
Applied Geochemistry 44 (2014) 12–26
Contents lists available at SciVerse ScienceDirect

Applied Geochemistry

journal homepage: www.elsevier .com/ locate /apgeochem
Heavy metal pollution in mine–soil–plant system in S. Francisco de
Assis – Panasqueira mine (Portugal)
0883-2927/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apgeochem.2013.07.009

⇑ Corresponding author. Tel.: +351 220400028.
E-mail address: paula.avila@lneg.pt (P.F. Ávila).
Carla Candeias a, Rita Melo a, Paula Freire Ávila b,⇑, Eduardo Ferreira da Silva a, Ana Rita Salgueiro a,
João Paulo Teixeira c

a University of Aveiro, Geosciences Department, GeoBioTec – Geobiosciences, Geotechnologies and Geoengineering Research Center, Campus de Santiago, 3810-193 Aveiro,
Portugal
b LNEG-National Laboratory of Energy and Geology, 4465-956 S. Mamede de Infesta, Portugal
c INSA – National Institute of Health, Environmental Health Department, Porto, Portugal
a r t i c l e i n f o

Article history:
Available online 29 July 2013
a b s t r a c t

The active Panasqueira mine is a tin–tungsten (Sn–W) mineralization hosted by metasediments with
quartz veins rich in ferberite. The economic exploitation has been focused on wolframite, cassiterite
and chalcopyrite. The mineralization also comprises several sulphides, carbonates and silver sulphosalts.
The mining and beneficiation processes produces arsenic-rich mine wastes laid up in huge tailings and
open air impoundments that are the main source of pollution in the surrounding area, once the oxidation
of sulphides can result in the mobilization and migration of trace metals/metalloids from the mining
wastes into the environment, releasing contaminants into the ecosystem.

A geochemical survey was undertaken, in order to investigate the environmental contamination impact
on agricultural and residential soils in S. Francisco de Assis village due to the mining activities. Rhizo-
sphere samples, vegetables (Solanum tubersum sava and Brassica olerácea L.) which constitute an impor-
tant part of the local human diet), irrigation waters and road dusts were collected in private residences in
S. Francisco de Assis village. According to the Ontario guidelines (Ministry of Environment, 2011), the
Arsenic contents in the rhizosphere soils exceed 20 times the reference value for agricultural soils
(11 mg kg�1). The result obtained showed that some edible plants frequently used in the region could
be enriched in these metals/metalloids and may represent a serious hazard if consumed. The potatoes
tend to have a preferential accumulation in the leaves and roots while in cabbages most elements have
a preferential accumulation in the roots. An index of the risk for residents, due to ingesting of these met-
als/metalloids, by consuming vegetables grown around the sampling area, was calculated and the result
indicates that the inhabitants of S. Francisco de Assis village are probably exposed to some potential
health risks through the intake of arsenic, cadmium and also lead via consuming their vegetables.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The demand for ore comes from the beginning of the human
existence and this activity plays a key role for human survival
and development. Europe have an unquestionably importance in
the world economy and mineral extraction plays an important role
in the supply as also in the consumption of all groups of explored
minerals. Portugal holds a rich and complex geology, which gives it
a considerable mineral potential, although this sector only contrib-
utes with 1% for the Portuguese Gross Domestic Product (GDP).

The main mineral resources in Portugal are copper (Cu), tin (Sn),
tungsten (W), lithium (Li), gold (Au), iron (Fe), zinc (Zn), lead (Pb),
uranium (U), coal, raw materials for construction and ornamental
stones. Portugal is a country with a long mining tradition; it had
in the past and still has a strong mining activity. Land pollution
due to mining activities is a major issue in many European coun-
tries and Portugal is not an exception (Santos Oliveira and Ávila,
1995, 2003; Valente and Leal Gomes, 1998; Bobos et al., 2006;
Luís et al., 2009; Santos Oliveira et al., 2002; Ávila et al., 2005,
2008; Salgueiro et al., 2008; Grangeia et al., 2011; Candeias et al.,
2011a,b; Ferreira da Silva et al., 2005; Antunes et al., 2002; Pinto
et al., 2004; Carvalho et al., 2009, 2012; Gomes et al., 2010).

The extraction of metals from sulphide minerals usually results
in large amounts of waste materials, tailings, and acid mine drain-
ages, which often contain high concentrations of potentially toxic
elements (PTE – As, Cu, Zn, Cd as an example) (Moore and Luoma,
1990; Boulet and Larocque, 1998; Jung, 2001; Naicker et al., 2003).
Metals/metalloids can be dispersed downstream due to the weath-
ering and erosion process of tailings. Thus, the extent and degree of
heavy metal contamination around the mines varies depending
upon geochemical characteristics and mineralization of tailings.
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High concentrations of heavy metals can be found in and around
abandoned and active mines due to the discharge and dispersion
of mine waste materials into nearby soils, food crops and stream
sediments (Lee et al., 2001; Jung, 2001; McKenzie and Pulford,
2002; Witte et al., 2004). This will ‘‘eventually’’ lead to a loss of bio-
diversity, amenity, and economic well-being as well as pose a po-
tential health risk to residents in the vicinity of the mining area
(Verner and Ramsey, 1996; Lee et al., 2001; Wong et al., 2002;
Galán et al., 2003).

Soils are very prone to contamination from hydrological sources
and also from atmospheric sources. When soils are the receptor of
tailings drainage coming from metal mining and smelting this
waste disposal causes a major impact, posing serious environmen-
tal concerns. The smelter emissions as well as wind-blown dust
from mine tailings and smelter slag dumps are generally the main
point sources of metal/metalloid (As, Cd, Cr. . .) soil pollution (Ettler
et al., 2005, 2009, 2011, 2012; Kříbek et al., 2010; Šráček et al.,
2010; Vítková et al., 2010). Exposure to these hazardous elements
may have different pathways, through the ingestion of vegetables
grown on contaminated soils or through dust inhalation and dust
adhering to plants. According to several authors (Bosso and Enzwe-
iler, 2008; Chen et al., 2009; Douay et al., 2008; Juhasz et al., 2011;
Roussel et al., 2010; Ettler et al., 2012) the studies dealing with the
bioavailability and bioaccessibility of metals/metalloids contami-
nants in highly-polluted soils are extremely useful in understand-
ing the possible effect on biota, and particularly on human health
due to the exposure to those contaminants (Banza et al., 2009;
Roussel et al., 2010; Coelho et al., 2007).

In a previous paper from the same authors (Ferreira da Silva
et al., 2013) the environmental contamination impact on S. Fran-
cisco de Assis (SFA) agricultural and residential soils due to the
mining activities has been investigated.

The objectives of this study are: (a) the assessment of the levels
of soil contamination in respect to median concentrations of PTE in
the region; (b) the determination of the associations between the
different PTE and their spatial distribution; (c) the identification
of possible sources of contamination that can explain the spatial
patterns of soil pollution in the SFA area; (d) determine the associ-
ations between the different toxic elements and identify the possi-
ble contamination sources that can explain the risk to the SFA
population by the ingestion of some metals/metalloids by consum-
ing vegetables that grow in their yards located in the mine vicinity.
2. The study area

The Panasqueira mine is located in Central Portugal (Fig. 1a).
Nowadays the economic exploitation is located in Barroca Grande
as well as the beneficiation plant. S. Francisco de Assis is a little vil-
lage, with 16.24 km2 and 692 inhabitants, located downstream the
Barroca Grande tailings deposit and impoundments. The topogra-
phy ranges in altitude from 350 to 1080 m (Reis, 1971), with deep
valleys. The streams are generally dry in the summer and flooded
in the winter.

Climate, which can be an important instability factor, is aggres-
sive in the Panasqueira region, with hot and dry conditions during
the summer and very cold, rainy, and windy conditions in the win-
ter. The mean annual rain precipitation in the region is 1200–
1400 mm; snow fall is frequent, particularly above the altitude of
700 m. The annual mean temperature is �12 �C, ranging from
�0 �C during the winter to about �30 �C in summer. The evapo-
transpiration in this region is around 1080 mm (Ávila et al.,
2008). Table 1 shows the wind speed in Barroca Grande at an ele-
vation of 80 m (Costa, 2004; Costa and Estanqueiro, 2006a,b). Re-
sults point out that NNW is the preferential wind direction in the
area (Fig. 1b), and as we know the wind that blows from NW goes
to SE, and that is precisely the direction of S. Francisco de Assis
regarding the Barroca Grande tailing position.

Geology and Mineralization: The Panasqueira ore deposit is a
typical example of a Sn–W hydrothermal mineralization associated
with the Hercynian plutonism. A detailed description of the local
geology was presented in Ávila et al. (2008). The Panasqueira de-
posit consists of a series of stacked, sub-horizontal, hydrothermal
quartz veins intruding into the Beira schists formation of upper
Precambrian–Cambrian age and shales. The paragenesis is com-
plex. Four stages of mineral formation are generally accepted by
most of the authors who have studied this deposit: 1st stage: the
oxide–silicate phase (quartz, wolframite; cassiterite); 2nd stage:
the main sulphide phase (pyrite, arsenopyrite, pyrrothite, sphaler-
ite, chalcopyrite); 3rd stage: the pyrrothite alteration phase (mar-
casite, siderite, galena, Pb–Bi–Ag sulphosalts); and 4th stage: the
late carbonate phase (dolomite, calcite) (Breiter, 2001; Corrêa de
Sá et al., 1999; Correa and Naique, 1998; Noronha et al., 1992).
At Panasqueira, more than 65 minerals, including sulphides, sul-
phosalts, oxides, carbonates, silicates, phosphates, and tungstate
minerals, have been identified (Kelly and Rye, 1979). In general,
the most common minerals in addition to quartz are: wolframite,
pyrite, pyrrhotite, arsenopyrite, chalcopyrite, cassiterite, beryl,
mica, and fluorite. The Panasqueira mine has many rare minerals
that can only be observed microscopically, making it a site of spe-
cific scientific importance.

Mining Activity and Potential Environmental Considerations: the
Panasqueira hydrothermal mineralization is the biggest Sn–W de-
posit of the Western Europe, and has been in operation since 1896
to the present date. The economic exploitation mainly focused on
wolframite, cassiterite, and chalcopyrite, the last two as by-prod-
ucts. On mean the ‘‘tout-venant’’ contains 0.3% WO3; the three final
concentrates contain 75% WO3, 72% SnO2, and 22% Cu together
with significant amounts of silver (Ag). At the present time, exploi-
tation is focused at Barroca Grande. The long history of exploitation
and ore treatment operations are testified by the presence of tail-
ings and other debris (Cavey and Gunning, 2006; Ávila et al.,
2008). Nowadays, the waste rock is still placed in the Barroca
Grande tailings area. The mine wastes were and still are discharged
in a huge tailings pile and in two mud dams, one is old and deac-
tivated, although stabilized in geotechnical terms, while the other
(smaller and disposed over the tailings) is still being fed with ster-
iles (some rich in sulphides, arsenopyrite is the main sulphide
present) obtained from the ore dressing operations. Mining exploi-
tation and ore processing operations left and continue to leave be-
hind huge tailings, being Barroca Grande �7 Mm3 with two mud
dams �1.2 Mm3, one of the main tailings deposit in the mine area.
The mining and beneficiation processes at the site produces metal/
metalloid rich mine wastes. According Ávila et al. (2008) the re-
jected materials from the ore processing, containing high concen-
trations of metals, stored in the open-air impoundments are
responsible for the continuous generation of acid drainage. Barroca
Grande impoundment shows high concentrations of As, Cd, Cu and
Zn. The analysis of the fine grained materials existing in the two
Barroca Grande open impoundments reveals the existence of arse-
nopyrite, ferberite, sphalerite, pyrite, chalcopyrite, natrojarosite,
scorodite and hematite.

These tailings and impoundments are exposed to atmospheric
conditions. Surface runoff and water percolation leach the tailings
and form AMD. The tailings piles at Barroca Grande are adjacent to
the small, but perennially flowing, Casinhas Stream, which drains
to the Zêzere River. The unconfined tailings and open impound-
ments are the main source of pollution in the surrounding area
once the oxidation of sulphides can result in the mobilization
and migration of trace metals from the mining wastes into the
environment, releasing contaminants into the ecosystem. The
effect of Panasqueira mining activities and the metals release from



Fig. 1. (a) Synthetic map showing the location of Panasqueira mining area and the main geological units (Farinha, 2005); (b) Modeled windrose of Barroca Grande, extracted
from the CD-ROM ‘‘Wind potential Atlas for Continental Portugal-Version 1.0’’. ISBN: 972-676-196-4. National Institute of Engineering, Technology and Innovation I.P. (INETI)
production, September 2004.

Table 1
Wind speed in Barroca Grande (m s�1) at 80 m.

Sector 0 30 60 90 120 150 180 210 240 270 300 330 Mean

Wind speed 3.55 1.75 3.66 4.93 4.48 3.05 3.28 4.03 5.89 7.93 8.19 8.07 6.21
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acid mine waters to ground waters and stream sediments is dy-
namic and actual. Soils, downstream Barroca Grande tailings de-
posit, will be a major repository for the heavy metals released
being the SFA village the most affected.

3. Materials and methods

3.1. Field sampling

In order to investigate the environmental contamination impact
on agricultural and residential soils of SFA due to the mining activ-
ities and to understand the geochemical behaviour of a set of
chemical elements in this mining region, we selected four sam-
pling media (rhizosphere soils, irrigation waters, road dusts and
horticultural plants – Fig. 2). These media constitute the most
important means for the geochemical characterization of the stud-
ied area and also for assessment of the impact of anthropogenic
activities on different ecosystems, including the public health of
the inhabitants. Vegetables and rhizosphere soil samples will de-
fine the extent of soil contamination and the metals transfer pro-
cess from soils to the different parts of the plants once the root
system of the plants remove nutrients from the mineral phases



Fig. 2. Location of rhizosphere soils, waters, road dusts and vegetables sampling sites in SFA area (Google Earth image modified).
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of the soils. Waters samples will define the influence of soils and
human activities in the quality of potable water, for human con-
sumption and for irrigation. Finally, the road dusts samples allow
quantifying the wind transfer of the contaminants from tailings
and its influence in local soil, vegetables and air quality.

Rhizosphere soil, dusts and vegetables: seventeen rhizosphere soil
samples (RSS) and 14 edible vegetables (VEG), potatoes (Solanum
tubersum sava) and cabbage (Brassica olerácea L.), were collected
(Fig. 2) in polyethylene bags and brought to the laboratory. In this
campaign, thirteen road dusts (RDS) were also collected in the
road, inside the village whenever it was possible in the same place
where soils, vegetables and waters were taken, with a small broom
and stored in polyethylene bags for further analyses. The soil and
dust samples were oven dried, before dry sieving, at a temperature
of 40 �C, until a constant weight was attained, disaggregated,
passed through a 177 lm aperture plastic sieve and milled for
chemical analysis. The vegetables samples were washed, dried at
a temperature of 40 �C, disaggregated and finely milled.
Waters: a total of 6 waters samples (UW) were collected in
private houses in S. Francisco de Assis village (Fig. 2). Two of
them were picked from the public water supply network and
the other four from wells used for irrigation. Samples were col-
lected from each selected site using a clean 1-L acid-washed
polyethylene bottle and stored at 4 �C until analyzed. Values of
pH, electric conductivity (EC), oxidation–reduction potential
(ORP), Dissolved Oxygen (DO), Total Dissolved Solids (TDS) and
Salinity (SAL) of the waters were recorded at each site using a
multiparametric probe HI9828 with GPS from HANNA Instru-
ments. Samples were filtered on-site through 0.45-lm Millipore
membrane filters using an all-plastic pressurized filtering
system. The concentrations of HCO3 were determined in situ
by volumetric titration on filtered unacidified samples. Samples
for metal analysis were immediately preserved after collection
in the field, with pH reduction to 2.0 using HNO3, avoiding Fe
hydroxide precipitation. All the water samples were stored at
4 �C pending further analysis.
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3.2. Sample preparation and chemical analysis

Rhizosphere soil, dusts and vegetable samples: the fine grained
fraction of rhizosphere soils dust and vegetables was submitted
to multi-elemental analysis in ACME Anal. ISO 9002 Accredited
Lab-Canada. A 0.5 g split was leached in hot (95 �C) aqua regia
(HCl–HNO3–H2O) for 1 h. After dilution to 10 ml with demineral-
ized water, the solutions were analyzed by Inductively Coupled
Plasma-Emission Spectrometry (ICP-ES) for 35 chemical elements.
Included in this analytical package were silver (Ag), aluminium
(Al), arsenic (As), gold (Au), barium (Ba), bismuth (Bi), calcium
(Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron
(Fe), gallium (Ga), mercury (Hg), potassium (K), lanthanum (La),
magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium
(Na), nickel (Ni), phosphorus (P), lead (Pb), sulphur (S), antimony
(Sb), scandium (Sc), selenium (Se), strontium (Sr), thorium (Th),
titanium (Ti), vanadium (V), tungsten (W) and zinc (Zn). The accu-
racy and analytical precision were determined using analyses of
reference materials (standards C3 and G-2) and duplicate samples
in each analytical set. The results were within the 95% confidence
limits of the recommended values given for this certified material.
The relative standard deviation was between 5% and 10%.

Soil pH the procedure adopted was modified from ISO
10390:1994 Soil.; the pH was determined with samples in diluted
CaCl2, and measures taken 24 h after.

Soil Organic Matter (SOM): the procedure was adapted from Ree-
uwijk (2002); The SOM was quantified in 5 g dried samples, after
20 h in a 430 �C muffle.

Mineralogy: the mineral constituents in selected solid media
samples were identified by X-ray diffraction (XRD) at LNEG. The
mineralogical composition was determined using a Philips X’Pert
MPD machine equipped with Cu Ka radiation, graphite monochro-
mator automatic divergence slit, and 0.5-receiving slit. A step size
of 0.05–2 h, a scan setting of 2–70–2 h, and a 10 s counting time
were chosen.

Waters samples samples were analyzed without pre-concentra-
tion. The analyzed elements include major anions (Cl�, NO�3 , and
SO2�

4 ), major cations (Ca, K, Na, and Mg), as well a suite of dissolved
trace elements (Al, As, B, Cd, Cl, Cu, Fe, Mn, Pb, and Zn). Unacidified
samples were analyzed using a Dionex 2000i ion chromatography
and a SPECTRAPHYSICS integrator. The concentrations of major
cations and trace elements in acidified waters were all determined
by mass inductive plasma spectrometry (ICP-MS) in the ACME
Anal. ISO 9002 Accredited Lab-Canada. Reagent blanks and dupli-
cate samples were inserted into each batch for quality control
(Ramsey et al., 1987). Depending on the concentration levels, typ-
ical uncertainties, including all error sources, are less than 6% for
the trace elements, and between 2% and 7% for the major anions.
The limit of detection for the analyzed trace metals is about
0.05–10 mg L�1. In this work As (III) and As (total) were deter-
mined by Cathodic Stripping Voltammetry (CSV) (Ferreira and Bar-
ros, 2002), using a hanging mercury drop electrode (HMDE). The
method requires hydrogen chloride (HCl) 1 M as electrolyte sup-
port and the presence of Cu (II), as it involves the preconcentration
of a copper–arsenic intermetallic compound at the mercury elec-
trode. The determination of As (T) involves the reduction of As
(V) with thiosulfate and the subsequent determination of As (III);
As (V) is obtained by difference. The Fe (III) concentration is ob-
tained by difference between the concentrations of Fe (T) and Fe
(II), being Fe (II) determined by a colorimetric method and Fe (T)
by another method such AEOS-ICP or AAS after reduction of Fe
(III). In this work, Fe (III), Fe (II) and Fe (T) will be determined by
a colour spectrophotometric-Vis method using FerroZine Iron Re-
agent. The method requires preservation of water samples by fil-
tration through a 0.2 lm membrane and acidification to pH 1
with HCl (0.4%HCl), and storage in the dark (To et al., 1999).
3.3. Data analysis

Enrichment Index one common approach to estimate metal
concentrations is to compute an index that averages the accumula-
tion of each metal in each sample. To evaluate the degree of trace
metal contamination in soils the Enrichment Index (EI) (Ávila et al.,
2008; Ferreira da Silva et al., 2005; Kim et al., 1998; Lee et al.,
1998; Chon et al., 1995; Nishida et al., 1982) was calculated by
averaging the ratios of the elements concentrations (mg kg�1) to
the permissible level (PL). In this study eight elements (As, Cd,
Cu, Mn, Pb, V, W, Zn) were selected to calculate the Ei in each
sample. The PL is the element concentration in the soil, from which
crops produced are considered as unsafe for human health
(As = 20 mg kg�1; Cd = 3 mg kg�1; Cu = 100 mg kg�1; Mn =
394 mg kg�1; Pb = 85 mg kg�1; V = 50 mg kg�1; W = 1 mg kg�1;
Zn = 140 mg.kg�1; Ferreira, 2004; Reimann and De Caritat, 1998;
Kloke, 1979). This index is useful to evaluate the degree of multiple
element contamination. An Enrichment Index over 1.0 indicates
that, on average, metal concentrations are above the permissible
level, though element enrichment may be from anthropogenic
inputs or natural geological sources (Nimick and Moore, 1991).

Total metal concentration in vegetables the total metal content
for each vegetable (TP) was calculated using the following formula:
TP ¼ ðRdw � RecÞ þ ðSdw � SecÞ þ ðLdw � LecÞ þ ðTdw � TecÞ
Rdwþ Sdwþ Ldwþ Tdw

ð1Þ
where Rdw – Root dry weight; Rec – Root element content; Sdw –
Stem dry weight; Sec – Stem element content; Ldw – Leaves dry
weight; Lec – Leaves element content; Tdw – Tubercle dry weight;
Tec – Tubercle element content.

Estimated daily intake of heavy metals from vegetables: the esti-
mated daily exposure to metals (EDEM) through vegetables is
dependent on metal contents in vegetables, daily vegetable con-
sumption, as well as the body weight. The EDEM was calculated
according the formula.
EDEM ¼ daily intake of metalsðDIMÞ
body weight

ð2Þ
DIM ¼ daily vegetable consumption

�mean vegetable metal concentration ð3Þ
considering the average daily intake of metals present in 345 g of
vegetables per day for adult residents (Luo et al., 2011; JECFA,
1993); the body weight of an adult resident was set to 60 kg in
the present study.

Calculation of health risk: in this study, the health risk associated
with the consumption of vegetables was defined as the ratio of the
estimated daily intake of metals to the reference dose oral (RfDo)
for each metal (Luo et al., 2011; JECFA, 1993), as in the following
equation.
Risk index ¼ EDEM
RfDo

ð4Þ
where RfDo represents safe levels of exposure by oral intake for a
lifetime (JECFA, 1993). If the risk index was less than 1, no obvious
risk is involved. If the risk index was equal to or higher than 1, there
is a potential health risk, and related interventions and protective
measurements should be taken. In the present study, metals/metal-
loids concerned were As, Cd, Cu, Pb, and Zn, and only the chronic
risk RfDo was considered in the risk assessments (Luo et al., 2011).
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4. Results and discussion

4.1. Geochemical characterization of S. Francisco de Assis village

4.1.1. Rhizosphere soils
Previous study carried out in the area by the same team (Cande-

ias et al., 2012), determined the contents of selected elements in
soils samples, collected in two depths, from superficial soil (A)
and from a depth of 15–20 cm (B). Superficial soil samples allowed
the characterization of superficial contamination coming from the
tailings, while B soil samples makes possible the establishment of
the local geochemical background. To evaluate the presence of pos-
sible local anomalies, the mean, median and maximum contents of
the rhizosphere soils were compared with the results obtained for
the horizon B.

Table 2 presents the median values of pH and SOM in soil sam-
ples. The rhizosphere soils shows a median pH of 6.3 and are clas-
sified according to the United States Department of Agriculture
(www.nrcs.usda.gov) as slightly acid (6.1 < pH < 6.5) while the
geogenic soils from horizon B (median pH = 4.2) are classified as
acidic soils (3.5 < pH < 4.4). The SOM present median values of
12.2% in rhizosphere soils and 10.2% in horizon B soils, showing
that these soils are medium organic soils with 10% < SOM < 30%
(Perrin, 1974).

Soil pH and SOM strongly affect soil functions and plant nutri-
ent availability. Specifically, pH influences chemical solubility
and availability of plant essential nutrients, pesticide performance,
and organic matter decomposition. SOM serves multiple functions
Table 2
Mean, median and maximum values and its difference (DF) from the SFA rhizosphere soils
contents are in bold). Detection limits values (DL) of the method are also presented (acco

Var Units DL Mean values

RSS GTB DF

pH 6.17 4.24 1.93
SOM % 14.41 10.6 3.81
Ag mg kg�1 0.1 0.7 0.2 0.5
Al % 0.01 1.9 2.2 0.4
As mg kg�1 0.5 223.6 97.8 125.8
Au lg kg�1 0.5 14.5 8.2 6.2
Ba mg kg�1 1 192.8 28.8 164.0
Bi mg kg�1 0.1 3.7 1.6 2.2
Ca % 0.01 1.1 0.0 1.1
Cd mg kg�1 0.1 1.3 0.2 1.0
Co mg kg�1 0.1 10.7 9.0 1.6
Cr mg kg�1 1 37.8 34.9 2.9
Cu mg kg�1 0.1 163.7 41.7 121.9
Fe % 0.01 3.3 3.6 0.3
Ga mg kg�1 1 5.8 6.0 0.2
Hg mg kg�1 0.01 0.1 0.1 0.1
K % 0.01 0.3 0.1 0.1
La mg kg�1 1 14.6 21.1 6.5
Mg mg kg�1 0.01 0.3 0.3 0.0
Mn mg kg�1 1 531.3 170.0 361.3
Mo mg kg�1 0.1 0.6 0.6 0.0
Na % 0.001 0.0 0.0 0.0
Ni mg kg�1 0.1 24.7 22.8 2.0
P % 0.001 0.2 0.0 0.2
Pb mg kg�1 0.1 58.6 26.7 32.0
S % 0.05 0.1 0.0 0.0
Sb mg kg�1 0.1 0.6 0.4 0.2
Sc mg kg�1 0.1 2.5 2.4 0.1
Se mg kg�1 0.5 0.6 0.6 0.0
Sr mg kg�1 1 49.2 4.3 44.9
Th mg kg�1 0.1 2.7 6.7 4.0
Ti % 0.001 0.0 0.0 0.0
Tl mg kg�1 0.1 0.3 0.4 0.1
V mg kg�1 2 39.3 34.3 5.0
W mg kg�1 0.1 12.1 4.6 7.5
Zn mg kg�1 1 323.2 85.7 237.5
in the soil, including nutrient storage and soil aggregation
(McCauley et al., 2009).

From the analysis of Table 2, it is also possible to conclude
that As, Ba, Cu, Mn, Sr, and Zn show large variations in mean,
median and maximum values. For all these elements, the
difference between both kinds of samples clearly shows that there
are higher contents in rhizosphere soils when compared with local
geochemical background. The behaviour of the elements in the
rhizosphere soils may reflect the influence of the Barroca Grande
tailings and open impoundments, due to wind dispersion and
deposition.

According to Ávila et al. (2008), the Barroca Grande tailings and
open impoundments have high As, Cd, Cu, Pb, Sn, W, and Zn con-
centrations (mean content in the more coarse tailings material
As = 7142 mg kg�1; Cd = 56 mg kg�1; Cu = 2501 mg kg�1; Pb =
172 mg kg�1; Sn = 679 mg kg�1; W = 5400 mg kg�1 and Zn =
1689 mg kg�1 and mean content in the impoundment material
(rejected from the mill operations) As = 44,252 mg kg�1; Cd =
491 mg kg�1; Cu = 4029 mg kg�1; Pb = 166 mg kg�1; Sn = 454 mg
kg�1; W = 3380 mg kg�1 and Zn = 3738 mg kg�1). The mineralogy
of these tailings is mainly quartz, muscovite, kaolinite, illite–mont-
morilonite, montmorilonite–vermiculite, and chlorite, and also
arsenopyrite, wolframite, and natrojarosite The dam in Barroca
Grande may pose a significant potential threat due to the fine-
grained nature of the materials and its location with respect to
the Casinhas stream that cross SFA village. The XRD analysis of
the impoundment material revealed the presence of scorodite,
arsenopyrite, quartz, sphalerite, hematite, and muscovite. These
(RSS, n = 17) and the geogenic soil from horizon B (GTB, n = 116) (the considered high
rding to http://acmelab.com/).

Median values Maximum values

RSS GTB DF RSS GTB DF

6.31 4.23 2.08 6.9 6.22 0.68
12.21 10.2 2.01 27.4 19.5 7.9
0.6 0.1 0.5 1.2 0.5 0.7
1.8 2.3 0.5 2.7 3.4 0.8
133.0 68.3 64.7 918.6 350.4 568.2
13.8 4.9 8.9 28.4 112.2 83.8
96.0 27.0 69.0 657.0 56.0 601.0
3.3 0.8 2.5 10.0 15.4 5.4
1.1 0.0 1.1 3.1 0.3 2.9
1.0 0.1 0.9 3.4 1.5 1.9
8.3 7.2 1.1 25.9 62.8 36.9
39.0 34.0 5.0 47.0 71.0 24.0
103.6 35.5 68.1 757.6 146.0 611.6
3.2 3.5 0.3 4.3 6.4 2.1
6.0 6.0 0.0 8.0 8.0 0.0
0.1 0.0 0.0 0.3 0.1 0.2
0.2 0.1 0.1 0.5 0.4 0.1
15.0 20.0 5.0 25.0 35.0 10.0
0.3 0.3 0.0 0.4 0.9 0.4
457.0 114.0 343.0 1194.0 840.0 354.0
0.6 0.6 0.0 0.9 2.2 1.3
0.0 0.0 0.0 0.1 0.0 0.1
23.3 23.3 0.0 38.8 36.4 2.4
0.2 0.0 0.1 0.5 0.1 0.4
45.8 21.7 24.1 146.1 78.4 67.7
0.1 0.0 0.1 0.1 0.1 0.0
0.5 0.4 0.1 1.6 1.0 0.6
2.4 2.3 0.1 4.2 6.4 2.2
0.6 0.5 0.1 1.0 1.8 0.8
40.0 3.0 37.0 120.0 22.0 98.0
2.7 6.9 4.2 6.1 10.6 4.5
0.0 0.0 0.0 0.1 0.1 0.0
0.3 0.3 0.0 0.5 1.1 0.6
40.0 34.0 6.0 53.0 52.0 1.0
6.0 2.4 3.6 56.7 29.4 27.3
256.0 79.0 177.0 911.0 192.0 719.0
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Fig. 3. Enrichment Index (EI) mapping for soils in the study area.
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tailings and impoundment material are metal-enriched at a level
likely to be toxic to the ecosystem (Ávila et al., 2008).

The coexistence of wolframite, cassiterite, sulphides, carbon-
ates, and silicates is responsible for the peculiar behaviour in the
tailings surface environment. Weathering of sulphide-rich materi-
als results in AMD at the Panasqueira mine. During runoff events,
rain water infiltrates the tailings and dissolves secondary minerals,
producing strongly acidic water (pH 3.0 Ávila et al., 2008). The low
pH keeps the trace elements dissolved and increases remobiliza-
tion and spatial distribution. This scenario leads to the high con-
tents of metals verified in the village agricultural soils, some of
them with acid pH and others near neutral pH (5.1 < pH < 6.9).
According to McCauley et al. (2009) acid conditions occur in soil
having parent material high in silica, high levels of sand with low
buffering capacities (ability to resist pH change), and in regions
with high amounts of precipitation. An increase in precipitation
causes increased leaching of base cations (Na+, K+, Mg2+ and Ca2+)
and the soil pH is lowered. Acidic soils are most commonly found
in areas where soils were formed from siliceous parental material,
forest soils, mining sites containing pyrite (McCauley et al., 2009).

Considering that the sampling area is located in an inhabited
village and that the local population strongly depends on the use
of soil for their subsistence (agriculture, cattle breeding and for-
estry), it is useful to compare the As, Ba, Cd, Co, Cr, Cu, Mn, Mo,
Ni, Pb, Sb, Zn concentrations in soil with the reference values
proposed by the Ontario Soil Quality Guidelines (Ministry of the
Environment, 2011) and also with the national median concentra-
tions proposed by Ferreira (2004) (Table 3).

According to these values, the soils from SFA exceed, for exam-
ple, for As twenty times the Ontario reference value for agricultural
soils (11 mg kg�1) and 10 times the national median concentra-
tions (22 mg kg�1) proposed by Ferreira (2004). The estimated EI
values for soils are elevated ranging from 1.0 to 12.2 (Fig. 3),
mainly due to the presence of significant contents of As, Cu and
also Cd and Pb. Comparison to the Ontario guidelines indicates that
the majority of the samples exceed the severe effect level for As
and Cu (100% of samples), Cd (50% of samples), Pb (53% of samples)
and Zn (47% of samples) and so are deemed ‘‘grossly polluted’’.

According to Ferreira da Silva et al. (2013) the high levels of As
in these soils seems to be linked to sulphides, since a considerable
proportion is extracted by aqua regia (F4 – 66.7–68.4%). This high
percentage associated with sulphides reflects the presence of arse-
nopyrite in the samples. Amorphous and crystalline Fe and Mn
oxyhydroxides (F3) seems to be also important metal bearing-
phases. The percentage of easily mobilized phases is very low
(0.04–0.05%); however, the As concentrations associated with this
extraction values (0.4–0.7 mg kg�1) may be considered very high.
Also according the same author Cd, Cu and Pb show high (and sim-
Table 3
Reference values proposed by the Ontario Soils Quality Guidelines (Ministry of the
Environment, 2011) and Ferreira (2004).

Ministry of the
Environment (2011)

Ferreira (2004) Rhizosphere
mean

As 11 22 223.6
Ba 210 163 192.8
Cd 1.0 – 1.3
Co 19 19 10.7
Cr 67 43 37.8
Cu 62 35 163.7
Mn – – 531.3
Mo 0.6 – 0.6
Ni 37 43 24.7
Pb 45 34 58.6
Sb 1.0 – 0.6
Zn 290 85 323.2
ilar) partitioning patterns in the studied soil samples (64.8–74.4%,
49.5–54.9%, 46.2–56.3% of extraction by hydroxylamine leach cold,
respectively), suggesting that these may be linked, to some extent,
to amorphous Fe/Mn oxyhydroxides. Moreover, part of these ele-
Fig. 4. (a) Partial view of Barroca Grande tailings deposit with dust in the air due to
the wind. (b) Vehicles ready to load the coarse material in Barroca Grande tailings
deposit.
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ments was extracted with aqua regia in both samples, suggesting
that these elements may also be linked, to some extent, to sulphide
or clay minerals. It was also shown that Cd (10.3–13.9% of extrac-
tion, 1.9–4 mg kg�1 for Cd) was also extracted to a great extent
with sodium acetate indicating that the soluble/exchangeable/car-
bonate fraction is probably a preferential sink for Cd.

These elements (As, Cd or Pb, for example) are the most toxic for
humans, as well as for animals and can even lead to death if in-
gested in large doses, or over large periods of time. Exposure to
hazardous elements may have different pathways, being one of
them the ingestion of vegetables grown on contaminated soils.
4.1.2. Road dusts
Road dust originated from the interaction of solid, liquid and

gaseous materials are produced from different sources and depos-
ited on a road. The composition and quantity of chemical matrix of
road dust are indicators of environmental pollution (Banerjee,
2003). Road dust receives varying inputs of heavy metals from
diversity of mobile or stationary sources such as vehicles emis-
sions, industrial plants, power generation plants, oil burning, waste
incineration, construction and demolition activities as well as
resuspension of surrounding contaminated soils (Ahmed and Ishi-
ga, 2006; Al-Khashman, 2007; Atiemo et al., 2011). These inputs
contribute significantly to the pollution of urban environment. This
makes the study of road dust important for determining the origin,
distribution and level of heavy metal in urban surface environ-
ments. Elevated levels of heavy metal contents are the result of hu-
man activities and as a result, the adverse effects of poor
environmental conditions on human health are most evident in
the affected environments.
Table 4
Mean, median, minimum, maximum, standard deviation (SD) and skewness values (SK) of t
(according to http://acmelab.com/).

Element Units DL Mean Median

Ag mg kg�1 0.1 1.95 1.00
Al % 0.01 1.10 1.15
As mg kg�1 0.5 810.15 469.90
Au mg kg�1 0.5 10.58 3.60
Ba mg kg�1 1 43.15 40.00
Bi mg kg�1 0.1 9.86 6.30
Ca % 0.01 0.57 0.40
Cd mg kg�1 0.1 5.39 3.20
Co mg kg�1 0.1 7.18 6.90
Cr mg kg�1 1 20.08 20.00
Cu mg kg�1 0.1 338.91 326.40
Fe % 0.01 2.46 2.25
Ga mg kg�1 1 3.92 4.00
Hg mg kg�1 0.01 0.01 0.01
K % 0.01 0.34 0.34
La mg kg�1 1 11.08 11.00
Mg % 0.01 0.37 0.38
Mn mg kg�1 1 258.15 224.00
Mo mg kg�1 0.1 0.92 0.60
Na % 0.001 0.02 0.02
Ni mg kg�1 0.1 17.77 19.10
P % 0.001 0.08 0.07
Pb mg kg�1 0.1 43.86 31.30
S % 0.05 0.43 0.20
Sb mg kg�1 0.1 1.02 0.70
Sc mg kg�1 0.1 1.76 1.70
Se mg kg�1 0.5 0.57 0.25
Sr mg kg�1 1 17.00 16.00
Th mg kg�1 0.1 5.17 5.10
Ti % 0.001 0.05 0.05
Tl mg kg�1 0.1 0.71 0.60
V mg kg�1 2 22.38 23.00
W mg kg�1 0.1 36.15 22.70
Zn mg kg�1 1 464.38 370.00
Exposure to heavy metals in road dust can occur by means of
ingestion through vegetables that grow near roads, inhalation
and dermal contact. The adverse effects of heavy metals in road
dust include respiratory system disorders, nervous system inter-
ruptions, endocrine system malfunction, immune system suppres-
sion and the risk of cancer in later life (Ferreira-Baptista and De
Miguel, 2005).

Most mining and quarrying wastes obtained from grinding of
rocks are placed in deposits in specific locations/regions and can
be reused in earthworks and construction, in particular the coarser
fractions. Typical applications include use in asphalt pavements. In
the SFA area, the main concern focuses on dust associated with
mining operations due to vehicles moving at the top of the Barroca
Grande tailings deposit to load the coarse rejected materials from
the mining exploration (Fig. 4).

The statistical parameters calculated from the ‘‘total’’ contents
of the road dust samples are shown in Table 4.

From Table 4 it was notice that some elements have a strong
positive asymmetry, due to the presence of ‘‘outliers’’, namely,
Ag, As, Au, Ca, Cd, Hg, Mo, Na, Pb, S, Sb, Se and Zn (with values
above 1.5). Most of these elements present mean values signifi-
cantly higher than their median values. Nevertheless, it is impor-
tant to emphasize the most critical elements in contamination
terms and as potential hazardous elements. For example, As rang-
ing between 61.9 mg kg�1 and 3564.9 mg kg�1; Cd from a mini-
mum of 0.3 mg kg�1 and a maximum of 19.4 mg kg�1 and Cu
between 51.6 mg kg�1 and 766.0 mg kg�1, poses a severe danger
for the village inhabitants affecting their health once these dust
lay down in soils, vegetables and animals drinking water.

Once again, it is useful to compare the dust contents with refer-
ence values and acceptable risk values. For a better understanding
he road dust samples (n = 13). Detections limits (DL) of the method are also presented

Minimum Maximum SD Asymmetry

0.10 6.00 1.95 1.41
0.57 1.49 0.25 �0.89
61.90 3564.90 1007.92 2.16
1.40 73.00 19.43 3.23
22.00 65.00 12.81 0.35
0.90 26.30 8.29 1.15
0.13 2.46 0.60 2.95
0.30 19.40 6.13 1.78
2.30 11.60 2.68 �0.03
9.00 30.00 6.40 �0.10
51.60 766.00 216.40 0.97
1.02 3.57 0.76 �0.21
2.00 5.00 0.95 �1.19
0.01 0.03 0.01 3.61
0.17 0.47 0.08 �0.47
6.00 15.00 2.50 �0.44
0.17 0.48 0.08 �0.94
115.00 469.00 100.66 1.13
0.30 3.90 0.94 3.07
0.01 0.08 0.02 2.33
6.20 25.10 5.88 �0.66
0.04 0.12 0.02 0.04
14.40 127.70 37.10 1.76
0.03 2.01 0.62 2.14
0.30 2.60 0.77 1.30
0.80 2.40 0.46 �0.56
0.25 1.70 0.49 1.72
7.00 34.00 7.52 0.82
3.20 7.60 1.31 0.37
0.03 0.08 0.01 0.51
0.20 1.40 0.35 0.63
12.00 30.00 5.30 �0.58
7.10 100.10 32.09 1.34
110.00 1262.00 368.77 1.55
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Table 5
Reference Values Range (RVR), Acceptable Risk Values (ARV), Maximum Acceptable Values (MAV) (Sezgin et al., 2003) and mean, median and maximum values determined in SFA
road dust samples (the considered high contents are in bold).

Element RVR ARV MAV SFA road dust samples

Mean Median Maximum

As 2–20 20 no inf. 810.2 469.9 3564.9
Cd 0.1–1 3 3 5.4 3.2 6.13
Co 1–10 50 no inf. 7.2 6.9 11.6
Cr 10–50 100 100 20.1 20 30
Cu 5–20 50 100 338.9 326.4 766
Mo 1–5 5 no inf. 0.9 0.6 3.9
Ni 10–50 50 50 17.8 19.1 25.1
Pb 0.1–20 100 100 43.9 31.3 127.7
Zn 10–50 300 300 464.4 370 1262
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of the metals behaviour in dust samples, this study only focuses on
toxic elements. Table 5 shows, according to Sezgin et al. (2003), the
reference values range, acceptable risk values, and maximum
acceptable values and, for comparison, the mean, median and max-
imum value determined in S. Francisco de Assis (SFA) road dust
samples.

From Table 5, it is obvious that the collected dusts, clearly, ex-
ceed the reference values range, acceptable risk values as also the
maximum acceptable values for, at least, As, Cd, Cu and Zn. For a
better visualization, Fig. 5 shows the cartography of the As, Cd
and Cu road dust contents according the reference values presents
in Table 5.

These high contents are caused by a great wind dispersion
mechanism in this area (see Table 1). According to these results
Fig. 5. Cartography of road dust contents for As, Cd and Cu (Google Earth image
modified).
it would be advisable the close monitoring of dust that are carried
by the winds from the Barroca Grande tailing and implementing a
form of mitigation to prevent its deposition in urban areas (in that
case in SFA village). Indeed As, by its toxicity, may have chronic
health effects that may be local or systemic. The lung cancer is re-
garded as the most critical effect that results from inhalation of
particles of Arsenic (WHO, 2000). Cadmium when present in the
atmosphere and in food can cause severe kidney problems. More-
over the dispersion of Pb existing in dust, if particles are at an in-
haled size e.g. PM10 and PM2.5, could be worrying, especially for
children, primarily due to blood diseases which become frequent
when humans are exposed to this element (WHO, 2000).
4.1.3. Waters
In SFA the local population strongly depends on the use of water

(water supply and agriculture), nevertheless most of the inhabit-
ants use the public supply network. In the study area, we chose
to perform the collection of water samples in private wells
(UW4, UW6, UW7) one sample (UW5) was collected in a little
stream (Barroco) and for comparison two samples (UW1, UW8)
from public supply network, all of these waters are used for vege-
tables irrigation (Table 6).

According to the results, the lowest pH values were recorded in
samples collected in wells (UW4, UW6 and UW7) having a slightly
acidic character, according to the parametric values set out in the
Decree-Law 306/2007 with values between 6.5 and 9.0. The other
samples have circumneutral pH. The measured values electric con-
ductivity ranging from 18 to 161 lS cm�1 classifies them as waters
with very low mineralization, according to the parametric values
set out in the Decree-Law 306/2007 with values up to
2500 lS cm�1. These samples have lower SO2�

4 and Cl� concentra-
tions but major ions contents tend to increase with the decrease of
pH. Have also low metal concentrations, sometimes Zn and Mn
were present in significant concentrations though below the stan-
dard parametric values. The concentrations of other elements were
all legally acceptable.

Fig. 6 shows the samples representation in a Piper’s diagram.
Two distinct hydrochemical facies were determined: (a) UW1,
UW8 from public network supply, UW5 from Barroco stream and
the well UW6 are Ca/Mg–HCO3 waters, and (b) UW4 and UW7 col-
lected in private wells have a closer facies to the type Ca/Mg–Cl/
SO4 waters.

Comparing the obtained results from the collected samples
with the Portuguese criteria values of quality of surface fresh water
for human consumption and irrigating waters (Decree-Law 306/
2007), all the analyzed waters in SFA village are in perfect condi-
tions to be used by the population.

Nevertheless, and because As is a toxic element and because
arsenopyrite is the main sulphide rejected in Panasqueira mine,
As and also Fe have been object of chemical speciation according



Table 6
The water origin, pH, electrical conductivity (EC), Total Dissolved Solids (TDS), Salinity, ORP, Dissolved Oxygen (DO), major ions (Cl�, SO2�

4 , Na+, K+, Mg2+ and Ca2+) and trace
elements in waters collected in SFA village – Panasqueira mine (n = 6). Detections limits (DL) of the method are also presented (according to http.//acmelab.com/).

Element Units DL UW1 UW8 UW4 UW6 UW7 UW5 DWS

pH 6.7 6.7 5.6 6.1 5.3 6.8 6.5 < pH < 9.0
T �C 18.8 19.2 14.4 15.7 16.0 12.9 120 < T < 250

EC lS cm�1 139 73 122 35 161 18 2500
TDS mg L�1 68 37 61 14 80 9 1500
Salinity 0.06 0.03 0.06 0.02 0.08 0.01 –
ORP mV 192.0 155.5 287.4 187.3 206.5 226.4 –
DO % 44.5 65.7 44.5 54.7 83.0 61.0 –
DO mg L�1 3.82 5.65 4.13 5.21 7.64 6.02 –
Cl mg L�1 1 2 2 11 2 7 2 250
NO3 mg L�1 1 2 2 21 4 15 1 50
SO4 mg L�1 1 1 1 20 5 9 1 250
HCO3 mg L1 1 49 39 30 20 10 20 –
Na mg L�1 0.05 6 6 9 7 12 4 200
K mg L�1 0.05 0.3 0.4 1.3 0.7 2.4 1.4 10
Mg mg L�1 0.05 2 2 8 4 7 1 30
Ca mg L�1 0.05 6 6 5 3 5 6 100
Al lg L�1 1 7 18 51 139 21 24 200
As lg L�1 0.5 2.0 bdl 1.5 7.8 1.0 7.7 10
B lg L�1 5 4.5 4.5 5.0 4.5 8.0 4.5 1000
Cd lg L�1 0.05 0.06 0.14 0.10 0.36 0.27 bdl 5.0
Cu lg L�1 0.1 3.8 4.2 10.3 7.3 3.2 2.5 2000
Fe lg L�1 10 bdl 111 28 180 bdl 10 200
Mn lg L�1 0.05 1.6 66.4 5.7 15.6 8.4 1.7 50
Pb lg L�1 0.1 0.2 1.9 1.4 23.1 0.2 0.3 25
Zn lg L�1 0.5 13.3 4217.3 66.0 319.3 39.9 5.0 5000

DWS – Drinking water standards (Decree-Law 306/2007); UW1 and UW8 – Public network; UW4, UW6 and UW7 – Well; UW5 – Barroco stream.
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to the methodologies described. According to the results of Table 7,
it can be stated that As is present only in UW5 sample in the form
of As (V), nevertheless below the parametric water values for hu-
man consumption according to the Portuguese Law. The toxicity
Fig. 6. Plot of data of water samples collected in S. Francisco d
of As depends on its oxidation state and knowing that its reduced
forms are the most toxic, it was of extremely importance its deter-
mination because it allowed the verification that the As in UW5,
which is used for irrigation, is present in its oxidized form and
e Assis village – Panasqueira mine in the Piper’s diagram.



Table 7
As and Fe speciation results.

Samples As (III) As (total) Fe (II) Fe (total)
(lg L�1) (lg L�1) (lg L�1) (lg L�1)

UW1 <0.6 <4.5 <15 41.0
UW4 <0.6 <4.5 <15 31.0
UW5 <0.6 5.6 <15 23.0
UW6 <0.6 <4.5 <15 47.0
UW7 <0.6 <4.5 <15 35.0
UW8 <0.6 <4.5 1.7 64.0
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hence with a lower degree of toxicity. The results also show that Fe
(III) is dominant in all samples.
4.1.4. Vegetables
Many heavy metals exist in minute amounts in natural agricul-

tural soil, however when their amounts exceed a certain level due
to pollutants brought from outside, soil contamination occurs and
agricultural products become contaminated so the consumption of
locally produced vegetables may be an important exposure path-
way for soil contaminants due to agricultural land use. Prolonged
exposure to heavy metals can cause deleterious health effects in
humans. Hence, prediction of metal and metalloid uptake by veg-
etables from contaminated soils is an important part of the Human
health risk assessment.

Given the high contents, of some metals/metalloids, that were
recorded in the soils as well as in the road dusts and the fact that
most inhabitants have a diet rich in vegetables, we attempted to
Table 8
Comparison between total content of As, Cd, Cr, Cu, Mn, Ni, Pb and Zn in rhizosphere soil

DL Site1 Site 2 Site7A Site 9 Site 10 Site 11
P P P P P P

As S mg kg�1 0.5 88.5 101.6 71.1 314.9 133 496.6
As V mg kg�1 0.1 5.9 2.8 2.8 2 1.5 2.8
Cd S mg kg�1 0.1 0.8 1.2 1.1 2.4 1.9 2.8
Cd V mg kg�1 0.01 0.2 0.2 0.2 0.3 0.2 0.3
Cr S mg kg�1 1 5.3 8 6.6 10.6 7.2 25.9
Cr V mg kg�1 0.1 0.4 0.4 0.1 0.1 0.1 0.2
Cu S mg kg�1 0.1 56.7 88.0 756.6 194.5 224.1 233.1
Cu V mg kg�1 0.01 12.3 11.6 19.6 11.0 17.0 10.4
Mn S mg kg�1 1 457 475 642 423 322 673
Mn V mg kg�1 1 49.7 28.4 84 11.4 34 16.2
Ni S mg kg�1 0.1 13.9 20.3 21.9 19.9 23.3 28.6
Ni V mg kg�1 0.1 2.1 1.4 1.3 0.4 0.5 0.6
Pb S mg kg�1 0.1 49.0 94.5 93.5 38.1 24.4 66.5
Pb V mg kg�1 0.01 2.5 2.1 1.6 0.3 0.2 0.3
Zn S mg kg�1 1 244 236 364 309 254 374
Zn V mg kg�1 0.1 53.2 37.9 63.9 28.1 58.7 35

P – Solanum tubersum sava (potato); C – cabbage.

Table 9
Concentrations in the different components of Solanum tubersum sava (potato) (T – tubers

Elem. Units S1 S2

T L S T L S R

As mg kg�1 0.4 12.5 0.7 3.5 4.5 0.9 4.4
Cd mg kg�1 0.39 0.23 0.28 0.52 0.19 0.12 0.2
Cr mg kg�1 2.2 13.7 2.1 7.3 7.2 1.9 3.5
Cu mg kg�1 9.78 15.59 9.24 12.25 15.31 13.79 11.
Mn mg kg�1 16 92 23 35 57 13 24
Ni mg kg�1 1 4 0.6 3 2.2 0.5 0.9
Pb mg kg�1 1.95 3.6 1.45 3.25 3.68 1.74 3.0
Zn mg kg�1 26.6 59.6 149.8 53 41.5 87.7 49.
study the relationship between the metals/metalloids contents of
the rhizosphere soils and vegetables. Two species were analyzed,
S. tubersum sava (potato) andB. olerácea L. (cabbage). For each sam-
ple it was calculated the total content of the elements according to
equation (1), taking into consideration the different parts of each
vegetable. Trace elements concentrations found in vegetables were
summarized in Table 8.

Analysis of the results shows that the concentration of some po-
tential hazardous elements ranges from 0.8–14.4 mg kg�1 for As;
0.1–0.1 mg kg�1 for Cd; 3.7–19.6 mg kg�1 for Cu; 21–
270.2 mg kg�1 Mn, 0.2–4.2 mg kg�1 Pb and 35–176.6 mg kg�1 Zn.
Data also show that element uptake is different in both studied
species, the highest concentrations of As, Pb, Zn and Mn accumula-
tion were found in cabbages, while potatoes concentrate more Cd
and Cu.

Comparing the obtained results of the metal/metalloids con-
tents in vegetables with the guidelines for vegetables proposed
by FAO/WHO (As = 0.1 mg kg�1, Cd = 0.1 mg kg�1, Cu = 73 mg kg�1,
Pb = 0.2 mg kg�1, Zn = 100 mg kg�1, Mn = 500 mg kg�1) it is possi-
ble to say that As, Cd and Pb contents are above the maximum al-
lowed level for vegetables while Cu, Zn and Mn contents are below
the guidelines for maximum allowed metals in vegetables. On the
whole, all vegetables that were studied were contaminated by ar-
senic, cadmium and lead and they are toxic if continually con-
sumed. Consumption of heavy metals-contaminated food can
seriously deplete some essential nutrients in the body causing a
decrease in immunological protection, intrauterine growth retar-
dation, impaired psycho-social behaviour, disabilities associated
with malnutrition and a high prevalence of upper gastrointestinal
cancer (Arora et al., 2008).
s (S) and vegetables (V).

Site 3 Site 4 Site 5 Site 7B Site 8 Site 12 Site 13 Site 14
C C C C C C C C

346.4 156.5 98.6 83.9 207.7 130.2 918.6 151.8
12.8 14.4 8.7 0.8 4.7 0.8 4.1 0.9
0.7 0.8 0.4 0.8 0.6 1.4 1.3 1
0.1 0.4 0.3 0.2 0.3 0.2 0.4 0.1
27 42 45 39 43 33 39 41
2.2 17.7 87.9 3.4 18.7 3.2 2.0 2.2
95.4 103.6 66.8 98.5 102.1 110.8 138.5 104.6
6.7 20.2 18.3 6.3 8.3 5 6.2 3.7
292 221 255 987 168 1194 826 895
21.1 270.2 135.7 36.2 57.5 74.4 31.1 21
13.2 30.6 36.4 20.6 27.9 23.7 27.7 32.5
0.9 7.6 26.6 0.9 6.2 0.7 0.6 0.3
146.1 31.3 29.4 48.2 27.8 134.5 32.1 44.3
1.9 4.2 4.2 1.3 1.7 0.8 0.5 0.2
551 188 128 439 179 911 256 300
61.7 176.6 117.6 52.2 104.4 72 64.8 38.2

, L – leaves, S – stems and R – roots). The considered high contents are in bold.

S7A S9 S10 S11

L T L R L T L R

2.8 0.9 5.1 21.9 1.5 0.5 3.8 18
8 0.2 0.12 0.26 4.66 0.21 0.13 0.46 1.26

2.8 2.5 3.4 14.9 1.6 1.7 3.1 2.8
79 19.56 9.92 16.09 27.71 16.99 8.41 12.25 19.96

84 7 45 60 34 8 33 22
1.3 0.2 1.1 2.8 0.5 0.3 1.1 1.1

8 1.59 0.17 0.69 3.13 0.17 0.06 0.74 1.08
3 63.9 24.1 43.6 91.6 58.7 29.9 35.7 73.1
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Table 9 and 10 presents the concentrations distributed by the
different components (T – tubercles, L – leaves, S – stems and R
– Roots) of the two studied species S. tubersum sava and B. olerácea
L.

The results obtained for the different component of the studied
vegetable shows that: (a) for potatoes the roots contained maxi-
mum As (21.9 mg kg�1) followed by leaves (12.5 mg kg�1) and tu-
bers (3.5 mg kg�1) (Table 9); (b) for cabbages the roots contained
maximum As (52.3 mg kg�1) followed by leaves (2.9 mg kg�1) (Ta-
ble 10). Despite the edible parts of vegetables, potatoes tubers and
cabbage leaves have the lowest As contents, these contents are
above the maximum permitted level for vegetables proposed by
FAO/WHO (2012) guidelines (0.1 mg kg�1). As for Cd, the higher
concentration in potatoes is found in roots (4.66 mg kg�1) and in
tubers (0.52 mg kg�1) both above the FAO/WHO (2012) guidelines
for Cd (0.1 mg kg�1) and for leaves cabbages Cd have a maximum
concentration of 0.43 mg kg�1 and for cabbages, the roots also have
the highest Cd contents (0.56 mg kg�1), again both above the max-
imum limit considered by the FAO/WHO guidelines. Due to the
high contents of exchangeable Cd in vegetable soils, the Cd in the
edible parts of vegetables probably came from the root uptake
from soils.

Copper is below the maximum limit regarding the FAO/WHO,
2012 guidelines (73 mg kg�1) in all parts of the plant of both veg-
etables, and the same pattern is observed for Zn (max limit permis-
sible 100 mg kg�1) in the potatoes but some cabbages have
concentrations above the permissible limit. Nevertheless Cu re-
veals a preferential accumulation in the leaves and roots in the
potatoes and Zn cumulates in the stems, and in cabbages Cu pre-
fers to cumulate in roots and Zn also in the roots.

Metals (Cu, Fe, Mn, Ni, and Zn) are very tightly bound to the soil
at high pH and are therefore more available at low pH levels than
high pH levels. In addition to the effects of pH on nutrient availabil-
ity, individual plants and soil organisms also vary in their tolerance
to alkaline and/or acid soil conditions. Neutral conditions appear to
be best for crop growth. As it stated above in rhizosfere soils dis-
cussion, the pH of the sampled soils ranged 5.1 < pH < 6.9 which
is the considered pH range more favourable for micronutrients
availability.

According to Eqs. (2) and (3), an index of the risk for residents,
due to the ingestion of these metals/metalloids, by consuming veg-
etables grown around the sampling area was calculated on the ba-
sis of the oral reference dose being 0.5 lg kg�1 d�1 for As,
0.5 lg kg�1 d�1 for Cd, 40 lg kg�1 d�1 for Cu, 3.5 lg kg�1 d�1 for
Pb, and 300 lg kg�1 d�1 for Zn (Luo et al., 2011; JECFA, 1993).

According to Table 11 the risk index, in descending order is
Cd < As < Pb < Cu < Zn, and for Cd, As and Pb is higher than 1, while
the risk indexes for Cu, and Zn were less than 1. The result indi-
cates that the inhabitants of SFA village probably are exposed to
some potential health risks through the intake of As, Cd and also
Pb via consuming their vegetables. The accumulation of metals in
the edible parts of vegetables could have a direct impact on the
health of nearby inhabitants, because vegetables produced from
gardens are mostly consumed locally. For Cu and Zn, there is no
significant risk from the intake of vegetables. According to Luo
Table 11
Estimated mean and range daily intake for a 60 kg body weight adult.

Metals DIM EDEM RfDo Risk index
(mg d�1) (mg kg�1 d�1) (mg kg�1 d�1)

As 74.30769 0.001238462 0.0005 2.476923
Cd 1401.6 0.023359375 0.0005 46.71875
Cu 31.06109 0.000517685 0.04 0.012942
Pb 221.5596 0.003692661 0.0035 1.055046
Zn 5.008815 8.34802E�05 0.3 0.000278



Table 12
Concentrations (mg kg�1) in vegetables reported in other similar studies and comparison with data of the present study.

District (Country) Sampling site description As Cd Cu Pb Zn References

Dabaoshan (China) Pyrite mine Range 0.001–0.71 0.28–3.61 0.01–0.39 2.34–48.1 Zhuang et al. (2009)
Risk index <1 <0.2 <0.25 <0.2

Enyigba (Nigeria) Lead mine Range 0.035–0.4 0.001–0.01 – 0.105–0.826 0.016–0.174 Oti Wilberforce and
Nwabue (2013)

Gyöngyösoroszi (Hungary) Abandoned Zn/Pb mine Range 0.005–0.13 0.079–1.06 1.41–60.5
Risk index 0.033 0.087 0.049 Sipter et al. (2008)

Guangdong Waste incineration site Range 0.04–0.38 0.59–3.99 0.11–1.3 3.69–21.9
Risk index 2.71 0.264 0.857 0.233 Luo et al. (2011)

Harare (Zimbabwe) Wastewater irrigated garden Mean 0.15 0.2 0.35 9.1 Mapanda et al. (2007)

Huludao (China) Zn plant Range 0.011–4.58 0.405–2.13 0.067–5.45 2.93–66.9
Risk index 5.134 0.133 2.299 0.295 Zheng et al. (2007)

Minas Gerais (Brasil) Agricultural Soils Range – 0.0–0.48 0.44–37.4 0.0–331.6 8.84–115.36 Fernandes et al. (2007)

Mortagne du Nord (France) Near a former Zn smelter Range 0.01–0.46 0.02–0.35 Douay et al. (2007)

Panasqueira (Portugal) Sn–W mine Range 0.8–14.4 0.1–0.4 3.7–20.2 0.2–4.2 28.1–176.6 Present Study
Risk index 2.477 46.7188 0.0129 1.0550 0.0003

Varanasi (India) Urban area Range 1.1–4.5 20.5–71.2 0.9–2.2 45.3–141 Sharma et al. (2008)

Zlatna (Romania) Near a Cu smelter Range 0.2–0.97 0.3–0.8 0.19–9.1 1.8–12.95 Pope et al. (2005)
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et al. (2011), when determining the risk index, it was assumed that
the intake is equal to the absorbed dose (USEPA, 1989), which may
magnify the effect of the ingested contaminants to some extent,
because part of the heavy metals that were ingested maybe egest-
ed. From this point of view, it is reasonable to think that no obvious
adverse health effects from exposure to the heavy metals could be
observed on those living in the village.

According to Luo et al. (2011) and comparing the results with
other studies (Table 12), the health risk for adults from consuming
vegetables in this region is comparable to, or even higher than
those associated with the consumption of vegetables from gardens
impacted by mining, wastewater, irrigation or smelting activities.

For soil–plant system, heavy metal toxicity threshold is the
highest permissible content in the soil (total or bioavailable con-
centration) that does not pose any phytotoxic effects or heavy met-
als in the edible parts of the crops does not exceed food hygiene
standards (Islam et al., 2007). The factors that affect the thresholds
of heavy metal toxicity in soil–vegetable system include the soil
type (soil pH, organic matter content, clay mineral and other soil
chemical and biochemical properties) and the vegetable species,
the transport and heavy metal accumulation in each plant. Also
the interactions between soils, the plant roots and microbes play
an important role regarding the heavy metal movement from soil
to the edible parts of crops (Islam et al., 2007). These are issues that
can affect bioavailability and heavy metals accumulation in vegeta-
bles, subject for a further investigation.

5. Conclusions

The mining and beneficiation process at Panasqueira mine pro-
duces mine wastes that are largely responsible for the high levels
of metals/metalloids at the Barroca Grande tailings, releasing con-
siderable amounts of heavy metals and metalloids in the surround-
ing soils and water. The metal assemblage identified in the
rhizosphere soils collected in S. Francisco de Assis village, down-
stream Barroca Grande tailings deposit, and its behaviour may re-
flect the influence of the tailings and open impoundments
materials, due to several dispersion agents, including the wind,
and deposition in soils, vegetables and animals drinking water as
also in little creeks used for irrigation. These soils exceed, for
example, for As 20 times the Ontario reference value for agricul-
tural soils (11 mg kg�1) and the estimated values for Enrichment
Index are elevated ranging (1.0 < EI < 12.2) mainly due to the pres-
ence of As, Cu and also Cd and Pb. The high levels of As in these
soils seems to be linked to sulphides extracted by aqua regia and
this association to sulphides reflects the presence of arsenopyrite
in soils. The comparison to the Ontario guidelines indicates that
these soils are deemed as ‘‘grossly polluted’’. Also the road dusts
analyzed exceed the reference acceptable risk and the maximum
acceptable values for As, Cd, Cu and Zn and these contents results
from a wind dispersion mechanism with a great expression in this
area. If particles are at an inhaled size e.g. PM10 and PM2.5, could be
very worrying. Regarding the sampled waters, some have slightly
acidic character and the others have circumneutral pH, they have
very low mineralization (electric conductivity range from 18 to
161 lS cm�1) and low SO2�

4 and Cl� concentrations but major ions
contents tend to increase with the decrease of pH. Metal and met-
alloid concentrations are also low and, according the Portuguese
law, legally acceptable.

Vegetables grown in the nearby sites were also contaminated,
in one way, for potatoes there is a preferential accumulation in
the roots and leaves while for the cabbage most elements have a
preferential accumulation in the roots and, in another way, As,
Cd and Pb concentrations are above the maximum permitted level
for vegetables proposed by FAO/WHO, which could be a potential
health concern to local residents. The risk index for residents deter-
mined, due to the ingestion of the metals and metalloids, reveal
that Cd, As and Pb represents an hazard for the inhabitants of S.
Francisco de Assis village, once they are probably exposed to some
potential health risks through the intake of As, Cd and also Pb
trough the of ingesting these metals, by consuming vegetables
grown in their yards.

This research requires further studies to establish the metals
transfer process from soil to the different parts of the plants, to
understand their bioavailability and to identify the bioaccumula-
tion patterns based in indicators as Biological Absorption Coeffi-
cient for each element.
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