REE compared to IMA samples.
However, the sample with the highest concentration:
1961 mg kg~' corresponds to the agricultural soil
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(SL-18) collected in the district of Ceraima in the IMA
region.

The average values for EF ranged between 0.6 and
0.8, which confirms a low enrichment of REE in the
region. However, some agricultural soils (SL-08, SL-
11, SL-18, and SL-33) exhibited a discrete enrichment
of REE (1 < EF < 3). This behavior was observed for
all REE, except Sc, which also showed discrete levels
of enrichment but mostly in urban soils. Similar results
revealed the CF analysis. Most of the samples (76%)
presented a moderate level of contamination (1 <
CF < 3) by at least one of these elements, while 38%
showed a moderate contamination by four or more
elements. The agricultural soil collected in Ceraima
(SL-18) presented severe contamination (3 < CF < 5)
for all the LREE.

To have an overview of the state of contamination
by REE, the combined indices mCq4, PLI, and REEP
were calculated. Based on the average values of these
indices (mCq = 0.9, PLI = 0.8, and REEP = —0.1),
mining areas can be classified as unpolluted due to the
content of REE in soils. The specific values for each
mining area are summarized in Table S10 (Supporting
Material).

Although REE seem to have a natural origin, it is
worth mentioning that agriculture and mining are
considered two main causes for increasing the con-
centration of REE in soils (De Sa Paye et al., 2016).
The use of REE-based fertilizer would explain the
high concentrations detected in agricultural soils. In
the environmental laws consulted for this study, only a
reference value for La was found for urban soils:
3.9 mg kg~' established by USEPA (2020). This
value was exceeded in all analyzed urban soils.
Unfortunately, the lack of recommended guideline
values for REE did not allow further analysis of soil
contamination. The existence of reference values is a
crucial aspect, especially for agricultural soils,
because high concentrations of REE could lead to
changes in soil properties and fertility, and can reduce
the diversity of soil macrofauna (Jinxia et al., 2010).

Potentially toxic elements (PTE): As, Br, Cd, Co,
Cr, Cu, Mn, Ni, Pb, V, and Zn

Although these are not the only elements analyzed that
may be harmful due to their toxicological potential, it
was decided to form this specific group because these
elements are the most researched and widely discussed
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in environmental pollution studies. The term “heavy
metals,” commonly used in this type of studies, was
avoided because it is generally used to refer to
transition metals and/or semimetals, but does not
include highly toxic nonmetallic elements as Br.

In IMA the average concentrations of PTE in the
soil decreased in the following order: Mn >V
> Cr > Ni > Zn > As > Cu > Pb > Co > Br > Cd,
and only the As, Cr, Cu, Pb, V, and Zn showed a
normal distribution according to the Kolmogorov—
Smirnov test. The other elements presented positive
skewness values, thus indicating right-tail asymmetric
distributions. In UMA, Zn ranked second with a
concentration of 99 mg kg™, which is twice as high as
that observed in the other mining areas. In addition, V
and Cr fell two positions and As occupied the last
position. The elements As, Br, Cr, Cu, Pb, and V
presented right-skewed distributions and the high
kurtosis value observed for Pb (12.04) showed that
most of the data is clustered about the central value.
Finally, in VMA the soils exhibited the highest values
of V (111 mg kg™") and Pb (12 mg kg™ "), occupying
the second and fifth positions, correspondingly. In this
region, Cd concentrations were below the LOQ in all
the samples. The application of the Kolmogorov—
Smirnov test revealed that only As, Mn, Pb, and Zn are
normally distributed.

Natural soils around the iron mine (SL-20 to SL-22)
showed concentrations of As, Cd, Cr, and Ni above the
prevention values for these elements: As
(15mgkg™"), Cd (1.3 mgkg™"), Cr (75 mg kg™"),
and Ni (30 mg kg™') established by the Brazilian
legislation (CONAMA, 2009). Likewise, the soil
sample collected near the vanadium mine (SL-28)
exhibited concentrations of Cr and Ni higher than the
CONAMA guideline. All the natural soils in UMA
presented Cd concentrations that exceeded the pre-
vention value, and two of them (SL-04 and SL-06) also
showed Ni concentrations above the limit. In the case
of agricultural and urban soils, Ni was the only
element found in concentrations above the limit values
recommended by the CONAMA (2009) for these
types of soils.

The range of contamination factors (CF) for the
different elements was: 0.5-21 (As), 7.2-38 (Cd),
0.1-20 (Co), 0.5-10 (Cr), 0.1-5.1 (Cu), 0.2-11 (Mn),
0.1-37 (Ni), 0.1-1.7 (Pb), and 0.1-5.0 (Zn) The box
plot shows the distribution of the CF for these
elements (Fig. 6). As can be noticed, all the elements,
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except for Pb, have average CF values higher than the
unity, which warns of a certain level of contamination
by these metals in the soils of the region. The average
values of CF revealed a moderate level of contami-
nation of Cr, Cu, and Zn (1 < CF < 3); severe
contamination of As, Co, Mn, and Ni (3 < CF < 6);
and an extreme degree of contamination of Cd
(CF = 6).

The mCy and PLI indices showed that IMA and
UMA are the most polluted regions based on PTE
content. More than 60% of the samples collected in the
municipality of Caetité, which includes both iron and
uranium mines, exhibited a moderate to severe
contamination level (4 < mCy < 8). Likewise, all
samples except SL-09 presented PLI values greater
than one, thus corroborating the level of contamination
of the soils. In the VMA, only the sample near the
vanadium mine (SL-28) showed a severe pollution
level.

The regional average EF values suggest a low
enrichment of Pb (EF < 1), a low to moderate
enrichment of Cr, Cu, Mn, and Zn (1 < EF <3), a
moderate enrichment of As, Co, and Ni (3 < EF < 5),
and a severe enrichment of Cd (10 < EF < 25). The
soils collected near the iron mine (SL-20, SL-21, and
SL-22) showed severe enrichment of As and Cd, thus
indicating that the presence of these pollutants is
considered non-crustal, i.e., they have an anthro-
pogenic origin, mainly related to iron mining activi-
ties. Likewise, most of the agricultural soils exhibited
moderate enrichment of As, Cd, and Mn. Severe
enrichments of Co and Mn were observed in the soil
sample collected near the vanadium mine (SL-28). At
this location, the V concentration detected
(412 mg kg™') is 4.2 times higher than the UCC
value, evidencing the enrichment of this metal in this
mining area, as expected. In the case of urban soils, a
moderate to severe enrichment of Cd, Cr, Cu, and Ni
was observed. In addition, Br concentrations up to 11
times higher than the UCC value were also observed in
urban soils.

Given that most PTEs are generally produced by
human activities (Marrugo-Negrete et al., 2017), the
levels of enrichment and pollution detected in the
region reflect the impacts on the quality of the soils of
different anthropogenic activities such as mining,
agriculture, as well as industrial and domestic emis-
sions, among others.
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Statistical analysis results and identification
of pollution sources

Spearman correlation analysis was used to obtain
information on similar pollution sources. In the UMA
region, moderate positive correlations were observed
for p < 0.05 for Al-Fe (rs = 0.63), Al-K (rs = 0.56)
and Fe-K (g = 0.64). This trend was also observed in
the other two mining regions, where there are also
moderate  correlations between Al and Na
(rs ~ 0.69). Strong positive correlations were
observed between Ba and Rb in the study region
(IMA: rs =091, UMA: rg=0.88, and VMA:
rs = 0.80 at p < 0.01). Likewise, Ba and Rb were
moderately correlated with Al (rs < 0.62, p < 0.01)
and very strongly with K (rg > 0.90, p < 0.01). These
interrelations can be explained based on the geological
study conducted by Machado (2008). According to
this work, albite [NaAlSizOg], biotite [K (Mg,Fe);
AlSiz04¢ (F,OH);], and feldspars rich in aluminum
and iron oxides (~ 15% and 3-5%, respectively) are
among the main minerals found in the granite—gneissic
rocks. These feldspar minerals are responsible for Ba
and Rb concentrations because celsian, hexacelsian
[BaAl,Si»Og], and rubicline [(Rb,K)(AlISizOg)] are
also found in the granite—gneissic rocks in concentra-
tions ranging from 5 to 18%.

Co Cr Cu Mn Ni Pb Zn

Hafnium and zirconium exhibited a strong correla-
tion (rg > 0.94, p < 0.01) in the whole studied area,
which can be explained by the presence of zircon
[ZrSiO4], up to 4%, in the composition of the
predominant gneiss rocks in the region (Machado,
2008). Since Hf appears naturally bound to the
minerals Zr, both elements are found in a fixed
proportion (Rudnick & Gao, 2014), which was verified
by fitting the concentrations detected in the samples to
a linear function (see Fig. S3). Additionally, in the
three mining areas Hf and Zr showed strong positive
correlations with Ta (rg > 0.84, p < 0.01), and all

three  exhibited positive  correlations  (0.59
<rs <097, p<0.01) with Al, Ba, and Rb and
negative correlations with Cs (rg~ —0.77,

p < 0.01). The correlations observed suggest that the
presence of Hf, Ta, and Zr in the soils may be of
lithogenic origin.

The contents of Th and U were significantly
correlated in the three mining areas (IMA: rs = 0.92,
UMA: rg = 0.95, and VMA: rg = 0.83 at p < 0.01).
Uranium deposits in Caetité originated from an
albitization process followed by a subsequent
hydrothermal event (Pascholati et al., 2003). For that
reason, they are associated with rock dominated by
plagioclase (albite + oligoclase) and albitites, as well
as other minerals such as andradite [Cas;Fe,(SiO4)s],
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calcite [CaCQz], thorite [(Th,U)SiOy4], and thorianite
[ThO,], which are very abundant in the region (Lobato
et al., 2015). At the same time, these minerals are
associated with biotite, feldspar, and zircon, which
would explain the positive correlations (0.54 < rg.
< 0.88) between these two elements and Al, Ba, Fe,
K, Hf, Ta, and Zr.

It was observed that all REE, except Sc, form a
highly correlated group (5 > 0.88, p < 0.01). They
also showed important correlations within the range
0.55 < rg < 0.86 with Al, Ba, Hf, K, Rb, Ta, Th, U,
and Zr. These findings are mainly associated with the
mineralogical composition of the region. Due to some
similar chemical characteristics that these elements
share, the REE can substitute themselves in various
crystal lattices. This ability leads to multiple REE
occurrences within a single mineral, such as allanite
[(Ca,Ce,La),(AlFe);(Si04);0H], bastnaesite
[(Ce,La,Nd)COsF], monazite [(Ce,La)PO,4], and
xenotime [(Dy,Yb)PO4] (Wang & Liang, 2015).
Although monazite is the mineral type with the
highest occurrence in Brazil (De Sa Paye et al.,
2016), the study area also presents occurrences of
allanites (up to 2%) and xenotimes (up to 1%). These
minerals are associated with biotite, feldspars, thori-
anite, and zircon (Machado, 2008), which explains the
correlation observed with the other elements.

On the contrary, Sc did not present significant
correlations with the other REE. In this case, the
highest positive correlations for Sc were with Cs
(rs ~ 0.74, p < 0.01) and Fe (rs: 0.83, p < 0.01) in
the three areas, as well as with Ti (rg ~ 0.70,
p < 0.01) in UMA and VMA. These findings suggest
that Sc and REE do not share a similar origin.
Likewise, Ti did not show significant correlations with
the other HFSE. Its main correlations throughout the
region were with Fe, especially in IMA (rs = 0.87,
p < 0.01), which may be associated with the iron
deposits.

According to the values of Spearman correlation
coefficients, it was observed that PTE can be divided
into two main groups. The first includes As, Co, Cr,
Cu, Mn, Ni, and V, which showed strong positive
correlations (rs > 0.71, p > 0.01) between them.
These elements also exhibited strong positive corre-
lations with Cs, Fe, Sc, and Ti. Specifically, in IMA
and VMA, some correlations observed such as Cr-Fe—
Mn and Ni-Ti-V can be associated with the presence
of chromite [FeCr,O4] and vanadium-titanium
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magnetite minerals. In contrast, this group of elements
showed negative correlations (rs > —0.61) with Ba,
Hf, Rb, and Zr, thus suggesting opposite sources of
origin in the three mining areas.

The second group comprises Br, Cd, Pb, and Zn that
individually presented fewer relationships with the
other PTE. Bromine shows positive correlations
(0.60 < rs < 0.67) with Al and Pb, as well as negative
correlations with Hf and Rb. In UMA, Cd exhibited
moderate positive correlations with As (rs = 0.60) and
K (rg = 0.66) for p < 0.01, and a strong correlations
with Fe (rg = 0.86). In IMA, the highest correlations
between As-Cd-Fe were observed (rs > 0.82), sug-
gesting that in this area the presence of these elements
in soils may be related to iron mining activities. Since
Cd was not quantified in VMA, no correlations were
observed. In the case of Pb, it was mainly correlated
(0.53 < rg < 0.90) with elements of natural origin
such as REE, Th, and U, especially in the Caetité
region (IMA and UMA). Finally, Zn was mainly
correlated with Al, Ba, Rb, and REE.

In this work, the PCA was performed for all the
available elements in order to provide the most
comprehensive explanatory perspective. Since PCA
results can be affected by dimensionality, the sums of
LREE (except Sc) and HREE were performed to
reduce the number of variables and improve the issue
of dimensionality. The PCA of the analyzed elements
in soils from the UMA region is shown in Fig. 7.
Analogous graphs showing the PCA results for the
IMA and VMA regions are presented in Figures S4a-b
(Supplementary Material). Table S11 summarizes the
total variance (%), the eigenvalues of each principal
component, as well as the variable loadings of PC1
and PC2 for the three mining areas.

The application of the PCA method for the analysis
of metals in soils from the UMA region grouped the
elements into two main components that explain
73.4% of the variance. PCI is the most important
component, since it accounts for the highest total
variance (59.01%) and divided the elements into two
main groups. Based on the correlation analysis and the
geological characteristics of the region, the elements
grouped on the left (negative loadings) may come
from geogenic sources, while the elements on the right
side (positive loadings) are likely associated with
diverse anthropogenic sources.

The second component (PC2) explained 14.42% of
the total variance, and the strongest loadings were
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Fig. 7 PCA results for the
elements determined in soils
from the UMA region

observed for Al (0.89) and Mn (—0.80). PC2 is
supposed to provide information on sources of pollu-
tion that introduce and/or redistribute metals in soils.
Elements at the top (positive loadings) can be
associated with industry, mining, and other sources
of pollution typical of urban areas, such as ceramic
industry and traffic emissions, while the elements at
the bottom (negative charges) can have their main
source in agriculture. It is well known that Al, Fe, Sc,
Ti, and PTE are commonly found in wastes from
industrial and mining activities (Akinci & Guven,
2019). Likewise, particles from the vehicle exhaust
gases can be the main cause of the high concentrations
of Br in soils, as this element has traditionally been
used as an additive in gasoline. On the other hand, the
application of phosphate fertilizers, pesticides, and
fungicides to maximize agricultural yield dramatically
increases the contents of As, Cd, Co, K, and Mn
(among other PTE) (Shi et al., 2018).

For the IMA and VMA regions, the PCA results
showed the same general behaviors with slight differ-
ences (Figs. S4a-b). PCl explained the highest
percentage of the total variance in both regions
(IMA:48.2% and VMA: 42.1%). It also separated the
elements into groups quite similar to those shown for
the UMA region (Fig. 7). The main difference in IMA
is that K, Mn, and Ti exhibited significant negative
loadings (> —0.93), indicating that these elements
have a natural origin, mainly related to the presence of

Fector 2: 14,43%

Fadar 1:59,01%

iron minerals, as mentioned above. Similarly, K is
located in the category of elements of geogenic origin
in the VMA region (loading: —0.67), a fact that can be
linked to the predominance of alkaline feldspars that
exists in that region (De Queiroz, 2016).

In IMA, elements with positive charges for PC2
(As, Br, Cd, Fe, and Sc) can be directly associated with
iron extraction operations, since the highest concen-
trations of As and Cd were detected in soil samples
collected near the mine. Furthermore, these elements
exhibited strong positive correlations with Fe in this
region. Although elements with negative loadings (Co,
Cr, Cs, Cu, Ni, and V) are also related to mining
activity, the fact that they are in another group
suggests that the main contributions come from other
sources such as auto repair shops (common in the
districts visited), domestic wastes, and the weathering
of building surfaces and pavements, which contribute
to the presence of these pollutants in the nearby soils
(Doabi et al., 2018; Wu et al., 2018). In the case of the
VMA region, all items are included in the same
category with respect to the PC2 classification. This
indicates that mining can be considered as the main
source of contamination in that region. However,
given that in the Maracas region all the samples were
collected in the rural area, the contribution of agricul-
ture should not be disregarded.

The weak loadings (< 0.35) observed for Pb and U
in Caetité region (IMA and UMA), as well as, for Al

@ Springer



4570

Environ Geochem Health (2021) 43:4553-4576

and Zn in Maracas indicate that even though these
elements have a predominantly geogenic origin, their
current content in soils may have been altered by both
natural processes (erosion and atmospheric deposi-
tion) and by anthropogenic sources (mining, agricul-
ture and industry). The case of Pb is interesting
because this is an element derived mainly from
industrial activities. However, in the Caetité region
its presence in soils seems to be associated with Th and
U, since the radioactive series of both elements end in
stable isotopes of Pb.

The dendrogram of the elements analyzed in the
soils of the total study area reveals two main clusters
(Fig. 8a). The first cluster includes the elements
considered of natural origin, which matches PCA
results, and reinforces the geogenic origin of these
elements. Smaller groups such as Ba-Rb, LREE-
HREE-Zn, Hf-Zr, and Ta-Th reinforce the previously
discussed correlations. As can be seen, Al and U are
weakly associated with this cluster, suggesting that
they have been somewhat altered by human activities.
The second cluster is made up of elements related to
anthropogenic sources. Likewise, the As-Cd-Fe and
Cr-Cs-Cu-Ti-V-Sc-Ni groups confirmed some of the
aforementioned interrelationships. Lead appears
weakly associated with cluster 2, reflecting the mixed
geogenic-anthropogenic origin of this metal. There-
fore, it can be considered as a pseudo-natural element.

The HCA also identified two main groups of
association between sampling locations in the study
area (Fig. 8b). The cluster on the right side includes
only sites from the Caetité region (IMA and UMA)
and is made up of three subgroups. The first one (SL-
07 to SL15) contains soils from the cities of Caetité,
Lagoa Real, and the Maniacu district. The second (SL-
02 to SL-12) and the third (SL-19 to SL-21) group
natural and agricultural soils collected near the
uranium and iron mines, respectively. The cluster on
left side combines natural and agricultural soils from
both municipalities (SL-06 to SL-25) with urban soils
collected in Maracas (SL-24 to SL-31). The sites in the
vicinity of the vanadium mine (SL-27 to SL-29) form
the last subgroup of this cluster.

Comparison with similar studies worldwide
The average concentrations of some elements ana-

lyzed in this study were compared with similar studies
from other countries, in which mining is an important

@ Springer

economic activity (Table 2). This table also shows the
concentration values of metals reported for important
urban areas around the world and agricultural soils.
The highest concentration value for each metal was
underlined.

The average values of Al, Ba, Co, Fe, and V
reported in this study are higher than those of the other
mining areas. Besides, the values of Mn, Th, and U are
the second highest, thus indicating that more than 50%
of the elements listed in Table 2 have significant
concentrations in the study area. In the case of urban
soils, only Al, Ba, and Ni presented a higher average
compared to that reported for the other urban areas,
and Cr showed the second-highest concentration just
below the Chinese city of Xiangyang. Concerning the
agricultural soils, the concentration of Cd and Fe
are the highest, and Co, Cr, and Mn values are among
the highest reported for this type of soils. It can be seen
that concentrations of elements are very heteroge-
neous, which is the result of the different geological
and climatic characteristics, as well as the agricultural
methods and techniques used in each country.

Conclusions

This work presents a detailed study of soil contami-
nation in three mining areas of the semiarid region of
Bahia (NE-Brazil). From the statistical analyzes
carried out, the group of elements formed by: Al,
Ba, Hf, K, Na, Pb, Rb, REE, Ta, Th, U, Zn, and Zr
could be considered mainly of geogenic origin, since
they are related to the lithological background of the
region, i.e., granitic-gneissic rocks with important
mineral occurrences (albite, feldspar, allanite, biotite,
monazite, torianite, zircon, etc.). On the other hand,
As, Br, Cd, Co, Cr, Cs, Cu, Fe, Mn, Ni, Sc, Ti, and V
are predominantly of anthropogenic origin.

The calculated pollution indices revealed that the
region can be classified as severely contaminated,
since the soils from the mining areas presented a
moderate to high level of contamination for 89% of the
elements analyzed. Additionally, an extreme level of
contamination (for at least one element) was observed
in 78% of the sampling points, thus confirming the
impacts of multiple anthropogenic activities on soil
quality. On aregional scale, mining and agriculture are
the main sources of pollution, followed by industrial,
domestic, and traffic emissions. These activities are
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Fig.8 Dendrograms obtained by hierarchical clusters analysis for: a the elements determined in soils of the total region. b all sampling
locations in the study area

responsible not only for introducing pollutants such as It should be noted that most of the soils from the
PTE into the soil but also for modifying and study region exhibited contents of Al, As, Ba, Cd, Cr,
redistributing the content of natural elements such as Fe, Ni, REE, and U above the limits recommended by
Al, K, Pb, and U. Brazilian and/or US laws. Taking into account that

these are inhabited areas, exposure to these pollutants
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Table 2 Comparison of the average concentration of 15 elements of interest reported in this study with those of similar studies

worldwide (values in mg kg™" unless % indicated)

Al % As Ba Cd Co Cr Cu Fe % Mn Ni Pb Th U v Zn
Soils from mining areas
China (n =73) * - 196 - 11.0 682 843 2119 - 386.5 106.6 6413 515 347 - 1163
b b e L —
Ghana (n =4) ¢ 33 102 - 0.1 878 646 272 22 366.2 163 108 - - 553  36.6
India(n =5)* - 19 - 38 - 1509 635 - - 1069 3047 - - - 338.8
Iran(n =3)* - 146 - 1.5 - - 884 - - - 1002 - - - 363.4
South Korea - 70 - 20 - - 79.1 - - 220 111.1 - - - 183.2
(n =707
Turkey (n =1) d 3.3 9240 - - - 46.6 148 22 314.2 520 - - - - 124.4
United State 4.1 10 428 0.2 8.1 330 200 19 565.0 17.0 154 7.7 2.1 43.0 490
(n=4¢
Vietnam (n =3)* - 3144 - 135 - 1501 2714 - - 2254 306 - - 41.1
This study (n =3) 88 50 812 41 11.1 519 82 9.8 502.1 247 92 220 5.1 98.5 702
Urban Soils
Chile (Taltal city) ¥ 1.6 379 125 06 206 193 7668 5.5 8654 21.1 1353 - - 1209 224.1
China (Xiangyang) 28.4 3.7 3156  69.2 453  76.7 116.9
4
Italy (Naples) - 124 - 125 163 - - - 100 - - - 142.0
Nigeria (Ibadan) ¥ — 39 - 84 - 644 468 - - - 951 - - - 228.6
Scfotland (Glasgow) — 9.0 - - - 520 520 - - - 195 - - - 178.0
This study 103 45 777 18 106 758 125 4.6 5745 837 104 328 9.0 93.0 594
Agricultural Soils
Colombia " - - - 0.04 - - 1149 - - 661 007 - - - 1365
Iran | - - - - - 792 412 - 573§ 1314 - - - - 74.6
Pakistan * - - - 1.08 150 222 158 05 331.6 134 546 - - - 74.0
Turkey ' - - - 1.48 9.1 438 225 - 6298  61.1 19.7 41.2
This study 108 28 789 212 101 452 10.1 4.6 590.6  48.0 8.9 309 72 64.0 875
n = number of examined mines; “-”:values not reported

2 1ietal., 2014;

b Wang et al., 2019;

¢ Hadzi et al., 2019;

4 Akinci & Guven, 2019;

¢ Bern et al., 2019;

f Reyes et al., 2019;

2 Wu et al., 2018;

h Marrugo-Negrete et al., 2017; " Doabi et al., 2018;
J Keshavarzi and Kumar et al., 2019;
¥ Shah et al., 2019;

! Sungur et al., 2015

by direct contact or accidental ingestion can pose a
risk to human health (lung and kidney cancer, skin
lesions, brain damage, cardiovascular and
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cerebrovascular diseases, etc.). That is why, the
authors want this study to draw the attention of
competent organisms concerning the need for new
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laws and strategies for preservation of the soils
especially in vulnerable zones such as mining areas.
For example, green and affordable technologies such
as phytoremediation, which have been used success-
fully to extract or remove PTE (As, Cd, Hg, and Pb)
from contaminated soils, would be an effective
solution to improve environmental quality in these
semiarid regions. Finally, we hope that the methods
adopted and the data reported in this work could be
useful for the international scientific community to
evaluate, control, and discuss the impacts of mining on
environment.
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