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The work was conducted to establish contamination from improper disposal of hazardous wastes con-
taining lead (Pb) and antimony (Sb) into nearby soils. Besides other elements in the affected area, the
biological role of Sb, its behaviour in the pedosphere and uptake by plants and the food chain was
considered. Wastes contained 139532 + 9601 mgkg~! (=14%) Pb and 3645 + 194 mgkg~! (=0.4%) Sb
respectively and variability was extremely high at a decimetre scale. Dramatically high concentrations
were also found for As, Cd, Cu, Mn, Ni, Sn and Zn. In adjacent natural soils metal(oid)s amounts decreased
considerably (Pb 5034 + 678 mg kg, Sb 112 mg kg~ ') though largely exceeded the directives for a given

K ds: . . . . . . f
]\:Z::ﬁ;iz)s soil use. Metal(oid)s potential mobility was assessed by using H,O — KNO3; — EDTA sequential extractions,
Mobility and EDTA extracts showed the highest concentration suggesting stable humus-metal complexes for-

mation. Nevertheless, selected plants showed high absorption potential of the investigated elements. Pb
and Sb values for Dittrichia viscosa grown in wastes was 899 + 627 mgkg ' and 37 +33mgkg!
respectively. The same plant showed 154+ 99 mgkg~! Pb and 8 +4mgkg~! Sb in natural soils. Heli-
chrysum stoechas had 323 + 305 mg kg ' Pb, and 8 + 3 mg kg~ ! Sb. Vitis vinifera from alongside vineyards
contained 129 + 88 mg kg~ Pb and 18 + 9 mg kg~ Sb, indicating ability for metal uptake and warning on
metal diffusion through the food chain. The biological absorption coefficient (BAC) and the translocation
factor (TF) assigned phytoextraction potential to Dittrichia viscosa and Foeniculum vulgare and phytos-
tabilization potential to Helichrysum stoechas. Dissolved metal (oid)s in the analysed water strongly
exceeded the current directive being a direct threat for livings. Data warned against the high contami-
nation of the affected area in all its compartments. Even though native plants growing in metal-
contaminated sites may have phytoremediation potential, high risk of metal diffusion may threat the
whole ecosystem.

Bioavailability
Native plants
Phytoextraction
Phytostabilization
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1. Introduction contamination by metals and metalloids since the beginning of
industrialization in the 19th century, thereby generating both
environmental and ecotoxicological risks (Sylvain et al., 2016).

Different industrial activity in Catalonia, Spain and worldwide have

Development of human activities has induced soil

* This paper has been recommended for acceptance by Prof. W. Wen-Xiong.
* Corresponding author.

E-mail addresses: svefotini@mail.ru (S. Mykolenko), liedenev.vladyslav@i.ua
(V. Liedienov), kharitonov.m.m@dsaeu.dp.ua (M. Kharytonov), makeeval3hope@
mail.ru (N. Makieieva), kasiopea0110@gmail.com (T. Kuliush), ignasi.queralt@
idaea.csic.es (I. Queralt), eva.margui@udg.edu (E. Margui), manuela.hidalgo@udg.
edu (M. Hidalgo), giovanni.pardini@udg.edu (G. Pardini), maria.gispert@udg.edu
(M. Gispert).

https://doi.org/10.1016/j.envpol.2018.02.053
0269-7491/© 2018 Elsevier Ltd. All rights reserved.

strongly contributed to the contamination of extended areas in and
around mining and industrial sites, especially when lacking of
specific directives for environmental protection. The increasing
pressure on the environment and the complexity of regulations
require complying with the different aspects of waste management
(disposal, treatment, monitoring, remedying, recycling) also taking
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into account that 29% of the total waste generated each year is from
some type of mining or metal industry activity. Producing consid-
erable amount of residues has caused environmental deterioration
in all its meanings: soil pollution and degradation, water quality
reduction, biodiversity decrease, and even atmospheric pollution in
some moments of the history (Alvarez-Valero et al., 2008). Metal
processing industry is a matter of great concern because generate
wastes rich in toxic elements. Moreover heavy metals and metal-
loids may be involved in a series of complex chemical and biological
interactions. The most important factors which impact on their
mobility are pH, sorbent nature, presence and concentration of
organic and inorganic ligands. Furthermore, redox reactions, both
biotic and abiotic, are of great importance in controlling the
oxidation state and, thus, the mobility and toxicity of many ele-
ments. Redox reactions can mobilize or immobilize metals
depending on the particular metal species and microenvironments
(Violante et al., 2010). Accordingly, soil, water and vegetation may
be highly contaminated by heavy metals and metalloids to the
point of being a real hazard for human health through the food
chain. Most of these activities, whether mining or metal recycling,
have been closed or ceased without any action for remediation and
strong contamination is still active threatening the surrounding
environments.

Both the total metal concentration and the bioavailable fraction
present in a specific environmental compartment can be made
available within a given time span for uptake by soil fauna and flora
or by human ingestion of food (Peijnenburg and Jager, 2003). Hence
heavy metals polluted areas pose environmental, safety and eco-
nomic problems to communities, and also to governments in many
countries. At this regard, all these contaminated sites are of para-
mount interest for the public administrations and the scientific
community in order to ascertain the real potential for health risk
and to carry out the most adequate methodologies for site reme-
diation. In Catalonia, Spain, DemimeSA was an industry dedicated
to the recycling of batteries from automotion and was forcedly
ceased by the public authorities due to no accomplishment with
metal-rich wastes disposal regulations. Nowadays, after 10 years
since the plant closure and lacking of remediation plans, the area
presents multimetallic contamination especially of As, Sb and Pb
and a high potential for metal/metalloid disperse into the food
chain through soil, vegetation and water.

The aims of this research work were (i) to determine the waste
and soil physico-chemical characteristics and the total concentra-
tions of As, Cd, Cu, Mn, Ni, Pb, Sb, Sn and Zn in soils, vegetation and
water of the area; (ii) to evaluate the heavy metals mobility and
bioavailability potential and their extent and (iii) to establish the
pollution potential with respect to current legislation in order to get
public administration acquainted with forthcoming serious
ecological impacts.

2. Material and methods
2.1. Area of study and sampling

The site of previous industrial activities was located in San
Lloreng d’Hortons, Barcelona province, Spain, 41° 29’ 50”N. 01° 50/
10”E. The factory was emplaced over a hill at 285 m asl and sur-
rounded by vineyards and natural soils downslope on the South-
West and North-East direction respectively (Fig. 1). The area
affected by metal contamination may be equated to a catchment of
approximately 40 000 m? with ellipsoidal shape with an outflow
NW-SE direction for runoff water and sediments removed from the
overall surface. Discharged sample of water and sediments were
periodically collected in order to monitor the metal concentrations
released out of the catchment. The mean temperature in this

district is 16 °C and the annual precipitation ranges between 400
and 600 mm (Parera and Safont, 2016).

Sampling was divided into 4 zones: zone 1, the waste landfill;
zone 2, the natural soil downslope; zone 3, the natural soil upslope
1 km away from the focus of contamination; zone 4, corresponding
to the vineyard adjacent to the focus of contamination. Three soil
samples of zone 1 and 2 were sampled to form representative
composed specimen identified as W1 and S2. Plants such as Dit-
trichia viscosa, Foeniculum vulgare and Helichrysum stoechas were
also sampled in these two sites. Moreover, due to the strong
abundance in zone 1 and 2 of Dittrichia viscosa, a known hiper-
accumulator plant for Pb, Cd and Sb (Conesa et al., 2011), additional
soil samples were collected at the rhizosphere of a representative
number of plants and plants were also sampled including root,
stem, leaves and inflorescence. Three soil samples were collected to
form sample WR1 (waste-rizosphere) for zone 1 and SR2 (soil-
rizosphere) for zone 2. Likewise, three soil samples of zone 3 were
also sampled forming the composed sample S3. Dittrichia viscosa,
Foeniculum vulgare and Helichrysum stoechas were also sampled in
this site. Soils under vines (Vitis vinifera) of zone 4 bordering the
contaminated area were collected to form sample V4. The sampling
zones are listed in Fig. 1. Control soil and vegetation samples were
also collected in an uncontaminated site with similar geological and
pedological characteristics. The soil (obtained by three sampling
site) was named S5 and in this site Dittrichia viscosa, Foeniculum
vulgare and Helichysum stoechas were also sampled. All wastes and
soils were taken at 0—20 cm depth. Samples were dried at room
temperature, sieved at 0—2 mm and stored for subsequent analysis.
Likewise, plants were accurately washed to eliminate any waste or
soil residues, oven-dried at 40°C and parts such as root, stem,
leaves and flowers (when possible) separated. Successively the
different parts were ground with a blender to pass 1 mm sieve and
stored for metal (oid)s analysis. Water samples were collected in
different points of the catchment and identified as pipeline water,
drainage water, creek water 1 (from the main creek) and creek
water 2 (from the secondary creek).

2.2. Analytical layout

2.2.1. Soil characterization

Wiastes and soil samples were subjected to the following anal-
ysis: the texture was determined by using the Robinson's pipette
based on the sedimentation of soil particles by gravity to obtain 4
dimensional classes: coarse sand (2000—200um), fine sand
(200—20 pm), silt (20—2 pm) and clay (<2 um). Determination of
pH was carried out in 1:2.5 (w/v) in water and 0.1 M KCI (Forster,
1995) by using a pHmeter mod. 550 from Eutech Instruments,
Singapore. pH values from H,O refer to free protons in the soil
crumb coming into solution, while K* removes protons eventually
adsorbed onto soil surfaces; if pH values from KCl solution are
much lower than that of water, the amount of protons removed by
K* is considerable indicating a forthcoming process of soil acidifi-
cation as exchangeable sites may be partially proton-saturated.
Thus, values of ApH>1 (pHu20-pHkc) may announce acid soil
pH and potential mobility of toxic metals (Gabler, 1997). Electrical
conductivity (EC) was estimated in 1:5 (w/v) in water (Forster,
1995) by using a Conductimeter mod. 100 from Eutech In-
struments, Singapore. Moreover, when EC values largely exceeded
4dSm! the saturated paste extract method was used (Rhoades
et al., 1989). Total calcium carbonate content was determined by
the Bernard calcimeter (Forster, 1995). Soil organic carbon (SOC)
content determination was carried out by the wet dichromate
oxidation method (Schnitzer, 1991). The Scanning Electron Micro-
scope (SEM) Zeiss DSM 960 A (20x a 200000x) connected with RX
Bruker Quantax 200 was used for microaggregate observations and
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Fig. 1. View of the Demimesa area emplacement few months after the closure. Hazardous waste landfill and the surrounding affected natural and agricultural fields may be noticed.
The surface has been divided into 4 zones to evaluate the impact of contamination by metal(oid)s.

Electron Dispersion XRay Fluorescence Analysis (EDXRFA).

2.2.2. Multielemental analysis of waste, soil, vegetation and water
samples

Determination of metal and metalloid concentrations (As, Cd,
Cu, Ni, Mn, Pb, Sb, Sn and Zn) in wastes, soils, vegetation and water
was carried out by Inductively Coupled Plasma (ICP-OES) with an
Agilent Technologies 5100 Spectrometer. Instrumental measure-
ments conditions were the following: power — 1200 W, plasma
flow — 12 L/min; torch configuration — radial; detector — multi-
channel charge transfer; nebulizer — concentric; emission wave-
length depending on each selected element As (193.696 nm), Cd
(226.502 nm), Cu (327.395 nm), Ni (216.555 nm), Pb (220.353 nm),
Sb (217.582nm), Mn (257.610nm), Sn (283.998 nm), Zn
(202.548 nm). Once defining the wavelengths of the elements to be
determined, calibration curves were performed by using standard
solution for each individual element prepared at the laboratory
from commercial stocks. For each metal the concentration range
was measured as a function of the intensity emitted from that given
metal.

2.2.2.1. Waste and soil samples. Total metal content determination
for wastes and soils were performed through acid digestion by
using an Ethos Plus Millestone microwave with HPR-1000/10 S high
pressure rotor from Sorisole, (Bergamo, Italy). Digestions were
prepared by weighing in a Teflon vessel 0.3 g of sample and adding
7 mL of concentrated HNOs, 2 mL concentrated HF and 2 mL of H,0,
30%. The vessels were capped and heated following a two-stage
digestion program consisting of a first step of 15min to reach
130°C and a second step of 15 min to reach 200 °C. Following the
matrix decomposition with HF, extracts were additionally treated
with 1 g of H3BO3 and heated during 15 min at 180 °C to allow the
complexation of fluoride. Finally, digests were transferred into a
50 mL flask and brought to volume with purified water (Margui
et al., 2016). Elemental content in digested soil samples was then
determined by ICP-OES.

In addition to total metal(oid)s concentration in wastes and
soils, the evaluation of potential mobility and bioavailability for
biota was carried out by using the sequential extractions method

(Petruzzelli et al., 2008). Sequential extractions of toxic elements
are generally used in order to assess the soluble, exchangeable and
humus-complexed fractions. Results might advise on the amount of
mobile fractions with respect to the total metal amount. Aliquots
(1:10 w/v ratio) of waste and soil samples were sequentially
extracted first with distilled water then centrifuged and the extract
decanted and stored for the analysis of the soluble fraction of
metal(oid)s. On the same soil samples the extraction was carried
out with 1M KNOs and after centrifugation the extract decanted
and stored for the exchangeable fraction of metals. Finally the
extraction was carried out on the same samples with 5% EDTA for
the complexed fraction as EDTA simulates the organic matter
chelating ability towards toxic elements. The sequential extractions
were performed during 24h to observe the reliability of each
extractant to metal(oid)s release. Once obtained all the extracts
elements concentrations were determined by ICP-OES technique.

2.2.2.2. Vegetation samples. Plants such as Dittrichia viscosa, Foe-
niculum vulgare and Helichrysum stoechas representing the majority
of plant cover were selected in the contaminated area. Aliquots
(300mg) of previously prepared parts of plants, as above
mentioned, were placed in a 50 mL beaker with 10 mL of concen-
trated HNO3, 2 mL of H,0, 30% and let to react over a heating sand
bath at 90°C during 2 h under extractor fun. After digestion, the
acid solutions were filtered in 25 mL flasks and reserved for ICP-
OES analysis of the investigated metal(oid)s. Toxic elements may
enter soils through several pathways, including runoff and wind
deposition from mining and industrial sites and metals may be
absorbed by native plants, so that it is paramount knowing the
metal absorption capacity of these plants. Metals like Ni, Cu, Mn,
and Zn are important to particular biological functions in plants
(are catalytically active cofactors in photosynthesis and contribute
to the stabilization of proteins) though when they occur in excess
can disrupt critical physiological processes and result in toxicity. By
contrast, As, Cd, Pb, Sb and Sn do not have biological functions. On
the one hand plants may exclude excess bioavailable metal(oid)s
(with or without biological functions) at their roots by binding
them to organic acids or ligands or storing them within vacuoles
where they cannot interfere with important physiological
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processes (Baker, 1981). However, certain plants can tolerate and
accumulate bioavailable metal(oid)s into underground or above-
ground tissues (Unterbrunner et al., 2007) and can be catalogued as
potential for phytostabilization or phytoextraction, two processes
of phytoremediation. Accordingly, plants able to concentrate metals
in the aerial parts (high biological absorption coefficient) are suit-
able for phytoextraction, while plants with low ability to transfer
metals to the aerial parts (low translocation factor) may be
adequate for phytostabilization.

At this regard, we determined the biological absorption coeffi-
cient (BAC) and the translocation factor (TF) as follows:

o)
BAC — 2
Csoil

Where Cpjant is the concentration of a heavy metal in a plant and
Csoil is the concentration of that heavy metal in the soil.

_ Cleaf

TF =
Croot

Where Cie,f is the concentration of a heavy metal in the leaves of a
given plant and Cyqt is the concentration of that heavy metal in that
plant root (Bitterli et al., 2010).

2.2.2.3. Water samples. Water samples collected at the contami-
nated site area were analysed for soluble metal content by TXRF
analysis. For that, an appropriate amount of a 1000 + 0.5 ug mL™!
Rh solution (to reach a final Rh concentration of 10mgL~!) was
added to 1 mL of the target sample for internal standardization.
After, the resulting solution was thoroughly homogenized and an
aliquot of 10 pL was transferred onto a quartz glass sample carrier
and dried using an infrared lamp. TXRF analysis of all samples was
performed using a benchtop TXRF system (S2 PICOFOX, Bruker AXS
Microanalysis GmbH, Berlin, Germany) equipped with a 50 W X-ray
tube with a tungsten (W) anode. The characteristic radiation
emitted by the elements present in the sample is detected by a
silicon drift detector with an active area of 10 mm? and a resolution
of 147 eV (Mn Ka). The measurements were performed working at
50 kV and 1000 pA and in air environment. The evaluation of TXRF
spectra and calculation of element concentrations on the basis of
mass ratio of sample to internal standard was performed using the
software (Spectra Plus 5.3, Bruker AXS Microanalysis GmbH, Berlin,
Germany) linked to the equipment.

3. Results and discussion
3.1. Soil characteristics

Selected soil properties of the wastes and soils sampled in the
contaminated area are showed in Table 1. The textural class was
sandy-clay-loam for wastes of zone 1, clay-loam for soils of zone 2,
3 and 4 respectively and sandy-clay-loam for control soil 5. On
average, clay increased by 76% in soils 2, 3 and 4 with respect to
wastes, which may be relevant in the temporary adsorption of the
different metal(oid)s. The control soil (zone 5) also showed a sandy-
clay-loam texture. Values of pH ranged from slightly alkaline in
zone 1 to moderately alkaline in zone 2 probably indicating that salt
seepage may have occurred in downslope soils from the upslope
waste landfill. The ApH values, i.e. the difference between the pH
measured in distilled water and 1 M KCl were always below 0.5 pH
units suggesting a high base saturation in all soils mainly by sodium
and calcium salts. Effectively, at the time of DemimeSA activity
different compounds such as sodium and calcium carbonates were
added to the reducing rotating furnace for lead recycling with the

purpose to reduce SO, emission by obtaining slags retaining a large
part of sulphur as Na;SO4 and CaSO4. The presence of these ions in
wastes and soils may have strongly hindered Pb adsorption by clays
as Ca content in soils plays an important role in controlling Pb
behaviour (Bradl, 2004). Moreover, field observations in zone 1 and
2 reported the existence of extended surface efflorescence which
were supposed to be constituted by Na;SO4 and CaSO4 associated to
residual compounds from recycling processes (Sonmez and Kumar,
2008; Morachevskii, 2014). The high abundance of sodium and
calcium ions was also reflected in the electrical conductivity (EC)
measurements, recording very high values (Table 1). Usually the
electrical conductivity of a soil material is measured in distilled
water (1:5 soil:solution ratio) but if values overcome 4 dS/m the
saturated paste extract method should be used in order to have a
more reliable measure of this parameter (Rhoades et al., 1989). In
fact, EC values of sample W1 and S2 increased 5.86 and 7.89 times
with respect to 1:5 method that is 486% and 689% respectively
(Table 1) corroborating that residual salts from roasting operations
greatly influenced soil salinization. The sharp increase of EC values
might have occurred by the leakage of soluble sodium sulphate
from the wastes area to the footslope (zone 2) after continuous
overland flow along years. Surprisingly, in samples WR1 and SR2
(wastes and soils sampled at the rhizosphere) the EC values
decreased dramatically, probably due to the extremely high vari-
ability of salts content in the area of study. SEM observations and
EDXRFA analysis (Fig. 2) allowed identifying crystals and elements
thus explaining the extremely high salinity of wastes and soils from
zone 1 and 2. Electron micrographs of W1 samples showed well
developed crystals of Thenardite in a microaarray matrix (Fig. 2 A).
As expected, the EDXRFA analysis confirmed the presence of the
above mentioned salts and the relative abundance of sodium sul-
phate with respect to calcium sulphate (Fig. 2 B). Results of SEM and
EDXRFA were also in agreement with the chemical characteristics
of sodium and calcium sulphate. It is known that the chemical
solubility of CaSOy4 is 2.40 g L~ (Gangolli, 1999), which means that
higher amount in the soil solution is sufficient to cause the pre-
cipitation of this compound. Conversely, the solubility of Na;SOy is
195g L, consequently the mechanism of precipitation is largely
delayed as the salt needs higher amount to overcome its solubility
threshold. This pattern could explain why sodium sulphate was
found in largest abundance in the downslope soil of zone 2. The
results may indicate that DemimeSA activity was affecting the
surrounding environment not only with toxic metals but also with
elements able to cause problems of salinity and sodicity, thus
further altering the quality of natural soils. It was also assumed that
the high salt concentration may have affected the soil organic
carbon content at DemimeSA site which was extremely low and,
obviously, null in wastes (Table 1). As a consequence, microbial
biomass activity in both soils from zone 2 and 3 may have been
drastically reduced hindering mineralization and humification
processes (Pérez de Mora et al., 2005). Even in the natural soils
under scrubs (zone 3), theoretically less susceptible to pollution
because farer from the factory, the soil organic carbon was still low.
The calcium carbonate content was similar in all wastes and soils
(Table 1).

3.2. Total element concentrations in waste and soil samples

Concentrations of metals and metalloids are reported in Table 2
together with the thresholds required by the Catalan Government
for different soil use. The analysed elements were extremely high in
the zone 1 corresponding to recent and old landfill of hazardous
wastes disposed illegally during the DemimeSA activity. Due to the
extreme variability of metal content all over the area, the standard
error was generally very high. Despite that, the highest metal
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Table 1
Physical and chemical parameters of wastes and soils of the study area. Results are the mean of three replications, standard error in parenthesis.
Property/ N CS FS SL CL pH pH EC-1:5 EC-SP CaCOs3 SOC
Waste-Soil (%) (%) (%) (%) H,0 Kcl (dSm™) (dSm™) (%) (%)
W1 3 21.62 29.87 29.24 19.27 741 7.35 12.93 75.80 5.59 n.d.
(1.43) (1.06) (0.62) (1.73) (0.05) (0.09) (0.22) (3.36) (0.62)
WR1 3 2143 30.51 27.73 20.33 7.65 7.39 0.27 1.57 6.06 n.d.
S2 3 (2.55) (2.89) (2.05) (1.89) (0.92) (0.87) (0.06) (0.99) (0.31) 0.06
15.23 18.96 26.59 39.22 8.39 8.43 15.15 119.63 13.56
SR2 3 (0.09) (4.01) (3.29) (1.32) (0.05) (0.05) (0.54) (1.23) (0.89) (0.08)
17.32 20.34 2712 35.22 8.43 7.98 0.14 1.04 9.82 0.14
S3 3 (2.78) (3.15) (1.69) (2.55) (0.03) (0.05) (0.01) (0.07) (0.62) (0.09)
14.38 19.23 30.12 36.27 8.31 7.86 0.24 0.67 7.71 0.51
V4 3 (1.66) (2.08) (1.52) (3.15) (0.08) (0.09) (0.06) (0.15) (4.85) (0.41)
19.45 25.50 26.33 28.72 7.45 7.13 0.47 0.70 7.34 0.89
S5 3 (2.77) (1.97) (3.19) (1.79) (1.12) (1.05) 0.11) (0.13) (1.05) (0.22)
20.45 27.89 24.16 27.50 742 712 0.33 0.55 545 0.50
(3.87) (2.52) (4.43) (2.49) (1.56) (0.58) (0.09) 0.11) 0.77) (0.22)

W1: Waste zone 1; WR1: Waste zone 1 at the rhizosphere under Dittrichia viscosa; S2: Soil; SR2: Soil zone 2 at the rhizosphere under Dittrichia viscosa; S3: Soil zone 3; V4: Soil
from vineyard zone 4; S5: Control soil zone 5; CS: Coarse sand,; FS: Fine sand; SL: Silt; CL: Clay: EC: Electrical conductivity; SP: Saturated paste; SOC: Soil organic carbon; n.d.:

Not detectable.

concentrations were confined in the zone 1 with respect to zone 2,
3 and 4. However, results provided the evidence that pollution was
extended in natural and cultivated soils with the potential to cause
serious ecological impact. Even considering the industrial use of
soil of zone 1, the content of Pb and Sb (the two elements on which
was based the recycling activity of the ceased factory) exceeded 253
and 122 times respectively in sample W1 and 81 and 102 times in
sample WR1 the amount admitted by the Catalan Directive,
warning on the great risk of contamination for surrounding envi-
ronments (Table 2). In the same zone 1, very high concentrations of
other toxic metal(oid)s such as As, Cd, Cu, Sn and Zn were found for
sample W1, increasing by 4690%, 23%, 271%, 168% and 351%
respectively the admitted thresholds. In sample WR1 only As was
found to exceed the threshold by 2023% accounting for the
persistence of this element in this zone (Table 2). The zones 2, 3 and
4 were considered under the agriculture and forest use of soil and
showed different content of metals and metalloids. The samples S2
and SR2 of zone 2, adjacent to zone 1, exceeded the admitted
threshold by 100% for Cd, by 1437% for Mn, by 4980% for Pb, and by
1567% for Sb corroborating high dispersal of toxic elements all
around. Effectively, in soil of zone 3 the concentration of Cd, Mn and
Pb of 3, 321 and 189 mg kg~ exceeded by 20, 1505 and 215% the
toxic elements regulation existing in Catalonia for forest soil use.
Likewise, very high concentrations of As (77mgkg!), Cd
(31 mgkg™1), Pb (7650 mg kg—!) and Sb (18 mg kg~') were found in
the soil under vines (V4) which is located alongside to the ceased
factory (Fig. 1) alerting to the potential for health risks generated
along many years of Pb and Sb recycling activity. The irregular
distribution and amount of metals and metalloids from the main
source of pollution supported the assumption of a great spread out
by water and wind of the analysed elements and indicated the
complexity of establishing the real extent of contamination.

3.3. Potential mobility of the analysed elements assessed by
sequential extraction

In order to evaluate the potentially mobile fractions of the
investigated metals and metalloids, a method using sequential
extractants was used to obtain the soluble fraction (by water
extraction), the readily available fraction (by 1 M KNOs3 extraction)
which may correspond to the metal fraction presumably adsorbed
by clays and the complexed fraction (by using 5% EDTA) as to
simulate the chelating effect of organic matter when entraps metals
into organic molecules. Extractions were carried out during 24 h to

observe the extraction efficiency with respect to total metal content
(Table 3). In general EDTA was more effective in metal extraction
indicating that the complexed fraction was much larger with
respect to soluble (H,O extracted) and readily available (KNOs3
extracted) fractions. It is however difficult to explain in which form
metals like Pb or Sb may be complexed in a material (the waste)
with null content of organic carbon. In Fig. 3 is clearly shown the
EDTA capacity to extract the larger amounts of Pb and Sb potentially
mobile fractions from the waste of zone 1 (W1), soil of zone 2 (S2)
and soil of zone 4 (V4). The summation of metal mobile fractions
reported in Table 3 is expressed as per cent of total element con-
centration of samples W1, S2 and V4. In sample W1 the low per-
centage of Pb to total may be misleading because of the high
concentration (6622.19 mg kg™1) extracted by sequential extraction
during 24 h. This amount only represents 4.75% of total Pb in the
wastes (W1) but is extremely high and might be available to soil
biota. In sample S2 the potentially mobile elements decreased
sharply and their percent with respect to total was not of concern
with the exception of Sb (Table 3) which still showed a potential
mobility around 10—15% of the total amount, viz 112 mg kg~". The
percent to total obtained by sequential extractions of sample V4
was considerably high for all metals with respect to sample W1 and
S2. It was postulated that frequent ploughing in vineyards may
have removed metals from downward. The high percentage of Cu
(56.72% of total) may refer to the contribution of chemical fertil-
isation during agricultural field work. Though the majority of
metals extracted through sequential extractions in zone 1, 2 and 4
did not show high soluble or readily available fractions, metal
accumulation and subsequent release to plants and animals may
occur, thus threatening the whole ecosystem under study.

3.4. Metal accumulation in native vegetation

Bioavailability of metals and metalloids is a complex phenom-
enon depending on a cascade of matrix-related, metal-related and
species-related issues (Peijnenburg et al., 2003). On the one hand,
the purpose to investigate the ability of selected plants such as
Dittrichia viscosa, Foeniculum vulgare and Helichysum stoechas to
absorb and distribute a given metal in different parts (root, stem,
leaf and flower) was addressed to know the bioavailability of metals
from wastes and soils to plants. This mechanism may constitute a
risk for human health according to the possibility that plant may be
fed by herds and might enter into the food chain. On the other hand
metal bioavailability is generally used as indicator to establish the
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Fe

Fig. 2. SEM micrograph of well-shaped Thenardite crystals (A) and EDXRF analysis for the identification of elements forming sodium sulphate (Thenardite) in samples observed by
SEM (B). The presence of calcium sulphate (Gypsum) is also assumed. Semiquantitative percentage are as following: C 11.82, O 45.21, Na 24.82, Mg 0.17, Al 0.49, Si 0.74, S 13.11, Ca

3.35, Fe 0.29.

potential of certain plants for natural phytoextraction or phytos-
tabilization (Marchiola et al., 2013). Metal(oid)s concentration was
generally very high in the analysed parts of the selected plants
specially in zone 1 and 2. A first indication of the metal extent from
the contaminated area to the surrounding environment was given
by the comparison between the so called in-site control (S3) plants
1km away from the factory and the ex-site control plants (S5).
Plants of in-site control samples (S3), even emplaced far away from
the hazardous wastes landfill proved to considerably absorb high
amounts of metals, particularly Pb and Sb. For instance, Heli-
chrysum stoechas in S3 allowed establishing its strong ability for
phytostabilization as the highest values of As, Cd, Cu, Ni, Pb, Sb and

Sn that is 4.57, 5.53, 41.46, 4.98, 663.57, 11.06 and 2.76 mg kg’1
respectively were found in the root and decreased when analysing
the aerial parts of these plants. In fact, the concentration of the
above elements decreased in the same order by 56%, 85%, 69%, 66%,
75%, 88, 50% and 29% respectively from root to leaves. By contrast,
no clear trend was found in metals absorbed by Dittrichia viscosa
and Foeniculum vulgare. The concentrations of the same elements
analysed in Dittrichia viscosa, Helichrysum stoechas and Foeniculum
vulgare in S5 site (ex-site control) were not of concern, because
plants proceeded from an uncontaminated area with similar
pedological characteristics. Only Zn showed values ranging from 41
to 100 mg kg~ along the different parts of plants, but amounts
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Table 2

Total element threshold for different soil use as reported by Catalan Directive and total element concentrations found in the wastes and soils under study. Results are the mean

of three replications, standard error in parenthesis.

Element As cd Cu Mn Ni Pb Sb Sn Zn
(mg kg ™)
Threshold
Industry 30 55 1000 3000 1000 550 30 1000 1000
Urban 30 55 310 400 470 60 6 1000 650
Recreational 30 2.5 90 20 45 60 6 50 170
Agriculture and forest 30 25 90 20 45 60 6 50 170
Samples N (mg kg™ 1)
W1 3 2297 68 3708 1319 251 139532 3645 2686 4514
(410) (10) (1020) (348) (66) (9601) (194) (472) (2929)
WR1 3 637 25 938 572 81 44586 3057 1107 812
(90) (21) (82) (238) (87) (47074) (3622) (873) (695)
S2 3 11 5 14 277 16 5034 112 75 79
(2) (0.1) (0.7) (33) (1) (678) (35) (14) (23)
SR2 3 25 5 33 338 17 1063 88 24 66
(5) (0.6) (3) (37) (0.7) (167) (14) (2) (5)
S3 3 10 3 18 321 15 189 1.5 11 68
(1.4) (0.4) 3) (26) (2) (26) (0.5) (1.1) (21)
V4 3 77 31 47 na. 19 7650 18 10 129
(33) (12) (28) - (7) (923) (7) (2) (45)
S5 3 5 2 24 14 21 34 0.5 12 56
(0.5) (0.5) (7) (3) (5) (11) (0.1) (4) (19)

W1: Waste zone 1; WR1: Waste zone 1 at the rhizosphere under Dittrichia viscosa; S2: Soil zone 2; SR2: Soil zone 2 at the rhizosphere under Dittrichia viscosa; S3: Soil zone 3;

V4: Soil from vineyard zone 4; S5: Control soil zone 5; n.a.: Not available.

Table 3

Potential concentrations (mg kg~!) of mobile fractions of metals and metalloids
assessed by sequential extraction after 24 h in sample W1, S2 and V4 of zone 1, 2 and
4 respectively. Values are the mean of three replications.

Fractions extracted Total soil

Extractant/ H,O KNOs; EDTA = fractions concentration % to total
Element (mg kg™1)

Sample W1

As 0.05 0.09 498 5.12 2297 0.22
cd 005 0.10 091 1.06 68 1.56
Cu 0.04 0.11 95.81 95.96 3708 2.59
Ni 0.05 0.10 210 2.25 251 0.90
Pb 140 279 6618 6622.19 139532 4.75
Sb 0.07 0.07 2.69 2.83 3645 0.08
Sn 0.05 0.11 4.49 4.65 2686 0.17
Zn 023 059 3525 36.07 4,14 0.80
Sample S2

As 0.05 0.10 0.10 0.25 11 2.27
cd 0.05 0.10 0.10 0.25 5 5.00
Cu 0.05 0.10 0.10 0.25 14 1.79
Ni 0.05 0.10 0.10 0.25 16 1.56
Pb 498 10.02 6499  79.99 5034 1.59
Sb 3.73 747 7.47 18.67 112 16.67
Sn 033 066 0.66 1.65 75 2.20
Zn 0.10 020 0.10 0.40 79 0.51
Sample V4

As 0.04 0.07 312 3.23 77 4.19
Ccd 0.03 008 264 2.75 31 8.87
Cu 0.18 8.35 18.13  26.66 47 56.72
Ni 0.06 0.14 642 6.62 19 34.80
Pb 050 1.81 71446 716.77 7650 9.36
Sb 0.04 0.08 035 0.47 18 2.61
Sn 0.06 0.14 345 3.65 10 20.27
Zn 034 5.15 12.80  18.28 129 14.17

were considered lower than critical values as suggested by Broadley
et al. (2007). These authors inferred that toxicity symptoms usually
become visible at concentrations >300 mg Zn kg~! leaf dry weight.
Even though Helichrysum stoechas was initially sampled only in
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Fig. 3. Lead and antimony concentrations in samples W1, S2 and V4 obtained after
H,0— KNO3; — EDTA sequential extractions of 24h each extractant. Columns and bars
represent means and SD of three samples.

zone 2 (S2), results of metals concentrations in this zone are in
agreement with those of the same plants in zone 3 (in-site control,
S3), indicating a preferential metal absorption by roots with respect
to aerial parts. The Pb content in Helychrisum stoechas of S2 were
366.24 mg kg~ in root, 324.86 mg kg~ in stem, 238.55 mg kg in
leaves and 177.33 mg kg ! in flower. Accordingly, Pb concentration
decreased progressively by 11% from root to stem, 27% from stem to
leaves and 26% from leaves to flower, i.e. by 52% from root to flower
indicating phytostabilization characteristics. Similarly, Sb concen-
tration decreased from 10.76 mgkg~! in root to 511 mgkg~' in
flower, that is by 53% from root to flowers. As above mentioned,
similar drop in metal concentration was found in zone S3 where
Helichrysum stoechas had 89% and 50% less Pb and Sb respectively in
leaves than root, strengthening the ability of this plant for metal
and metalloids phytostabilization. Cristina (2015) when investi-
gated Cd, Pb and Zn uptake in Helychrysum stoechas plants grown in
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hazardous wastes and soils at the sphalerite and galena abandoned
mine in Osor, Spain, found similar results and pointed out the
preferential Pb accumulation in the root of this plant. Samples of
Dittrichia viscosa from zone 1 (W1) showed high metal concen-
tration of Pb and Sb in the stem (108.40 and 7.42 mg kg™! respec-
tively) and much higher in leaves (1438.30 and 80.80 mgkg™!
respectively). Jimenez et al. (2011) also reported that Dittrichia
viscosa grown in contaminated mine-tailings and soils of Sardinia
(Italy) contained the highest concentrations of Pb and Zn in the
leaves. Effectively, Samples W1 showed 10.10 mg kg~ ! of Zn in stem
and its concentration increased to 14417 mgkg! in leaves
(+1327%). Though the toxic elements distribution in the different
parts of the selected plants was not always clear, data pointed out
that Dittrichia viscosa had phytoextraction ability. When Dittrichia
viscosa was sampled at the rhizosphere soil (WR1, SR2) and ana-
lysed, it was clearly shown that in zone 1 the plant was more able to
allocate the highest concentration of As, Cd, Pb and Sb in the stem,
reaching a mean of 16.13, 24.13, 1701.80 and 85.63 mgkg ™!
respectively. In other field experiments in Sardinia, Buscaroli et al.
(2016) suggested that Dittrichia viscosa was an interesting species
for the application of phytoextraction technologies to reduce heavy
metals impact at Montevecchio and Libiola abandoned mine areas.
Despite the fact that the dynamics of metal absorption by Dittrichia
viscosa was somewhat unclear and extremely variable, a steep in-
crease of metal concentration from root to stem and a consequent
decrease from stem to leaves and flowers was observed in many of
the analysed metals and metalloids. In Dittrichia viscosa sampled in
zone 1 (WR1), As concentration was 7.93, 16.13, 10.59, and
538 mgkg~! in root, stem, leaves and flower respectively. An in-
crease by 103% from root to stem and a decrease by 34% and 49%
from stem to leaves and from leaves to the inflorescence was then
recorded. Cd increased by 11% from root (17.41 mgkg™!) to stem
(2235mgkg") and then decreased by 23% and 52% in leaf
(19.40mgkeg™!) and flower (1627 mgkg™!) respectively. The
amounts of Pb and Sb were 1088.45 and 19.57 mg kg~ in root and
increased to 1701.80 and 85.63 mg kg™~ in stem (+56% and +338%
for Pb and Sb respectively). Mean values of Pb and Sb were 491.86
and 24.42 mg kg~ ! in leaves and 319.55 and 14.74 mg kg~ ! in flower
indicating a decrease of Pb and Sb by 71% and 72% from stem to
leaves and by 35% and 39% from leaves to flower respectively. In
samples SR2 of zone 2, As, Pb and Sb concentrations were sub-
stantially lower in root, stem, leaf and flower of Dittrichia viscosa
with respect to the same plant samples of zone 1 (WR1). Mean As
values of 3.71, 4.50, 2.26 and 2.23 mg kg~ were recorded in root,
stem, leaves and flower, representing —53.35%, —72.10%, —78.66
and —58.56% of samples in WR1. Similarly, mean Pb values in the
same parts of plants were 236.31, 336.45,106.23 and 36.84 mg kg,
thus decreasing by 78.29%, 80.23%, 78.40% and 88% if compared
with WR1 plant concentrations. Yet, Sb mean values had the same
pattern with mean values of 12.70, 38.17, 5.40 and 4.85 mgkg ',
i.e. —35%, —55%, —77.89% and —67.10%. With respect to WRI.
Moreover, the phytoextraction ability of Dittrichia viscosa in zone 2
(SR2) was still evident, as the highest concentration was always
recorded in the stem. However, As, Pb and Sb values remained still
high though did not change markedly in the different parts of the
plant and were always lower in the inflorescence. The potential of
Foeniculum vulgare for metal adsorption was only checked in stem
and leaves in zone 1 and data showed higher amount in stem than
in leaves, especially for Pb and Sb values. Mean Pb and Sb con-
centrations amounted to 496.14 and 15.33 mgkg~! in stem of this
plant and decreased to 88.00 and 5.51 mg kg~! in leaves, which is
82% and 64% less respectively.

As above mentioned, Dittrichia viscosa of Asteraceae is a poten-
tial plant for phytoremediation. It is a naturally occurring species
and generally spread in contaminated areas. For this reason is often

used as an indicator for soil remediation (Cao et al., 2010; Abreu
et al,, 2012). Lead and Antimony were preferentially accumulated
in the stem of Dittrichia viscosa from rhizosphere soil of zone 1 and
their concentration drastically decreased in Dittrichia viscosa of
zone 2 probably because metals are still abundant in the waste area
and are irregularly spread by overland flow and wind into the
downslope (zone 2) and upslope (zone 3) areas. Despite the
mechanism of bioaccumulation of most heavy metals by biota is
still widely unknown (Schiitzendiibel and Polle, 2002), Dittrichia
viscosa has been reported to be highly sensitive to Pb and Sb ab-
sorption. Murciego Murciego et al. (2007) established that Dittrichia
viscosa growing in San Antonio antimony mine (Extremadura,
Spain) was able to significantly bioaccumulate these elements with
respect to other native plants. Likewise, Dittrichia viscosa resulted
in high bioaccumulation of Pb in contaminated soils of Sierra
Minera and Portman Bay surrounding area (Murcia, Spain), as
stated by Perez-Sirvent et al. (2008). A significant regression
equation (r =0.820, p <0.01) was found when plotting Sb against
Pb concentration accumulated by Dittrichia viscosa overall the
study area (Fig. 4) suggesting that both elements may undergo the
same mechanism of absorption in the different parts of this plant
either grown in wastes of zone 1 or soils of zone 2 and probably
zone 3.

3.5. Biological absorption coefficient (BAC) and translocation factor
(TF)

Metal hyperaccumulators are plants with an unusually high
ability for metal(oid)s uptake (Pollard et al., 2014). This character-
istic is definitely established through the determination of the
biological absorption coefficient (BAC), the ratio of the element
concentration in the plant to that in soil (Kabata-Pendias, 2001),
and the translocation factor (TF), representing the quotient be-
tween the element concentration in the roots and that of leaves in a
given plant. BAC was calculated for Dittrichia viscosa, Helichrysum
stoechas, Foeniculum vulgare and Vitis vinifera whereas TF was
determined in the first three native plants because roots of Vitis
vinifera were not analysed for metals amount (Table 4). The phy-
tostabilization and phytoextraction potential of Helichrysum stoe-
chas and Dittrichia viscosa respectively has been hypothesized
elsewhere in this paper, according to the analysed elements values
in these plants though data indicated tremendous variability. The
total mean concentration of As, Cd, Cu, Ni, Pb, Sb, Sn and Zn in
Dittrichia viscosa plant from zone 1 was 10.01 + 6.04, 18.27 + 7.21,
4827 +22.16, 3.53+132, 900.54+32833, 36.09+17.12,
3.92 +2.22 and 56.99 + 33.78 respectively, warning on the high
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Fig. 4. Linear regression equation depicting the significant correlation between Sb and
Pb absorption by different parts of Dittrichia viscosa plant.
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Table 4

Biological absorption coefficient (BAC) and translocation factor (TF) in the investigated plants in the different sampling zones at the contaminated DemimeSA area.
Element As Ccd Cu Ni Pb Sb Sn Zn
Zone/Plant BAC
Zone 1 - Dittrichia viscosa 0.01 0.27 0.01 0.01 0.01 0.01 0.01 0.02
Zone 2 - Dittrichia viscosa 0.24 341 0.81 0.11 0.03 0.07 0.03 0.50
Zone 3 - Dittrichia viscosa 0.07 0.37 1.02 0.09 0.17 1.60 0.16 0.38
Zone 2 - Helichrysum stoechas 0.22 1.14 0.50 0.12 0.06 0.07 0.12 0.47
Zone 3 - Helichrisum stoechas 0.30 0.93 1.26 0.17 1.71 5.19 0.23 0.86
Zone 3 - Foeniculum vulgare 0.15 0.26 0.82 0.13 0.14 2.16 0.36 0.72
Zone 4 - Vitis vinifera 0.22 0.26 0.17 0.37 0.02 0.99 0.98 0.99

TF

Zone 1 - Dittrichia viscosa 1.34 0.85 0.75 0.93 0.45 4.37 0.89 1.16
Zone 2 - Dittrichia viscosa 0.61 1.11 0.92 0.93 0.45 0.42 1.18 2.06
Zone 3 - Dittrichia viscosa 0.89 0.59 0.88 0.19 1.13 0.64 0.91 1.35
Zone 2 - Helichrysum stoechas 0.56 0.45 0.43 0.49 0.65 0.58 0.47 0.73
Zone 3 - Helichrisum stoechas 0.44 0.14 0.30 0.24 0.11 0.51 0.71 1.54
Zone 3 - Foeniculum vulgare 5.40 0.56 1.36 4.01 0.91 1.27 2.55 1.12

metal amount that this plant may accumulate in its tissues, inde- A

pendently of extremely low BAC numbers showed in Table 4, rep-

resenting a low percentage with respect to the total metal 1.4 Zone 2

concentrations in the wastes of zone 1. The metal hyper- »,4

accumulator character of Dittrichia viscosa was even clearer when % 12 ® Cd

this plant was sampled in zone 2 and analysed for the selected § 1

elements (Table 4). Some authors have reported that Cd and Zn §

were preferentially transported to the aboveground parts of plants ; 0.8

and that the bioaccumulation coefficient approached or exceeded <06

the total soil Cd levels (Vogel-Mikus et al., 2005). The mean Cd 3

concentration in all parts of plants of Dittrichia viscosa of zone 1, 2 5 0.4 y=0.309x +0.136

and 3 was 18.27, 18.85 and 1.12mgkg™' respectively, almost 502 r=0.964, p<0.01

exceeding the total Cd concentration in wastes and soils and thus in ® %& TS\IQ

line with what above mentioned. Moreover, BAC values for Dit- 0 0 0.5 1 15 N 25 3 35 4

trichia viscosa of zone 3 were 1.02 and 1.60 for Cu and Sb respec- ' BAé Dittrichia W_Y'wm '

tively (Table 4), suggesting that this plant may also be catalogued as o

hyperaccumulator of these elements. Helichrysum stoechas of zone

2 and 3 also showed hyperaccumulation potential with mean B

concentration of Cd, Pb and Sb of 5.72, 276.45 and 7.47 mg kg~ ' and

BAC of 1.14, 0.06 and 0.07 from zone 2, and concentration of 2.78, 6 Zone 3

323.05 and 7.79 mg kg~ and BAC of 0.93, 1.71 and 5.19 from zone 3 .§ 5 e Sb

respectively. Once more BAC tends to decrease when the soil is §

largely and anomaly enriched with Pb and Sb. Particularly for Sb, ; 4

Pratas et al. (2005) reported Sb values in a range of 3

0.08—1.74mgkg ' for Helichrysum stoechas and a BAC value E‘ 3

approaching to 5. It was assumed that both Dittrichia viscosa and § 2

. . . o Pb

Helichrysum stoechas may have a metal(oid)s accumulation T e Cu

threshold and that BAC values are lower or higher depending on the 21 Cd, Zn y =2.627x +0.062

element concentration in the wastes and/or soils. Likewise, Foe- M 0 ® As, Ni, Sn r=0.869, p<0.01

niculum vulgare and Vitis Vinifera showed relatively high BAC values 0 0.5 | 15 b

of 2.16 and 0.99 for Antimony (Table 4). Linear regressions were
tried by plotting BAC values of Helichrysum stoechas towards BAC
values of Dittrichia viscosa for all metals and metalloids recorded in
zone 2 and 3 (Fig. 5). Significant correlation (r = 0.309, p < 0.01) for
zone 2 (Fig. 5A) appointed to a preferential absorption of Cd by both
plants whereas Sb would be significantly (r = 0.869, p < 0.01) more
absorbed in zone 3 (Fig. 5B) by the same plants. Besides that, re-
gressions corroborated that BAC may change according to the metal
amount in soil and the threshold of absorption capacity of each
investigated plant. As reported by Verbruggen et al. (2009), heavy
metal tolerance has been developed by plants of totally unrelated
taxonomic affinities and it is frequent in Asteraceae like Dittrichia
viscosa and Helichrysum stoechas though the amount of heavy
metals taken up by a plant depends mainly on the concentration of
heavy metals in the polluted soil and the environmental conditions.

BAC Dittrichia viscosa

Fig. 5. Linear regression equations and significant correlations between BAC values of
Helichrysum stoechas and Dittrichia viscosa of zone 2 (Fig. 5A) and zone 3 (Fig. 5B) for all
the investigated elements.

According to Kramer (2010) environmental conditions may influ-
ence the plant absorption dynamics. Metallophytes (plants sensi-
tive to metal absorption) can thus be either excluders of heavy
metals or they can be accumulators. Some plants are hyper-
accumulators, however, only for a single or few specific heavy
metals such as Thlaspi caerulescens which can hyperaccumulate Zn
and Cd, but not Pb (Robinson et al., 1998; Broadley et al., 2007). Bert
et al. (2002) inferred that hyperaccumulators of Pb do not seem to
exist (or are rare) due to the fact that Pb is extremely immobile and
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is not easily accumulated by plants. Results of Table 4 indicate
however that Helichrysum stoechas may act as Pb accumulator as it
showed a BAC of 1.71 highlighting its potential for phytor-
emediation of Pb contaminated soils. Of considerable concern was
the BAC numbers for Vitis vinifera (Table 4) showing values of 0.99,
0.98 and 0.99 for Sb, Sn and Zn respectively, indicating metal ab-
sorption into plant tissues. However, no data are available on the
content of these elements in grapes or wines.

In most plants, heavy metals are predominantly accumulated in
roots. The leaf/root or shoot/root ratio is generally below unity in
most plants but not in metallophytes. In some plants, the concen-
tration of heavy metals in shoots and leaves can be particularly high
and the partitioning of heavy metals between shoots and roots may
differ from one metallophyte to the next and with each individual
heavy metal (Kramer, 2010). Data resulting from the calculation of
the translocation factor (TF) shown in Table 4 report the leaf/root
ratio sometimes may be misleading because the higher concen-
tration of a given element in the aboveground tissues is often found
in the shoot or stem. Surprisingly, TF values for Foeniculum vulgare
largely exceeded the unity and showed a great potential as hyper-
accumulator of As, Cu, Ni, Sb, Sn and Zn. Only TF value for Pb was
close to unity and for Cd to half unity. There is scanty bibliography
on the heavy metals and metalloids accumulation capacity of Foe-
niculum vulgare in natural environments though special attention
should be taken as its use is spread as medicinal plant and in many
regions it represents a primary source of the health care
(Stanojkovic-sebica et al., 2015). Simulation experiments carried
out under controlled conditions resulted in high absorption of Cd,
Cu, Ni and Pb by Foeniculum vulgare (Ziaratin and Hosseini, 2014),
but no references were found of heavy metals uptake under natural
conditions. Likewise, As and Sb uptake by Foeniculum vulgare is not
well documented. This plant should therefore be considered for
phytoremediation technology as also its BAC values were high for
Cu and Zn and especially for Sb (Table 4). The potential for phy-
tostabilization of Helichrysum stoechas and phytoextraction of Dit-
trichia viscosa is shown in Fig. 6 where TF values for Pb and Sb are
drown to the ratios stem/root (s/r), leaf/root (1/f) and flower/root (f/
r) for the two plants. As it may be observed, TF values of Heli-
chrysum stoechas for both Pb and Sb are mainly under the unity,
which might reveal its potential for phytostabilization (Fig. 6A and
C). By contrast, TF values of Dittrichia viscosa (Fig. 6B and D) largely
exceeded the unity and might account for the ability of this plant to
concentrate Pb and Sb in their aerial parts. Independently on this,
both plants progressively decreased Pb and Sb amount from the
stem to the leaves and flowers probably indicating some self-
regulation. In fact, TF for Pb was 27% and 26% lower in leaf/root
and flower/root than in stem/root of Helichrysum stoechas of zone 2
(S2), and 69% and 45% lower in Helichrysum stoechas of zone 3 (S3).
In addition, TF for Pb decreased by 75% from zone 2 to zone 3
(Fig. 6A). A similar trend was recorded in Dittrichia viscosa where TF
for Pb decreased in the same order by 71% and 36% in zone 1 and by
55% and 65% in zone 2. The average decrease of TF from zone 1 to
zone 2 for Dittrichia viscosa was 31% (Fig. 6B). Dahmani-Muller et al.
(2000) reported similar findings for Cardaminopsis halleri when
uptaking Zn, Cd, Pb, and Cu in different parts of the plants grown in
a metal smelter. However, they also found that concentrations of
these metals where 3—8 times greater in brown leaves than in
green leaves, suggesting a second strategy, i.e. detoxification
mechanism by leaf fall. The decrease of TF for Antimony in Heli-
chrysum stoechas and Dittrichia viscosa followed a similar pattern
strengthening their phytostabilization and phytoextraction role
respectively. As both plants are seed resprouters, it was assumed
they may use some strategy to avoid high metal concentrations in
parts involved in seed production (Fig. 6).

Heavy metal tolerance is common in many plant species and

may not surprise that they use different strategies to cope with the
excess of heavy metals. Slomka (2011) reported that Viola tricolor
secretes metals into hairs of the leaves and stems and discard them
when overloaded. The same author stated that Minuartia verna has
the ability to continuously forming new maiden leaves essentially
free of heavy metals. These leaves are used to deposit heavy metals
during the vegetation period and then fall off when overloaded
with heavy metals. It is therefore evident that plants may use
different strategies of autoregulation with respect to heavy metals
excess and further studies are needed to ascertain the metal con-
centration in Dittrichia viscosa, Helichrysum stoechas, Foeniculum
vulgare and other plants related with food and beverage production
like Vitis Vinifera during their growing period.

3.6. Total metal and metalloids concentrations in water samples

Different waters were sampled in the contaminated areas dur-
ing the sampling campaign. Even though this work did not consider
the metal content monitoring in water around the contaminated
area, results in Table 5 show that even this ecological compartment
may be affected by the dispersion of toxic elements. In fact, Br
concentration in pipeline and drainage water resulted considerably
higher (16.43 and 15.02mgL~!) with respect to natural water
values of 0.01—0.02 mg L~! reported in literature (Kabata-Pendias,
2001). On global average, Br content in soil of 1.6mgkg™! is
considered normal, with exception of volcanic soils or soils affected
by evaporitic processes. As above mentioned, average Br values of
0.01 and 0.02 mg L~ ! are generally reported in clean natural water.
However, according to WHO (WHO, 2004) drinking water should
be in a range of 0.01—10 ug L~! though values up to 293 ug L~ ! has
been found in water particularly rich of bromide. Enhanced bro-
mide concentrations in stream water occur in southern Portugal
over sediments of marine origin, where slow-flowing groundwater
with long residence time picks up a high proportion of easily dis-
solved ions, and climatic conditions favour evapotranspiration,
increasing salts in solution. An isolated anomalous value in stream
water of north-central Spain (7.90 mg L™1), in the Ebro basin, can be
ascribed to evaporitic lithology with marl, clay and gypsum.

Lead also resulted in considerable concentration in the four
analysed waters (Table 5) if compared with the values
(0.5-100ugL~!) reported by WHO for drinking water (WHO,
2004). A recent study in Ontario (Canada) found that the average
concentration of lead in water actually consumed over a 1-week
sampling period was in the range 1.1—30.7 pg L-* with a median
level of 4.8 pgL~L In the analysed water of DemimeSA area Pb
reached maximum values of 2620 ugL~!. Even though may be
misleading to compare this water to drinking water, such amount
may be taken into account due to the possibility to contaminate
adjacent streams and water used for agriculture or potabilization.
Sherlock and Quinn (1986) reported high amounts of Pb in waters
of Scotland where 40% of the samples exceeded potabilization
threshold fixed in 100 ugL~! (these water were known as plum-
bosolvent) but were still 26 times lower than those of the investi-
gated area of this work.

Antimony concentration in the analysed waters was also found
to be higher with respect to the EU Directive and normal values
found in natural water. Concentrations of antimony in groundwater
and surface water normally range from 0.1 to 0.2 pg L~! (Bowen,
1979). The highest Sb water content documented in natural envi-
ronments was found in the Xikuangshan antimony mining and
smelting area, China (Liu et al., 2010), where Sb values in water in a
range of 0.33—11.4 ugL~! were two to three orders of magnitude
higher than the typical concentration of dissolved Sb in unpolluted
rivers at that studied area. As above mentioned, the results of
Table 5 reported Sb values ranging from 840 to 2060 pg L~ ! warning
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Fig. 6. Translocation factors (TF) values depicting the stem/root (s/r), (Fig. 5B) for all the investigated elements leaf/root (I/r) and flower/root (f/r) ratios for PB and Sb absorbed by
Helichrysum stoechas and Dittrichia viscosa from samples WR1, SR2, S2 and S3. Values validate the phytostabilization ability of Helichrysum stoechas and phyextraction ability of
Dittrichia viscosa. Columns and bars represent means and standard deviation of three samples.

Table 5
Total metal and metalloids concentration in water samples collected in the contaminated area of DemimeSA. Standard error in parenthesis.
Element Br Ca K Mn Ni Pb Sb Se Sr Zn
Water mgL~!
Directive® 0.01 n.a. n.a. 0.05 0.02 0.01 0.005 0.01 n.a. n.a.
Pipeline water 16.43 114.46 16.21 6.66 1.42 2.62 0.84 034 1.99 2.75
(1.83) (21.35) (0.07) (0.47) (0.32) (0.29) (0.11) (0.09) (0.33) (0.46)
Drainage water 15.02 119.62 9.27 5.54 0.80 1.78 0.86 038 2.31 1.98
(0.19) (3.97) (1.77) (0.67) (0.32) (0.17) (0.58) (0.12) (0.54) (0.25)
Creek water 1 0.19 139.99 537 0.62 0.28 0.92 1.93 n.d. 0.46 0.14
(0.04) (20.22) (0.61) (0.43) (0.01) (0.17) (0.38) (0.06) (0.07)
Creek water 2 0.23 176.16 5.60 1.20 0.40 1.14 2.06 n.d. 0.55 0.20
(0.01) (2.06) (0.52) (0.09) (0.11) (0.06) (0.15) (0.08) (0.04)

n.a.: Not available; n.d.: Not detectable.

2 EU Directive 98/83/EC of 3 November 1998 on the quality of water intended for human consumption.

on the strong impact on ecosystem and emphasizing the impor-
tance of water monitoring around the DemimeSA investigated area.
As antimony is not likely to occur at significantly higher concen-
trations in natural waters, except in those areas affected by in-
dustrial or mining activity, high attention should be deserved to
investigate the diffusion of this element not only into plants but
also into animals.

4. Conclusions

The investigations devoted to assess the degree of contamina-
tion of wastes, soils, vegetation and water at the DemimeSA area
have proved that all the analysed compartments present anoma-
lous content of metals and metalloids which largely exceed the
current regulations for different use of soil.

The wastes and soils collected in different zone of the contam-
inated area resulted strongly enriched with metals and metalloids
and its concentrations were very irregularly spread all over the
surface and were extended at least 1 km away in any direction. The
three plant species selected to check their metals and metalloids
absorption capacity responded satisfactorily and made it possible
to allocate Dittrichia viscosa a phytoextraction potential and Heli-
chrysum stoechas a phytostabilization potential for the analysed
elements. The biological absorption coefficient (BAC) revealed also
a clear preferential absorption of Cd and Sb by both Dittrichia vis-
cosa and Helichrysum stoechas in zone 2 and 3 respectively. Though
their role in the application of light clean-up technology in heavy
metals polluted areas were known, data reported in this work are of
relevance because of the extended presence of toxic elements in
the study area. In addition, Foeniculum vulgare was appointed as a
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strong phytoextractor for As, Cu, Ni, Pb, Sb, Sn and Zn as showed by
translocation factor (TF) values. The potential of this plant,
belonging to Apiaceae family, for toxic elements retention has been
studied at laboratory scale but its behaviour in natural environ-
ments is not well documented and its results may be of reference
for similar heavy metal(oid)s polluted sites. The irregularity of
metal deposition by rainfall and wind has limited an accurate sta-
tistical analysis though results may be of importance because of
reporting natural scale values and orienting on the ability of native
plants to temporarily cut the diffusion of toxic elements into the
surrounding inhabited environment. Further studies should how-
ever be undertaken in order to add additional information on the
fate of these elements and to program sound remediation.
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