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• In situ total soil heavy metals assess-
ment by portable X-ray fluorescence.

• FP-XRF combined with leaching test for
fast risk assessment ofmetals' soil pollu-
tion.

• Mapping and monitoring of polluted
areas in a fast and cheap way.

• Copper concentration found on soil was
above the regional governmental limits.
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The periodic application of copper-based fungicides (Bourdeaux mixture) to vineyards of the Mediterranean re-
gion has generated an important pollution source that in some cases requires a quick intervention due to the high
bioavailable copper content measured. Despite some vineyards were abandoned 40 years ago, noticeable
amounts of Cu and other man-related metals are still nowadays detected in soils. In the present work, the devel-
opment of a mobility test for the available heavy metal (Cu, Pb, Zn and As) content in soil has been performed
using portable X-ray fluorescence (FP-XRF) combined with single leaching test, and was applied to a calcareous
soil of a former vineyard area in Catalonia (NE Spain). The combined methodology has provided useful informa-
tion for fast and detailed risk assessment, in terms of mobility and bioavailability of metals. The anthropogenic
contribution was evaluated by means of the Concentration Enrichment Ratios (CER) in soil. The results reflect
a clear anthropogenic contribution for Cu, a partial anthropogenic contribution for Pb proceeding from an exter-
nal pollution source, and a non-significant external contribution for As and Zn. The topsoil concentration ranges
for Cu (70–128 mg kg−1) were found to be above the background level and several samples above the regional
governmental limits (Generic Reference Levels or GRL values) for soil ecosystemprotection and for humanhealth
(90 mg kg−1). The present study reveals that the use of FP-XRF equipment constitute a highly valid option for
quick decisionmaking during the field location, characterization and quantitative elemental analysis of soil sam-
ples for screening of potential pollutants such as heavy metals.

© 2020 Elsevier B.V. All rights reserved.
chez-Martín).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.138670&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.138670
mailto:mariajesus.sanchez@uab.cat
https://doi.org/10.1016/j.scitotenv.2020.138670
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 E. Peralta et al. / Science of the Total Environment 726 (2020) 138670
1. Introduction
In the Mediterranean region, vineyards are one of the most erosion-
prone crops (Salomé et al., 2016) that need a use of agrochemicals. The
most used pesticides in this crop are those to prevent and treat fungal
diseases, like downy mildew. For this purpose, the Bordeaux mixture,
a copper-based fungicide, has been routinely used in Europe since the
end of the 19th century, and is one of few treatments permitted in eco-
logical agriculture (Kelly and Bateman, 2010). Thismixture comprise Ca
(OH)2 and CuSO4 and other less soluble compounds, such as Cu2O, Cu
(OH)2 and CuCl2·3Cu(OH)2 (Chaignon et al., 2003; Pietrzak and
McPhail, 2004) being an important source of Cu contamination. As a re-
sult of its long-term use in theMediterranean region, Cu concentrations
above the background level have been mapped in traditional vineyard
areas (Ballabio et al., 2018). Moreover, the Bordeaux mixture contains
other metals that should be also monitored (Mirlean et al., 2007); in-
cluding arsenic, lead, zinc and nickel, all of which can be harmful to
human health if certain thresholds are exceeded (Rocha et al., 2015).
Among them, As is a widely occurring environmental contaminant
with inorganic-As recognized as a class-one carcinogen (National
Research Council (U.S.). Board on Environmental Studies and
Toxicology, 2007). But As in the soil also comes from parent material
and other anthropogenic sources such as the use of animal manures or
irrigation with As-contaminated groundwater (Meharg and Zhao,
2012). Arsenic contamination in soil may cause phytotoxicity and
yield losses (Panaullah et al., 2009).

Once marginal agricultural areas have been abandoned due to social
and economic change, the continuous use of agrochemicals containing
pollutants has resulted in contaminated soils (Arias-Estévez et al.,
2008; Komárek et al., 2010; Silva et al., 2019). In a long-term, persistent
pollutants as heavy metals, such as copper, arsenic, lead and cadmium
(Yang et al., 2018) are cases of major concern, requiring, in some
cases, risk assessment (Fernández-Calviño et al., 2008). Therefore, ana-
lytical tools for a fast diagnosis of soil pollution by heavy metals and
other trace elements could be useful.

To determine low concentrations of these metals in minerals, spec-
trometric methods are mainly used. These methods include electro-
thermal atomic absorption spectrometry (ET-AAS), inductively coupled
plasma optical emission spectrometry (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) (Bobrowski et al., 2015).
However, several decades ago laboratory based X-ray fluorescence
(XRF) spectrometry has been applied to analyse major and minor ele-
ments in fields such as geochemistry, forensic science and archaeology
(Langford, 2005; Shackley, 2011). XRF has several advantages when
compared to other multi-elemental techniques such as ICP-MS like the
limited preparation required for solid samples, non-destructive analy-
sis, increased total speed and throughput, the decreased production of
hazardous waste and the low start-up and running costs (Parsons
et al., 2013). Field portable X-ray fluorescence (FP-XRF) retains these
advantageswhile additionally provides data on-site and hence reducing
costs associated with sample transport and storage. Rapid in situ analy-
sis also facilitates elemental mapping at the field scale in order to target
areas of interest for further laboratory based analysis. Since the last de-
cade, the application of FP-XRF for metals contamination assessment
has become a reliable solution for in-situ soil analysis (Brent et al.,
2017; Gutiérrez-Ginés et al., 2013; Melquiades and Appoloni, 2004;
Potts et al., 2005; Shand and Wendler, 2014; Weindorf et al., 2013;
Weindorf et al., 2012). The application of such technique allows to
quickly assess metals contamination at a definitive or screening level
(Kilbride et al., 2006), as well as contamination patterns. This fact let
to perform a high volume of field tests, minimizing off-site analytical
costs and without destroying the samples that can be later used for fur-
ther tests. Other advantages involve faster turn-around of results, first-
hand information on pollutants spatial distribution and on heterogene-
ity degree in undisturbed sites (Harper et al., 2006;Mitchell et al., 2012).
However, it is important to take into account some limitation of the FP-
XRF technique, for example: the heterogeneity of the sample may affect
the results, the detection limits require careful considerations and it is
more reliable/sensible to some metals than others (Lemiere and
Lemière, 2018).Therefore, appropriate sample treatment and quality
control procedures must be put in place to reduce as much as possible
such limitations.

The assessment of the impact of trace elements in soils and sedi-
ments, is based not only in the total metal content, but also in its mobil-
ity and bioavailability, due to the biogeochemical and ecotoxicological
significance of a given element. These metal characteristics are deter-
mined by its specific binding form and coupled reactivity rather than
by its total concentration (Batley, 1989). One of the most successful at-
tempts to consider labile fractions and pollutants partition, among the
different phases present in soils, has been provided by sequential ex-
traction schemes (SESs) (Bacon and Davidson, 2008). Simultaneously,
single non-selective extractions methods that target groups of labile or
mobile phases have also gained interest. Such an approach can provide
a useful assessment for screening purposes to identify tracemetal pollu-
tion (Pérez et al., 2008), without the inconvenience of SESs procedures
andwith someadvantagesmainly related to their cost efficiency, usabil-
ity and a reduction on bias induced by reduced sequential translation
and accumulation of procedural errors.

In this paper, the results of field and laboratory studies on heavy
metals availability assessment using portable X-ray fluorescence and
single extraction procedures on former vineyard polluted soil are pre-
sented. The principal aim of the present study focuses on a quick assess-
ment ofmetals pollution, specifically Cu, Pb, Zn andAs, considering their
spatial distribution as well as their availability. Such assessment has
been possible by the combination of FP-XRF equipment and single
leaching tests. FP-XRF analysis performed before and after a simple ex-
traction procedure has allowed the development of a mobility test for
the available heavy metal content in the soil.

2. Materials and methods

2.1. Site and soil characteristics

An abandoned vineyard area of 3000m2 in Catalonia (NE Spain)was
subjected to detailed study. The area is located in the experimental
fields of the Universitat Autònoma de Barcelona (Cerdanyola del Vallès,
Barcelona), at geographical coordinates 41.5004 N and 2.10331E. Cur-
rently this area is devoted to experimental crops for research purposes
but in the time of sampling the area was let fallow.

The soil has an Ap-Bwk-Ck profile and can be classified as Typic
Calcixerept according to Soil Taxonomy System (Soil Survey Staff,
1999). Only topsoil was subjected to study. It has a clay loam texture,
an alkaline pH, high carbonate content, and low organic carbon content
and cation exchange capacity.

2.2. Field sampling

A total of 48 soil samples were collected, following a 5 × 5 m UTM
grid (Fig. 1). At each point, a core of 10 cm diameter was obtained by
using a sampling ring of 2 cm depth, after removing organic debris if
present. This sample is representative of topsoil (Ap horizon) as it is
mixed every year by tilling at a depth of 20–30 cm. About 0.3 kg of sur-
face soil sample was collected, mixed thoroughly, and stored in a sealed
and coded plastic bag in order to transfer them to the laboratory to de-
termine soil parameters and perform single leaching tests. Additionally,
3 background samples were collected in the same area at 60 and 80 cm
depth using an Edelman auger to calculate Concentration Enrichment
Ratios (CERs) values following the same procedure. The soil blank sam-
ples are of the same lithology and soil type, taken very close to the ex-
perimental area, at a depth that correspond to the base of Bwk
horizon, at enough depth to prevent suspected pollution influences.



Fig. 1. Sampling grid map of the studied area showing soil sampling points (5 × 5 m UTM
grid).

3E. Peralta et al. / Science of the Total Environment 726 (2020) 138670
To analyse the moisture effect, the metal concentration was mea-
sured in the original samples and after a preliminary step involving a
drying process using an air forced oven at 105 °C for 24 h or until con-
stant weight (dried samples). Conversely, for the particle size study,
samples were air-dried (30 °C) for 48 h, disaggregated and sieved
through a 2mm stainless steel sieve in order to remove coarse particles
and then oven dried. For total elemental analysis, subsamples were
grinded and sieved below 100 μm as required.
2.3. Mobility tests

The soil contained in each sample cup used for the FP-XRF analysis
was treated with HCl 0.5 mol l−1 with a soil to HCl ratio of 1:20 and
shaking at 30 rpm for 1 h. The choice of this methodology was based
on its effectiveness, efficiency in terms of resource consumption and re-
duction of experimental time (Pérez et al., 2008). After the leaching test,
the suspension was centrifuged at 3000g for 10 min with a model C-5
centrifuge (Pacisa, Barcelona, Spain). The suspension was filtered by
means of 0.22 μm filter and the resulting extracts from the filtering pro-
cess were stored in polypropylene bottles at 4 °C prior to analysis with
Thermo Elemental ICP-OES (model Intrepid II XLS, Franklyn, MA,
USA), measuring correction standards periodically to correct for any
drift or any external influences interfering the sensitivity of the instru-
ment. As methodological blank samples, silicon dioxide matrix at con-
centrations above the established lower limit of detection was
employed. These samples were used to monitor for cross-
contamination and laboratory-induced contaminants or interferences,
as well as to determine LOD and LOQs, following EPA Method 6200 US
EPA, E.P.A, 2007. Standard soil certified reference material (CRM),
NIST2710, was also analyzed to validate the extraction procedure.

The remaining soil residue waswashed twice withMilliQ water and
recovered by filtration. After a drying period in an oven at 105 °C, until
constant weight, the soil residuewas reintroduced in the sample cup. In
order to establish the new methodology, FP-XRF measurements were
performed at the laboratory facility before and after the acidic extrac-
tion. In the last case, the value obtained by FP-XRF was mathematically
corrected for dissolved mass weight loss. The observed differences be-
tween both measurements, initial and final, using FP-XRF were
employed to estimate and correlate the in-situ mobility measurements
with those provided by the single leaching test.
2.4. FP-XRF measurements

The total heavy metals content in soil samples (Cu, Pb, Zn and As)
was analyzed by FP-XRF using an Alpha 6500 (Innov-X Systems, Wo-
burn, Massachusetts, USA). This equipment consists in a tube-type en-
ergy dispersive instrument with a tungsten cathode and a silver anode
that can generate X-rays in the energy range 10 to 40 keV and electric
current range 10–50 μA. The instrument has a 1.4 cm diameter circular
probe window (1.54 cm2 area). The instrument employs a Si-PIN diode
detector with an energy resolution of 230 eV at the full-width at half-
maximum intensity (FWHM) of the manganese (Mn) K X-ray line.
The improved energy resolution of the detector allows for efficient use
of a Fundamental Parameters (FP)-basedmethod to calculate elemental
concentrations. FP is a mathematical treatment of chemical matrix ef-
fects used in conjunction with pure element or known standard ele-
ment responses to develop an iterative algorithm for analysis of a
specific sample type (e.g., soil, oil, thin film, paint). The FPmethod, cho-
sen from a menu of the application, does not require calibration. Appli-
cations for soils, Pb-in-paint (K- and L-lines), and thinfilms are provided
with the instrument.

Measurements using FP-XRF were performed at different stages of
the study, in situ (in the field), after drying (in order to evaluate the
moisture), after grinding and sieving (to evaluate particle size effect)
and after mobility test.

Measures performed in the field were done by shooting directly
on the sampling spot. When measuring at the laboratory facility,
ten milliliter high density polyethylene sample cups (Chemplex,
FL, USA) were filled with 8 g of soil samples. Sample cups were
sealed using pre-cut Mylar® circles film and placed in the testing
stand of the benchtop docking station. The instrument was set for
120 s analyzing time for each sample in standard operation mode,
using the soil programme in the sequential mode and the LEAP
(Light Element Analysis Program) module, for the measurement of
heavy metals and light elements (below Al). LEAP works by chang-
ing the X-ray tube beam conditions to settings which are optimized
for the detection of elements lighter than iron. This time-period is
considered the best trade-off between accuracy and speed of analy-
sis. Quality assurance of FP-XRF measurements was performed fol-
lowing QC procedures indicated by EPA Method 6200QC which
include, energy calibration check (Alloy 316), instrument and
method blank, calibration verification check and precision sample
and confirmatory sample every 10 samples. The FP-XRF limit of de-
tection (LoD) and limit of quantification (LoQ) for the different
metals were calculated from the measurement of a soil matrix
blank at the start and end of analysis, and after approximately
every ten samples (for a minimum of eight measurements per set
of sample).

LoD and LoQ were defined as three and ten times, respectively, the
calculated standard deviation value of themean for each target element.
Ideally, the sample should have a target analyte concentration near the
site action level. NIST 2710 standard reference samples were employed
as calibration verification checks, providing results within specified tol-
erances (Mackey, 2010).

2.5. Pollution degree assessment

The natural concentration of heavy metals in the soil (background
concentration) differs significantly from one place to another, so the
value of the Generic Reference Level (GRL) for heavy metals is condi-
tioned by the geochemical composition. Following Spanish regulations,
these GRL levels correspond to the concentration of a polluting sub-
stance in the soil that does not carry a risk higher than themaximumac-
ceptable for human health or ecosystems, according to Spanish and
Catalan laws and based on Commission Regulation EC 1488/94 (Real
Decreto 9/2005, 2005). The General Reference Levels (GRL) 186 for
both human health and ecosystems on agricultural soils specified by
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Catalonia Governmental Regulation of the study metals are: Cu
(90mg kg−1), Pb (60mgkg−1), Zn (170mgkg−1) andAs (30mg kg−1).

Complementary reliable information can be obtained by considering
the variation of metals concentration within the different geological
substrates or soil horizons. In this sense, an evaluation by concentration
enrichment ratios (CERs) using both, total and available concentrations
of the pollutants, led to better establish anthropogenic contribution to
the site contamination (Sutherland and Tolosa, 2000). CERs are calcu-
lated by Eq. (1).

CERn ¼
Cnsample
Ccsample

� �

CnBackground
CcBackground

� � ð1Þ

Considering the concentration of a given element, Cn, in both target
and background sample, normalized with respect to the concentration
of a lithogenic conservative element such as Al, Fe, Ti or Zr expressed
as Cc (Horowitz et al., 1988; Trefry et al., 1985; Vega et al., 2009;
White and Tittlebaum, 1985). The selected lithogenic element must be
characterized by an accurate and precise determination, by a reduced
anthropogenic contribution compared with its natural occurrence and
by its resistance to the weathering processes. Fe was chosen as conser-
vative element representing ambient or natural elemental levels (back-
ground), once confirmed its accurate and precise determination and a
constant concentration along all the strata of the collected soil samples.

An accepted classification allows differentiating samples by the an-
thropogenic contribution: minimal or no anthropogenic enhancement
when CER b 2, moderate for 2 b CER b 5, significant when 5 b CER b 20,
very strong for 20 b CER b 40 and extreme when CER N 40 (Sutherland
and Tolosa, 2000).

2.6. Statistical analysis

Significant differences of soil metal concentrations between wet and
dry soil samples and between sieved and grinded soil samples were esti-
mated by t-test using Microsoft Excel 2016 software (Microsoft Corpora-
tion, Redmon,Washington). Simple linear regressionswere developed by
lm function and Graphics package of R software from Vienna (Austria) (R
Fig. 2. Concentration of the different metals measured by FP-XRF in original (field moisture) a
Core Team, 2013), in order to establish the influence of soil moisture and
physical protection of metals by soil aggregation on the measurement of
soil metals.

A geostatistical analysis of metal distribution was developed by
GeoR - a package for geostatistical analysis by R software (R Core
Team, 2013). A sample grid between latitude (4,594,690, 4,594,740)
vs longitude (425,120, 425,180) UTM coordinates was selected to ana-
lyse the spatial distribution of soil metals. The R-package Variog com-
puting an omnidirectional semi-variogram (exponential model)
between sampling distances and As, Cu, Pb and Zn values (mg kg−1),
which was used to develop a spatial interpolation by kriging. The R-
package Contour was used to obtain maps of soil metal distribution
from the data analysis made by kriging.

For the CER values, Kruskal-Wallis procedurewas used to determine
significant differences among the metals. Kruskal–Wallis test was per-
formed using Infostat© software (Di Rienzo et al., 2018).
3. Results and discussion

3.1. Soil moisture and particle size effects

3.1.1. Moisture effect
The intensity of characteristic X-rays of analytes decreases as water

content of the sample increases, owing to the stronger X-ray absorption
by water than by air in fractures and pores of samples. It is also known
that the concentration result of a given element is lower than expected
due to the sample dilution effect produced by the humidity content and
decreases as the moisture increases (Shefsky, 1997). In order to know
the effect of the moisture in the present analysis, the metal concentra-
tion was measured before (original field moisture content) and after a
drying process at 105 °C (dried samples). The LoD obtained for each
metal was: 13.6 ± 0.2 mg kg−1 for As, 37.9 ± 0.7 mg kg−1 for Cu,
12.2 ± 0.4 mg kg−1 for Pb and 14.8 ± 0.5 mg kg−1 for Zn.

As it is shown in Fig. 2 Zn, Cu and Pb concentrations for most of the
48 samples, were found to be higher when samples were dried. Arsenic
data do not show the previous trend and no differences are observed (it
must be considered that As values were very close or below the LoD)
(Table 1).
nd dried samples. Linear correlation by lm function and Graphics package of R software.



Table 1
Average concentration and standard deviation, of the different metals in original (field
moisture) and dried soil samples (n = 48). t-Test for paired samples (p b .05) results.

Concentration (mg kg−1) t-test (p b .05)

Original
samples

Dried
samples

Value p Significant(S)/not
significant (NS)

Cu 102 ± 19 123 ± 14 7·10−12 S
Pb 23 ± 4 28 ± 4 2·10−8 S
Zn 63 ± 8 74 ± 9 2·10−10 S
As 14 ± 2 15 ± 2 2·10−2 S
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The average values and standard deviations for each metal are
shown in Table 1, where it is observed that the differences between
original and dried samples are significant for all the analyzed metals.
Thus, the moisture content of the collected samples (range between 9
and 18%) affect significantly the results of the present analysis. Previous
work suggests that soil moisture does not have a significant impact on
the accuracy of FP-XRF analysis until a threshold value of 20% moisture
content is reached and that errors resulting from soil moisture below
this threshold are minor (Kalnicky et al., 1992). This 20% threshold has
been approved and reproduced in many official protocols since its orig-
inal publication (Sackett and Bedford, 1998), but other works suggest
that the values measured for the soil dried for 24h at 60 °C show that
moisture influence in the concentration values may reach 20%, which
cannot be neglected if measurements with some accuracy are aimed
(Bastos et al., 2012). In the present study, soil moisture resulted in a de-
crease in recorded concentration of up to 18.2% (for Pb with an average
Table 2
Average concentration and standard deviation of the different metals in sieved and
grinded soil samples (n = 48). t-test for paired samples (p b .05) results.

Concentration (mg kg−1) t-Test (p b .05)

Sieved
samples

Grinded
samples

Value p Significant (S)/not
significant (NS)

Cu 118 ± 15 105 ± 12 2·10−9 S
Pb 28 ± 4 31 ± 9 4·10−2 S
Zn 74 ± 8 85 ± 9 2·10−12 S
As 16 ± 2 16 ± 4 0.2 NS

Fig. 3. Concentration of the different metals measured by FP-XRF in sieved and grinde
of 14% of humidity) compared to the same dry sample (Table 1). These
results are in agreement with the bibliography that indicate that previ-
ous studies have severely underestimated the importance of soil mois-
ture (Parsons et al., 2013).

3.1.2. Particle size effect
When grinding the soil samples below 100 μm, significant differ-

ences in the concentrations for Cu, Pb and Zn are observed (Table 2),
showing an effect of the particle size on theXRF response. Zn concentra-
tion of grinded samples presents a generalized increment compared to
the respective b2 mm sieved ones (Fig. 3) suggesting an exposition by
grinding of metal located inside the particles. For Cu, all the samples
show a higher value when sieved than grinded, what can be explained
owing to Cu is mainly adsorbed in the surface of soil particles or aggre-
gates, due to its anthropogenic procedence. On the other hand, Zn and
Pb are mainly distributed in the inner part of the soil particles, deter-
mining its lithogenic origin. For As nodifferences are observed, probably
because the values are very close to the LoD.

The effect of particle size is an important factor when considering
data quality during XRF analysis. There are two main reasons for this,
the first is due to sample heterogeneity, the second to surface effects.
As the FP-XRF analysis window is relatively small (approximately
2 cm2) it is important that the average composition of the sample is
well represented within this area. A well homogenized sample with
small particle size better represents average sample compositionwithin
this small visible area, but dilute the metal sorbed to surfaces of
particles.

3.2. Heavy metals content and pollution degree assessment

Total copper concentration in soil samples ranged between 70 and
128 mg kg−1, similar amounts to those observed at Piemonte and Tus-
cany in other vineyard soils (Brun et al., 1998). These values are higher
than the mean of vineyards in European countries (49.3 mg kg−1) re-
ported by Ballabio et al. (2018) in a wider Cu survey that includes
other crops and land uses. Other studies have shown greater concentra-
tions of total copper: between 96 and 583mg kg−1 (Fernández-Calviño
et al., 2008), 157–434 mg kg−1 (Fernández-Calviño et al., 2008) or
above 140mgkg−1 (Nogueirol et al., 2010) due to different climate con-
ditions, ageing of the vineyard area, decades of fungicides application
d samples. Linear correlation by lm function and Graphics package of R software.



Fig. 5. Representation of CER values for the 48 soil samples for Cu, Pb, Zn and As. Dotted
line represents minimal anthropogenic contribution; dash line represents moderate
anthropogenic contribution. Means with a common letter are not significantly different
(p N .05).

6 E. Peralta et al. / Science of the Total Environment 726 (2020) 138670
andmineral composition. The narrowest range is for arsenicwith values
from 10 to 24 mg kg−1, levels that are quite similar to the observed in
the background samples (14 mg kg−1), revealing its lithogenic source
rather than its origin from a continuous Bordeaux application or from
other agrochemicals. In the case of zinc, a wider concentration range
was observed 64–111 mg·kg−1, higher than the background level
(70 mg kg−1) for the 96% of the analyzed samples. However, the ob-
tained amounts are lower than those observed in other bibliographic
vineyard soils studies with zinc affection (Mirlean et al., 2007). Lead
presents a higher range concentration (20–70 mg kg−1) over the back-
ground levels (19 mg kg−1) and also higher than the amounts found in
other studies (Mirlean et al., 2007).

The representation of the heavymetals total concentrationwhen ap-
plying FP-XRF to themilled 48 soil samples (particle size below 100 μm)
is given in Fig. 4. It can be observed that copper is generally above the
GRL values, showing risk of soil be contaminated, and therefore a de-
tailed evaluation of the risk should be performed. Meanwhile, As and
Zn in all the studied samples and Pb in all except one, indicated that
monitoring or deeper studies are not necessary because the concentra-
tion of these metals is below the GRL levels.

In order to properly estimate the pollution degree as well as the an-
thropogenic contribution, CER values were determined considering fac-
tors such as geochemical variability. The representation of CER values
for eachmetal, given in Fig. 5, clearly outlines the anthropogenic charac-
ter of copper, which present half of the population data with CER values
between 2 and 5, showing a moderate anthropogenic contribution, and
the remaining 50%, between 5 and 8 showing a significant anthropo-
genic contribution.
Fig. 4. Concentration values for Cu, Pb, Zn and As in all soil samples. Red line shows the values
Catalonia.
Considering the other metals, Pb present a 90% of CER values below
2, aswell for the 100%of the Zn andAs data, indicating aminimumor no
anthropogenic contribution for these three cases. In the case of Cu, the
great dispersion of CER values suggests a partial contribution of an ex-
ternal pollution source in some samples. KruskalWallis test showed sig-
nificant differences between the different studied metals (p N .05).
for GRL for these metals and protection to the human health and ecosystems applicable to
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3.3. Assessment of metal availability: comparison between both mobility
tests

In order to compare the performance of the developedmethodology
against the single extractionmobility test, a linear regressionmodelwas
employed. RSD, r2 and inferential statistics allow to set a data quality
level (definitive, quantitative and qualitative screening) to each rela-
tionship depending on set criteria given byUnited States Environmental
Protection Agency in 1998 (Billets, 2006).

A clear correlation between the data of in situ mobility and labora-
tory mobility tests, can only be depicted from the Cu data r2 = 0.9925.
Additionally, a reduced RSD value, the slope and intercept values
(y = 1.703× + 4.220), indicate that Cu data can be classified within
the definitive quality level. The obtained result indicates that the com-
bined method of simple extraction and analysis by FP-XRF is feasible
to assess themobility and availability of this element in situ. Conversely,
data dispersion is observed for Zn, Pb and As, with r2 values below 0.70,
indicating a qualitative screening level. The arsenic poor linearity is ex-
plained due to its concentration at or below the detection limit of the
equipment, thus the related inaccuracy. Additionally, the main
lithogenic source of Zn, Pb and As, sample concentrations similar to
the background, and their reduced mobility are the responsible for a
poor correlation for those elements.
3.4. Heavy metals spatial distribution

Elemental spatial distribution maps, three-dimensional images and
interpretive hazard maps of pollutants, or even more anthropogenic
contribution of each element in the studied area, can be obtained
when combining FP-XRF measurements for both total and mobile pol-
lutants content with geographical information given by GPS equipment
(Darko et al., 2017).
Fig. 6.Metals concentration (mg kg−1) dist
The obtained results are illustrated in Fig. 6. The copper distribution
map of grinded samples shows the greatest pollution points and sug-
gests the anthropogenic contribution. Through the studied area, a ten-
dency of cluster distribution of copper is observed, probably due to an
non-homogeneous and repetitive application of the Bordeaux mixture.
Thereby, a zone at the southwest corner of the vineyard area, illustrate
the greatest observed concentrations, owing to the proximity of a for-
mer tank employed for manufacture and distribution of the fungicide.
As and Pb present the same spatial distribution pattern with homoge-
neous concentrations along the area, similar to those of background
samples. But Zn present a completely different distribution, being the
east area the most polluted due to the corrosion of a greenhouse struc-
ture (buildings visible at the image) and the runoff flux due to terrain
slope.

4. Conclusions

By developing a new methodology to monitor polluted soils, a per-
sistent Cu pollution derived from a recurrent application of Bordeaux
mixture to the former vineyard area has been determined. The charac-
terization of Cu pollution degree by means of GRL and determination
of CER values has let to ascertain the main anthropogenic contribution
to the identified Cu content. The total copper concentration in the ana-
lyzed soil samples is consistent with results reported by other authors
when studying vineyards soils. For other metals, different distribution
trends have been observed in relation to their lithogenic or anthropo-
genic contribution.

The present study reveals that the use of FP-XRF equipment consti-
tute a highly valid option for quick decision making during the charac-
terization and quantitative elemental analysis of soil samples for
screening of potential pollutants such as heavy metals. Further, the
present methodology can be used for quick metal availability tests, by
the use of a combination of FP-XRF measurements and single leaching
ribution maps within the studied area.
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test employingHCl, giving reliable and useful information in situ regard-
ing the real hazard of heavy metals in soils, since the in situ measure-
ment of the leaching process using FP-XRF, agrees with the ICP-OES
determination of the corresponding HCl leachates. Additionally, the
methodology allows the identification and monitorization of polluted
areas in a fast and inexpensiveway, being directly applied to the studied
area. Both, soil moisture content and particle size effects, affect signifi-
cantly the FP-XRF measurements of target elements. The effect of soil
moisture has been underestimate in previous works, so it must be
corrected to have good estimates of the total concentration of metals.
The way to eliminate these effects of humidity would be to carry out a
drying procedure of the sample in situ. Therefore, the described meth-
odology can be used for risk assessment of agricultural soils regarding
the presence of heavy metals as pollutants.
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