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Abstract

Mine exploitations worldwide have generated a great amount of tailings, which still contain
large quantities of Potentially Harmful Elements (PHES) able to contaminate soil, water, air,
wildlife, and the food chain. Phytoremediation is an option to immobilize and/or extract PHEs
from polluted mining areas. This study aims at assessing the phytoremediation properties of
Helicrysum italicum (roth) G. Don, and in particular the capacity to absorb, transfer and
accumulate some PHESs, such as Cd, Cu, Ni, Pb and Zn, in the plant tissues. A restricted
literature review (7 papers) is also proposed in order to outline the H. italicum’s behaviour and
verify its possible use in phytoremediation strategy of polluted mine soils. A number of 22
contaminated sites from Montevecchio mine area (Sardinia, Italy) were sampled and the results
compared with 6 uncontaminated sites. In each site both rhizospheric soil materials and H.
italicum plants were sampled. Total composition and bioavailable fractions were analysed on
soil samples. Helicrysum italicum roots, stems and leaves were separately analysed to extract
PHESs; root/soil and leaf/root ratios were calculated to elucidate plant behaviour. Results show
that Cd and Zn are the most bioavailable PHEs in contaminated sites compared to
uncontaminated ones (300 and 500 folds, respectively), while Cd, Cu, Pb and Zn exceed the
thresholds of the Italian environmental legislation when aqua regia extraction is executed.
Helicrysum italicum plants growing on contaminated soils accumulate significantly more Cd,
Ni, Pb and Zn than plants growing on uncontaminated soils, while no significant differences
are found for Cu. For all considered PHEs the root/soil ratios are > 1 in both
contaminated/uncontaminated sites meaning that H. italicum can be defined as a tolerant
species for remediation of metal-polluted soils. The leaf/root ratios weakly > 1 of Zn, Pb and
Cu and < 1 of Ni and Cd indicate H. italicum not suitable for phytoextraction. Our results are
aligned with the available literature indicating H. italicum a tolerant species, especially for Cd,
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Pb and Zn. The low leaf/root ratios, along with its being a spontaneous and perennial species
able to propagate seeds directly on contaminated soils, recommended the use of H. italicum

as pioneering strategy for the phytostabilization.

Keywords
Helicrysum italicum (roth) G. Don, Potentially Harmful Elements, phytoremediation, mine soils,

literature review

1. Introduction

Every historical civilization’ advancement has required mined resources and also future human
development and green technologies will depend on extensive Earth-extracted resources
(Mills, 2020). Mining activities are widespread in the world, locally modifying the original
environment and impacting biota even many years after their dismissal (Camizuli et al., 2018).
Estimations for Europe, China and the USA reveal that about 0.1% of the land is represented
by abandoned mining sites (Arbogast et al., 2000; EUROSTAT, 2012; Lin and Ho, 2003; Perez,
2012). Mine exploitation generates large amounts of tailings, which can still contain high
quantities of Potentially Harmful Elements (PHES). Tailings are poorly colonized by vegetation
because of unfavourable chemical-physical conditions for plant growth (Martinez-Sanchez et
al., 2012), thus PHESs could easily spread out in the environment contaminating soil, water, air,
and wildlife reaching also the food chain (Dore et al., 2020). In many cases PHESs are essential
elements at a low concentration (e.g., Cu, Zn, Mn, Fe) that turn to be toxic to one or more
species when reaching higher concentrations (Bini and Wahsha, 2014; Vamerali et al., 2010).
Other elements (e.g., As, Cd, Cr, Ni, and Pb) show toxic impacts on plants and animals even
at low concentrations (Singh et al., 2011).

Remediation is the only intervention to reduce or definitively solve the environmental
contamination problem. Conventional remediation technologies are often expensive, labour-
intensive, destructive, and not eco-friendly (Meuser, 2013; Yao et al., 2012). On the other hand,
phytoremediation, defined as the use of plants for degradation of xenobiotics or
extraction/immobilization of PHEs from water or soil substrates (USEPA, 2000), is cost-
effective, widely acceptable, sustainable, applicable in large areas, and economically
exploitable, particularly when native plants are used (Pandey et al., 2015; 2016).

Plants for phytoremediation must be resistant to both contaminants and unfavourable climatic
conditions like drought and heat, especially in Mediterranean areas (Poschenrieder et al.,

2012), and should display a high growth rate to absorb considerable quantities of toxic
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elements in their tissues (Mendez and Maier, 2008). For these reasons, plants are often native
of the environment in which they will be used (Yoon et al., 2006).

Phytoremediation  includes five types of strategies adopted by plants:
phytoextraction/phytoaccumulation, phytostabilization, phytodegradation, rhizofiltration and
phytovolatilization; only the first two are considered for PHEs (Mahar et al., 2016; Pandey and
Bajpai, 2019). As reported by Mendez and Maier (2008), plants for phytostabilization should
accumulate PHEs in roots and not transfer them to shoots, to avoid further transfer into the
food chain. Instead, plants eligible for phytoextraction should be tolerant to PHESs, absorb and
accumulate them in the aboveground plant parts, grow fast and be easy to harvest (Mendez
and Maier, 2008).

A plant’s phytoremediation capacity is generally assessed by means of a large number of
different quantitative indicators (Buscaroli, 2017). These are calculated as ratios between
element contents in aerial parts and roots, or as ratios between element contents in plant parts
and soil. In literature, the element concentration in soil is assessed by adopting different
analytical procedures such as X-ray fluorescence or by several wet extraction methods (e.qg.,
Aquaregia, EDTA, DTPA, etc.) and thus, resulting ratios between plant parts could significantly
differ. Abreu et al. (2008) defined the Bioconcentration Coefficient (BC) the ratio between the
element content in leaves and available fraction of the corresponding soil element, extracted
with DTPA aqueous solution. Plants are considered tolerant when the BC value is greater than
1 (BC > 1). Similarly, Sidhu et al. (2017) named the same abovementioned ratio
Bioconcentration Factor (BCF) and stated that the BCF values >1 indicate the potential of a
plant species for remediation of metal polluted soils. Regardless of the name, when the root/soll
ratio is > 1, the plantis considered a tolerant species (Abreu et al., 2008) useful for remediation
of metal polluted soils (Sidhu et al., 2017). Moreover, when the leaf/root ratio is > 1 the element
is efficiently transferred from roots to shoots proving that the plant is a phytoextractor while, if
the leaf/root ratio is < 1 no element translocation occurs, and the plant is suitable for
phytostabilization (Bolan et al., 2011).

Helicrysum italicum (roth) G. Don is a perennial subshrub of the genus Helichrysum of the
family Asteraceae, characteristic of the Mediterranean area, and it grows on barren, dry, sandy
and poorly developed soils in a wide altitudinal range from the sea level up to 2200 m a.s.l.
(Galbany-Casals et al., 2011; Nincevi¢ et al., 2019). The scientific and industrial interest for H.
italicum is increasing due to its rusticity, versatile biological activities, cosmetic and
pharmaceutical applications, and ornamental uses (Bianchini et al., 2009; Melito et al., 2015;
NinceviC et al., 2019). Moreover, for the utilization and commercialization of derivatives from
H. italicum the European Union requires certified absence of chemical impurities and heavy

elements (Bullitta et al., 2010).
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Helicrysum spp., are indicated as metallophyte, metal tolerant plants growing on soils enriched
or contaminated by several elements (Nkoane et al., 2003; 2007; Koosaletse-Mswela, 2015).
Helicrysum spp. have already been considered for bio-remediation purposes in contaminated
mine tailings (Bacchetta et al., 2017; 2018; Bini et al., 2017; Barbafieri et al., 2011; Cao et al.,
2004; Leita et al., 1989, studied H. italicum) and soils (Brunetti et al., 2018, studied H. italicum)
in Italy and in many other regions of the world (Conesa et al., 2006; 2011; Garcia et al., 2002,
2005, studied H. decumbens; Fitamo and Leta, 2010, studied H. odoratissiumum; Hesami et
al., 2018, studied Helichrysum Spp.). However, only the recent research paper by Brunetti et
al. (2018) considered as many PHEs as this study, even if Brunetti’s work was conducted as a
pot experiment, while this work is an in situ experiment. The other papers alternatively
investigated Pb, Zn, Cd and sometimes Cu. For these reasons there is still a lack of knowledge
upon PHEs uptake and translocation in Helicrysum spp. in different environments, as well as
their interaction mechanisms.

A previous study, conducted with the same criteria, was performed by Buscaroli et al. (2017)
on Dittrichia viscosa, another rustic plant growing on the Montevecchio mine tailings. The ability
of phytostabilization and translocation shown by D. viscosa in this environment, justifies also
the interest for H. italicum.

The aim of this study is to evaluate H. italicum for phytoremediation applications in metal-
contaminated sites. Major and trace elements total concentrations in soil samples were
measured, while Cu, Cd, Fe, Ni, Pb and Zn were also quantified as bioavailable soil fractions
to be compared with total amounts extracted from plants. Detailed objectives of this study are:
i) to assess elements accumulation potential and interaction mechanisms in different parts of
H. italicum; ii) to study elements uptake capability in the roots and the translocation to aerials
plant parts; iii) to evaluate differences in plant behaviour in contaminated and uncontaminated
sites; iv) to compare elements concentration and phytoremediation properties with the existing

literature for H. italicum subspp.

2. Materials and methods

2.1. Site description and sample collection

Mining activities related to Pb and Zn extraction have been representing the main economic
activity for centuries in the South-West Sardinian mining districts (ltaly), largely impacting the
environment (particularly soil and water) and landscape (Boni et al., 1999; Dore et al., 2020).
In this area the mining activities ended in 1991 leaving many abandoned heaps of waste
materials now exposed to gravity movements and water and wind weathering. It is estimated
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that about 297 hectares are occupied by landfills and about 4.9 million m? is the volume of
abandoned heaps. The cost for reclaiming activities is estimated at more than 485 million Euros
(Italian Government, 2001). The mining area has been included in the Italian list of polluted
sites since 2001 but, until today, no remediation activities have occurred.

In this work two broad areas were selected for the sample collection: one including the
contaminated sites in the Montevecchio area (CS) and the other including the uncontaminated
reference sites either close to the mining area or in the Emilia-Romagna area (US) (Fig. 1).
The CS were entirely located in the Montevecchio mining district, in the Southwestern Sardinia,
close to Montevecchio and Ingurtosu villages (Fig. 1A). The bedrock consists of low-grade
meta-sedimentary and meta-volcanic Cambrian-Ordovician rocks, with intrusions of Arburese
igneous complex occurred at the end of the Hercynian orogeny (Cuccurru et al., 2016; Moroni
etal., 2019 and references within). This complex is constituted by granodiorite and leucogranite
with radial fractures filled with acid and basic magmatic dykes, and with quartz and
metalliferous hydrothermal deposits exploited by the Montevecchio-Ingurtosu mines (Moroni
etal., 2019). The ore-veins are composed of galena, sphalerite and quartz with local intrusions
of carbonates (Moroni et al., 2019). During the mines’ activity (1848 - 1991), approximately 3
Mt of Pb and Zn were extracted from the Montevecchio district. Nowadays several uncontrolled
waste rock piles generate relevant sources of contamination (Caboi et al., 1993; Concas et al.,
2006) due to the scarce vegetation cover and intense erosion.

The US include 2 sampling sites near but outside the Montevecchio mining district and 4 in the
Appennine chain between eastern Emilia-Romagna and Tuscany (Fig. 1B). These sites are
developed on different types of sedimentary materials. The two US near Montevecchio area
were sampled on aeolian sandy deposits. In the Appennine, the bedrock is made up of
alternations of sandstones and marls (Marnoso-Arenacea Formation) followed by a thin band
of evaporitic gypsum (Gypsum Vein), formed during the Messinian salinity crisis. Close to the
plain there are Pliocene clays and Pleistocene yellow sands (Lancianese and Dinelli, 2015).
Among the four sampling sites, two were chosen on evaporitic gypsum (1 and 2 in Fig. 1B) and
the other two on the Marnoso-Arenacea Formation (3 and 4 in Fig. 1B).

In these two broad areas, 28 sample sites were selected and sampled. At each site the entire
H. italicum plants and a composite rhizospheric soil, sampled at a depth of 5-30 cm, were
collected, stored in plastic bags and brought to the laboratory for analysis. Overall, 22 soil
samples and 22 plants were collected in CS corresponding to the major mine tailings deposits
(Fig. 1A), while 6 soil samples and 6 plants were collected in US (Fig. 1A and 1B).
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Figure 1. Location of sampling sites in the two study areas (a and b) with their main lithologies and related legend. Modified

from ISPRA (http://sgi2.isprambiente.it/arcgis/rest/services/servizi/cartageologica500k/MapServer).

2.2. Chemical analysis of solid material

Soil material was air-dried at room temperature for two weeks, crushed and sieved through a

2 mm screen, and this fraction was retained for analysis. Soil sand, silt and clay determination

was performed according to the hydrometer method devised by Day (1965). Soil reaction (pH)
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and electrical conductivity (EC) were determined in a 1:2.5 (m/V) soil-water suspension. The
total limestone was determined by volumetric method according to ISO 10693 method (ISO,
1995a). Total Organic Carbon (TOC) and Total Nitrogen (TN) were determined by elemental
analyser Thermo Fisher EA Flash 2000 CHNS-O according to ISO 10694 method (1SO,1995b).
In order to estimate the organic and carbonate content in soil, the Loss of weight On Ignition
(LOI) was determined by placing a soil sample in a muffle furnace at 950 °C for 6 h and
measuring the percentage weight loss, as indicated by Heiri et al. (2001).

In this paper the soil PHESs concentrations were analysed using three different methodologies:
i) extraction with a diethylenetriaminepentaacetic acid-based solution (hereafter DTPA)
(element available for root uptake); ii) aqua regia extraction (hereafter AR) (pseudo-total
element concentration); iii) X-Ray Fluorescence (hereafter XRF) (total element concentration)
(Wang et al., 2021).

The bioavailable elements in soil (Cd, Cu, Fe, Ni, Pb and Zn) were extracted with a DTPA-
based solution according to Lindsay and Norvell (1978) and ISO 14870 methods (ISO, 2001).
Concentrations of Fe, Zn, Pb for all sites and Cd only in CS were measured by Flame Atomic
Absorption Spectrometry (FAAS) using a Perkin-Elmer Analyst 100. Instead, concentration of
Cu, Ni for all sites and Cd only in US were measured by Graphite Atomic Absorption
Spectrometry (GFAAS) using a Perkin-Elmer HGS-800. The analyses were performed at
Biological, Geological, and Environmental Sciences Department (BiGeA Dept.) of Bologna
University using calibration standards from 0.2 to 5 mg/l and from 2 to 100 pg/l for FAAS and
GFAAS, respectively. As reported by Kumpiene et al. (2017), this methodology is widely
applied on non-acid soils and fitted perfectly to the US but it could be not appropriated for a
few soil samples with low pH in CS. However, in order to obtain comparable results, DTPA
extraction was adopted for all soil and tailing samples.

Aqua regia extraction was executed following the 1ISO 11047 method (ISO, 1998) and As, Cd,
Co, Cr, Cu, Fe, Ni, Pb, V and Zn were quantified by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) Perkin-Elmer ELAN DRC-eat at BiGeA Dept. of the Bologna University
with calibration standards from 0.01 to 5 mg/l.

The total concentrations of major and trace elements in soils were determined by X-Ray
Fluorescence (XRF) using a Panalytical Axios 4000 spectrometer, following the analytical
methodology by Franzini et al. (1972) and Leoni and Saitta (1976) for matrix correction
methods.

To ensure accuracy and precision in soil PHEs analysis, reagent blanks and certified reference
materials were used. Quality control of DTPA-extractable PHEs was performed analysing the

NCSDC85102a certified reference material. The obtained recoveries (mean value + standard
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deviation in %) are the following: Cd 102 +2, Cu 108 +4,Fe 90+ 1, Ni91 £ 2, Pb 80 = 3, Zn
70 £ 1.

2.3. Chemical analysis of plants

After the separation into roots, stems and leaves, the plant samples were placed in an
ultrasonic bath to remove soil particles, washed with deionized water, dried in a stove at 40 °C
and minced.

For the determination of the total element concentrations, 250 mg of each plant part was
digested with a mixture of 2 ml H202 30% and 6 ml HNOs 65% using a microwave Milestone
mls 1200 Mega. After the filtration the digested solutions were stored in 50 ml volumetric flasks.
In the plant’s digested solutions Fe, Zn, Pb for all sites and Cd only in CS were analysed by
FAAS (Perkin-Elmer Analyst 100) while Cu, Ni for all sites and Cd only in US were analysed
by GFAAS (Perkin-Elmer HGS-800). The analyses were performed at BiGeA Dept. of the
Bologna University using calibration standards from 0.2 to 5 mg/l and from 2 to 100 pg/l for
FAAS and GFAAS, respectively.

As for soll, also for plant reagent blanks and certified reference materials were used.

Quality control on total PHEs concentrations in plants was performed analysing the IAEA — 359
(Cabbage - Trace elements) certified reference material in three replicas. The obtained
recoveries (mean value + standard deviation in %) are the following: Cd 127 + 5, Cu 126 + 8,
Ni 96 + 14, Zn 105 £ 7.

2.4 Data quality control and statistical analysis

On the results, several statistical elaborations were performed using R Software version 3.3.2:
the Shapiro Wilk test (Shapiro and Wilk, 1965) was adopted to verify the normal distribution of
the data; a Mann-Whitney non-parametric test was performed both between the different
sampling sites and the different plant tissues for the evaluation of the statistical significance of
the difference between the medians. The Spearman Rank Correlation Coefficient (SRCCs)
(Spearman, 1904) was applied in the determination of correlations between elements in soils
(both total and bioavailable) and in plants from CS using the R software version 3.3.2. The
obtained significance correlations were compared with < 0.05 and < 0.01 p-value.

3 Results and discussion

3.1 Soils
89
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The main compositional and textural features for the analysed soils are summarized in Table
1 (the entire dataset is available in Table S1 and S2 of the Supplementary Materials). The CS
revealed a sandy loam texture with little silt and clay, whereas in the US, silt and sand were
the dominant soil fractions, although a wide variation in texture was present ranging from sand
to silty-loam. The CS showed a neutral-sub acid pH (5.4 - 6.7 as Min-Max range), while in the
US subalkaline to alkaline pH were observed (7.6 — 9.1). EC was below 0.3 dS/m in all sites,
while total lime was significant in the US and negligible in almost all the CS. In both the CS and
US, TOC range was large (2 — 60 g/kg) with median values around 25 g/kg. Median values of
TN content were identical (2 g/kg, for both CS and US), while the high TOC/TN ratio values (>
12) could be affected by H. italicum plant residues that hardly decompose in soils (Brady and
Weil, 2010).

The median concentrations of major elements such as Si (282938 mg/kg), Al (89741 mg/kg),
Fe (40509 mg/kg) and K (30018 mg/kg), confirmed the abundance of sheet silicates in CS
(Table 1). Compared with previous results by Buscaroli et al. (2017), the dominant silicates
feature was confirmed with weak increase in Fe and LOI median values and weak decrease in
Ti, Al, Mg, Na and K median values. Instead, median concentrations of Ca and LOI (129691
and 211908 mg/kg, respectively) had the highest values in US reflecting the calcareous
contribution of the substrate in the area as recorded in stream sediment by Lancianese and
Dinelli (2015).

In terms of total concentration (XRF) the CS were characterized by high Pb and Zn contents
(median 604 mg/kg and 11455 mg/kg, respectively). Compared with soils by Buscaroli et al.
(2017) from the same area, soils from this study had slightly higher Pb and Cu median values,
whereas Zn median concentration was double. The Ni total content (39 mg/kg) agrees with
values found by Buscaroli et al. (2017). Compared with soil samples from the adjacent
Ingurtosu mine area (Barbafieri et al., 2011), this study denoted around double Zn and half Pb
content (7800 and 1800 mg/kg, respectively). Mean total PHEs concentrations found in this
study area were comparable with concentrations of the nearby Barraxiutta mine district (De
Agostini et al., 2020) and Campo Pisanu (Bacchetta et al., 2018), except for Cu and Pb that
were 5 and 4 times lower, respectively. Overall, this high variability in values denoted the strong
heterogeneity of mine tailings.

The US had low median total concentration of PHEs with only Cr, Ni, V and Zn ranging around
100 mg/kg (Table 1). These results were aligned to the soils from the GEMAS project (Reimann
etal., 2014), to the streambed sediments of the same area analysed by Lancianese and Dinelli
(2015), and also to the natural background maps by Regional Soil Service, although related to
the adjacent plain area (RER, 2016).
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Results of the AR extraction showed Cd and Zn median values (67 and 9771 mg/kg,
respectively) much higher than the Italian environmental legislation thresholds (Italian
Government, 2006) for an industrial use in CS (15 and 1500 mg/kg, respectively). If the
thresholds for public and residential destinations are considered (for As, Cd, Co, Cu, Pb and
Zn are 10, 2, 20, 120, 100, and 150 mg/kg, respectively), all median values exceeded the limit
and for Cd, Pb and Zn all samples were above the thresholds (bold values in Table 1). The US
samples did not reveal concentrations exceeding the national environmental prescriptions,
except for mean and maximum As concentration (16 mg/kg and 36 mg/kg, respectively). Being
part of a dominant calcareous unit, the high As concentration in US is determined by a direct
control of calcite abundance on As bio-accessibility (Raimondi et al., 2021).

Regarding bioavailable element concentrations (DTPA-extracted) (Table 1), the CS were
characterized by high median concentrations of Zn followed by Cd, Pb, Fe and Cu (630, 9, 6,
4, 4 mg/kg, respectively). In particular, the median concentrations of Zn, Cd, Pb and Cu were
respectively enriched by 3, 2, 1 and 1 orders of magnitude in CS compared to US; the Ni was
double in CS compared to US, while Fe was comparable. Except for Pb, all the considered
PHEs showed higher maximum values compared to Buscaroli et al. (2017). In comparison with
this study Bacchetta et al. (2018) reported lower mean bioavailable concentrations of Cd, Pb
and Zn (3.9, 13 and 117 mg/kg, respectively) in Campo Pisanu mine district. The lower
bioavailable concentrations measured in US were aligned with unpolluted data by Buscaroli et
al. (2017).

The SRCCs for elements in soils from CS revealed significant positive correlations only
between bioavailable Cd and Ni (0.56), bioavailable Cd and Zn (0.66) and between total and
bioavailable Zn (0.72). Negative significant correlation existed between bioavailable Fe and
total Zn and bioavailable Zn (-0.69 and -0.68, respectively). The negative correlation between
bioavailable Zn and Pb was weak but significant (-0.52) (Table S3 of the Supplementary
Materials).

109



312
313
314
315

316
317

318
319

320

Table 1. Minimum, median, maximum and mean values for soils main characteristics in sampling areas. Contaminated sites

(CS) (n = 22) and Uncontaminated sites (US) (n = 6). Bold values in the aqua regia results exceed the Italian environmental

legislation (ltalian Government, 2006) for soils in public and residential areas.

Areas CS us
Statistics Min Median Max Mean Min Median Max Mean
Sand 2000-50 pm g/kg 241 695 874 649 335 413 954 516
Silt 50-2 pm g/kg 87 228 677 265 13 447 538 390
Clay <2 um a/kg 39 83 138 86 33 52 176 93
Reaction in H2O pH 5.4 6.2 6.7 6.1 7.6 8.0 9.1 8.2
EC dS'm? 0.2 0.3 0.3 0.3 0.1 0.2 0.3 0.2
Total lime a/kg 0 0 67 8 3 157 291 146
TOC g/kg 2 22 34 20 2 26 60 26
TN a/kg 0 2 3 2 0 2 5 2
TOC/TN 5 13 20 13 9 12 31 15
Major elements and
LOI
Si mg/kg | 245288 | 282938 353616 293225 | 54917 | 164808 | 408674 | 275377
Ti mg/kg 1352 4040 5085 3638 499 1615 3559 1844
Al mg/kg | 33902 89741 115742 80668 22022 41253 69146 43051
Fe mg/kg | 22962 40509 78330 43247 5875 16208 39645 20045
Mn mg/kg 845 1396 3809 1641 152 552 697 462
Mg mg/kg 3973 7593 11630 7692 2749 7112 26934 11770
Ca mg/kg 1102 4483 48660 7089 18775 | 129691 | 407810 | 149083
Na mg/kg 1077 5142 12834 5481 824 4554 8531 4576
K mg/kg | 12274 30018 43922 28494 5767 13933 23878 14454
P mg/kg 271 558 1006 554 128 572 700 469
LOI mg/kg | 30032 55600 122774 67108 19900 | 211908 | 234504 | 152533
Total elements (XRF)
As mg/kg 19 94 191 103 2 6 50 13
Co mg/kg 11 16 43 19 1 3 13 5
Cu mg/kg 1 102 706 170 2 10 26 12
Cr mg/kg 26 57 99 55 22 65 144 80
Ni mg/kg 11 39 73 40 5 40 105 49
Pb mg/kg 138 604 4619 1240 10 18 22 17
V mg/kg 39 64 114 66 10 60 161 79
Zn mg/kg 5020 11455 41200 14873 8 29 93 39
Extractable elements
(AR)
As mg/kg 17 80 333 98 10 11 36 16
Cd mg/kg 5 67 228 67 0 0 1 0
Co mg/kg 16 23 33 23 1 3 19 6
Cr mg/kg 6 28 49 31 3 30 127 49
Cu mg/kg 12 130 485 147 1 8 40 13
Ni mg/kg 7 34 62 36 2 20 91 36
Pb mg/kg 170 819 3442 1235 5 8 16 10
V mg/kg 4 53 149 63 14 42 88 42
Zn mg/kg 1227 9771 27286 9377 10 23 63 31
Bioavailable elements
(DTPA)
Cd mg/kg 1 9 29 9 0 0 0 0
Cu mg/kg 0 4 26 5 0 1 2 1
Fe mg/kg 0 4 39 7 1 4 8 4
Ni mg/kg 0 1 3 1 0 0 1 0
Pb mg/kg 0 6 143 29 0 1 1 1
Zn mg/kg 101 630 894 555 0 1 2 1

The Table 2 reports the DTPA/total concentration ratios expressed as a percentage and used

to evaluate the elements’ behaviour. The percentages were generally low in CS, especially

regarding Fe, although the maximum values reached 45% and 27% for Cu and Pb,
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respectively. The differences between CS and US were limited and significant only for Fe in
US and Ni in CS. Regardless of the soil conditions in CS and US, Cu and Pb showed highest
bioavailability followed by Zn, Ni and Fe although no systematic order was observed. Previous
work by Buscaroli et al. (2017) in Montevecchio district (in brackets in Table 2) reported lower
median values of Cu, Pb and Zn, even if maximum values were aligned with the ones from this
study. The US ratios from this study weakly differ from Buscaroli et al. (2017) confirming that
North Appennine district was well characterized by the collected samples.

Table 2. Minimum, median and maximum bioavailable/total element ratio in soils, expressed as percentage (%). Contaminated
sites (CS) (n = 22); Uncontaminated sites (US) (n = 6). The letters (C for Contaminated, U for Uncontaminated) indicate the
presence of statistically significant differences between percentages of each element in each area according to the Mann—
Whitney test. No letter means absence of statistically significant differences between areas. The considered significant levels
are p-value < 0.1 (*) and < 0.05 (**). Values between brackets are by Buscaroli et al. (2017).

Areas Statistics Cu Fe Ni Pb Zn

CS Min 0.67 (1.28) 0.0003 (0.003) 0.67 (0.48) 0.09 (1.2) 1.34 (3.87)
Median 3.96 (6.66) 0.008 (0.01) 1.41 U** (1.03) 1.53 (5.51) 3.25 (7.07)

Max 45 (9.2) 0.116 (0.05) 6.2 (1.79) 26.6 (23.3) 10.4 (10.82)

us Min 0.41 (1.74) 0.02 (0.01) 0.13 (0.25) 1.44 (3.8) 1.53 (0.18)
Median 5.38 (7.75) 0.03 C* (0.03) 0.64 (0.71) 5.47 (6.03) 3.14 (1.96)

Max 19.5 (12.6) 0.04 (0.07) 1.32 (1.52) 9.45 (12.6) 8.19 (2.63)

3.2 Plants

The total PHEs concentrations in the different parts of H. italicum plant are shown in Table 3
grouped into CS and US, while the entire database is presented in Table S4 of the
Supplementary Materials. The PHES concentrations in plants were higher in CS than in US. In
particular, the differences were statistically significant for Cd, Fe, Ni, Pb and Zn (“U” in Table
3), while there were no significant differences for Cu, although median concentrations in plants
were slightly higher in CS than US.

The median concentrations in leaf were generally higher than the other plant parts, although
statistical significance (p-value < 0.01) occurred only for Cu, Fe and Zn in CS (leaves marked
with “r” and “s” in Table 3). In US no significant differences in element concentrations among
plant parts were found. Only Cu in leaves was statistically different from Cu stem concentration.
In both CS and US, the concentrations of PHES in the stems were lower than in the other parts
of the plant, although they were significantly different only for Cd (compared to root content),
Cu, Fe, Pb and Zn in CS and for Cu in US, mainly compared to the leaves (Table 3). The ratio
among median element concentrations in plant parts from CS and US revealed the following

enrichment ranking: Pb > Zn > Cd > Fe > Ni > Cu (Table 3).
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The median concentrations of Pb in plants were 40 mg/kg in roots, 27 mg/kg in stems and 64
mg/kg in leaves with the CS/US ratios ranging from 33 to 64 for stems and leaves, respectively
(Table 3). The median values of Zn in plants were 576 mg/kg in roots, 391 mg/kg in stems and
1206 mg/kg in leaves, this last proven statistically different from the others (Table 3).
Helicrysum Italicum plants showed from 13 to 26 times more Zn in CS than in US. The median
concentrations of Cd in plant were quite homogeneous: 3.1 mg/kg in stems, 6.0 mg/kg in leaves
and 5.7 mg/kg in roots, these last two significantly higher than in stems. These concentrations
of Cd were from 10 to 15 times more enriched in CS than in US. Median concentration of Fe
in leaves (1523 mg/kg) was significantly different from roots (701 mg/kg) and stems (62 mg/kg)
and H. Italicum plants were from 3 to 5 times more Fe-enriched in CS than in US. The median
concentrations of Ni were similar in plants: 4.4 mg/kg in roots, 3.5 mg/kg in stems, 4.6 mg/kg
in leaves. Plants from CS had only 2 — 3 times more Ni than the ones from US. The median
concentrations of Cu in CS plants were 13 mg/kg in roots, 10 mg/kg in stems and 20 mg/kg in
leaves, this last significantly different from roots and stems. No differences of Cu content
existed between CS and US (median ratio was 1 in Table 3).

Few authors studied element distribution in H. italicum plant parts including stems. In an
adjacent mine area, Barbafieri et al. (2011) showed similar Cd concentrations and distribution
in the same plant parts with stems as the lowest accumulation site. Instead, the same authors
reported increasing concentrations in Pb and Zn from roots to leaves, but compared to this
study mean concentrations were one order of magnitude higher for Pb and slightly lower for
Zn. Also Brunetti et al. (2018) evaluated Cd, Cu, Ni, Pb and Zn abundance in roots, stems and
leaves of H. italicum grown in a polluted soil in Apulia Region (Italy). Their abundances of Cu
and Ni in plants were aligned with the concentrations of this study, while Cd, Pb and Zn were
one order of magnitude lower. Brunetti et al. (2018) concluded that H. italicum stores PHEs in
the roots with stems as the least concentrated part. Although not clearly evident in this study,
the trend to accumulate Pb in roots rather than in other aerial parts is widely demonstrated in
H. italicum (Barbafieri et al., 2011; Brunetti et al., 2018) and also other plants such as Oryza
sativa (Ashraf et al., 2020) and Crambe abyssinica (Goncgalves et al., 2020), confirming the
poor Pb translocation.

In a pyrite-mine site in Tuscany (Italy), Bini et al. (2017) showed preferential accumulation of
PHESs in H. italicum roots. Compared to this study, Fe and Pb concentrations in plants were
aligned, Cd and Ni were 10 times lower, Zn was three orders of magnitude lower and only Cu
resulted 10 times higher. For H. italicum subspp. tyrrhenicum (H. tyrrhenicum), in the adjacent
mine area of Campo Pisanu, Bacchetta et al. (2018) detected higher concentrations in roots
and leaves for all considered elements (Cd, Pb and Zn) and, especially for Pb, the differences

with this study were quite important.
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Pot trials at different soil contamination of Cu and Pb executed on Helichrysum splendidum
Less revealed a reduction of chlorophyll content (phytotoxicity sign) only when the Cu leaves
concentration was about 290 mg/kg, while for the Pb a constant chlorophyll reduction was
evident starting from 90 mg/kg in leaves (Banda et al., 2021). Helichrysum italicum never
reached high concentrations of Cu in this work, while maximum concentrations of Pb exceeded
90 mg/kg in CS plants. Since it was not within the aims of the work, no surveys regarding the
health status of the plants were conducted, therefore the presence of H. italicum plants with
phytotoxic symptoms in CS could not be excluded.

Table 3. Minimum, median, maximum and mean element concentration in plant parts for Contaminated Sites (CS, n = 22) and
Uncontaminated Sites (US, n = 6). Concentrations are in mg/kg. The letters R, S and L represent roots, stems and leaves,
respectively. According to the Mann—Whitney test, the Statistical Significative Difference (SSD) between the analysed plant
tissues within each area was indicated by the letters r and s. According to the Mann—Whitney test, the letter U indicates
statistically significant difference of the plant tissue from CS with US. No letter means absence of statistically significant

differences. The considered significant levels are p-value < 0.1 (*), < 0.05 (**) and < 0.01 (***).

CSs us Median
CS/Us
ratio
Eleme | Plant Min Media Max Mean SSD Min | Median | Max | Mean | SS
nts parts n D
Cd L 0.5 6.0 90.0 124 U** 0.1 0.4 1.3 0.5 15
S 0.6 3.1 22.3 5.8 U** 0.1 0.3 1.1 0.4 10
R 1.4 5.7 50.9 111 s*FU** 0.1 0.5 1.7 0.6 11
Cu L 7.8 20.2 98.4 26.0 r*g*** 9.4 13.9 29.8 | 16.8 s* 1
S 3.2 10.2 32.3 12.6 6.3 9.3 11.9 9.1 1
R 6.5 12.9 103.2 | 22.4 6.3 9.8 19.0 | 109 1
Fe L 359 1523 5991 | 1994 pFrgERRUrx | 174 290 677 343 5
S 267 662 1905 748 U** 112 206 427 228 3
R 142 701 7140 | 1245 U 150 252 581 319 3
Ni L 1.3 4.6 11.3 4.8 U** 0.6 1.7 4.1 1.9 3
S 2.0 35 5.6 3.8 U 0.4 1.3 2.1 1.2 3
R 0.6 4.4 11.0 4.7 u* 0.8 1.8 2.4 1.7 2
Pb L 5.9 63.7 288.4 | 745 s**U** 0.6 1.0 13.0 3.6 64
S 7.8 26.5 1814 | 37.4 U** 0.5 0.8 5.9 1.8 33
R 5.2 39.5 384.4 | 76.5 U 0.4 0.9 4.4 1.6 44
Zn L 177 1206 9837 | 1764 r*s**yUx* 28 47 112 61 26
S 132 391 1959 630 U 19 30 51 32 13
R 220 576 3337 936 U** 26 28 46 32 21

3.2.1 Interaction mechanisms of PHEs in H. italicum plants

The interaction mechanisms between PHEs could reveal synergistic or antagonistic effects
able to improve or reduce element uptake and translocation in plant species. Only for plants
collected in CS (n = 22), the SRCCs and their significance levels were calculated for each
element (Cd, Cu, Fe, Ni, Pb and Zn) and for different plant parts and results are presented in
Table 4.
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Results of this study indicated that Zn in H. italicum was positively and significantly correlated
with Cd in all considered plant parts (around 0.90 for R, S and L). Moreover, Zn and Cd were
also themselves correlated with values of 0.92 and 0.9 between leaves and stems. The Zn and
Cd, together with Pb were the most enriched elements in H. italicum compared to US (Table
3). Nevertheless, Zn and Cd were also positively and significantly correlated with all the other
elements in leaves (from 0.55 to 0.7), except for Pb that showed correlations only with Cd in
leaves (0.67). The relation between Zn and Cd is known in literature and depends by the
element similarity (Fernandez et al., 2017). Indeed, Cd plant uptake is hindered by high soil Zn
concentrations (Choudhary et al., 1995; Oliver et al., 1994) because they share the same
transportation protein in plants and Zn is selectively preferred (Hart et al., 2002). Kutrowska et
al. (2017) documented the synergistic effect between Cd and Zn in Brassica juncea where Zn
increased the accumulation of Cd in leaves. The same authors reported that Pb increased the
Cd in stems, as identified also in the present study (Table 4).

In H. italicum grown at CS Cu was positively correlated with itself, especially between stems
and leaves (0.74), and clearly positively correlated also with Zn for almost all plant parts with
a peak of 0.86 in leaves. As Fe, also Cu and Zn are micronutrients for plants and serve in
physiological processes; so, their synergism was expected for US, but it was found also at
elevated Zn concentration in CS (Table 3). In other species like Brassica juncea antagonism
between Zn and Cu was demonstrated and indicated as happening not in the roots, but later
during xylem loading/unloading (Kutrowska et al., 2017). A previous study (An et al., 2004)
revealed that Cu and Cd act antagonistically resulting in decreased accumulation of both
metals in Cucumis sativus. In the present study Cu and Cd were weakly correlated with
coefficients around 0.6 between Cu in leaves and Cd in roots, stems and leaves (Table 4).
The Fe was significantly correlated between stems and leaves (0.8), in leaves with Pb (0.71)
and in leaves with Cd (0.73 and 0.72 for stems and leaves, respectively). Moreover, Fe and Ni
resulted significantly correlated in all the H. italicum plant parts, with coefficients ranging
around 0.70 and peaks for roots (0.74) and leaves (0.71) (Table 4). Khalid and Tinsley (1980),
in Lolium perenne, reported a common increase of Ni and Fe concentrations in shoots with
increasing rates of Ni. Same synergistic effect of Ni on Fe was detected in maize with highest
evidence in roots and leaves by Torres et al. (2016).

Absence of correlation existed among Pb and Cu as well as Pb and Zn in the plant parts of H.
italicum grown at CS. An antagonistic effect of Pb on the Cu accumulation was documented
also in Brassica juncea and related to a competition between metals at the plant uptake site
(Kutrowska et al., 2017). Also for Israr et al. (2011), Pb showed antagonistic effect on the
accumulation of Cu, Ni and Zn in S. drummondii species, probably due to the competition

between metals at the plant uptake sites. Yet, Wong et al. (1986) reported a reduced uptake
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of Cu in the presence of Pb for Brassica chinensis. The inhibition of essential nutrient transfer
(such as Cu and Zn) in plant biomass due to Pb elevated concentration has been also proposed
by Yoon et al. (2006) for numerous plants grown in Florida contaminated site. In addition to all
the side effects of Pb in plants, Pourrut et al. (2011) reported impaired uptake of essential
elements, such as Mg and Fe. On the contrary, An et al. (2004) showed positive correlation of

Zn and Pb in Cucumis sativus suggesting a synergistic effect.
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Table 4. Main Spearman Rank Correlation Coefficients (SRCCs) and their significance levels, calculated for each element

(Cd, Cu, Fe, Ni Pb and Zn) between the different plant parts (R=roots, S=stems and L=leaves) and, for each of them, between

the different elements. The SRCCs were calculated considering only the Contaminated Sites (CS) (n=22). The considered

significant levels are p-value < 0.05 (**) and < 0.01 (***).
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3.3 Soil-plant relationship

The relationship between the soil bioavailable pool and the concentrations in plant parts of the

investigated elements are represented by box plots in Figure 2. In terms of soil bioavailable

pool, Fe and Ni showed comparable concentrations in CS and US even if Ni in US had a wider

range of variation. At these low concentrations the H. italicum was able to absorb and

concentrate the elements in the plant (2 and 1 order of magnitude for Fe and Ni, respectively).

Although the soil bioavailable fractions were similar the plant concentrations between CS and

US were statistically different (Table 3) with lower levels in the latter.

The Cu and Pb were enriched in CS compared to US, but due to the wider range of variations

(Cuin US and Pb in CS) a clear separation was not evident. Regarding these elements the

179




474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

504

plant was able to absorb and concentrate them compared to the soil bioavailable pool (1 order
of magnitude for Pb). The Cu concentrations in the plant were not statistically different between
CS and US (Table 3) indicating that CS could not be considered polluted by Cu. In fact,
Buscaroli et al. (2017) in Cu-contaminated Libiola mine and Brunetti et al. (2018) in Apulia soil
reported bioavailable Cu concentration greater than this study by 1 and 2 orders of magnitude,
respectively. The Pb in CS was absorbed and concentrated by H. italicum, while in US it was
absorbed but not concentrated compared to soil bioavailable fractions (Fig. 2).

Soil bioavailable concentration of Cd and Zn were more abundant in CS than US of 2 and 3
times, respectively. In CS bioavailable Cd and Zn were elevated (more than Bacchetta et al.
(2018) and Brunetti et al. (2018)) and H. italicum plant absorbed them, but weakly concentrated
Cd and Zn in the plant tissues. Instead, in US H. italicum was able to absorb and concentrate
Cd and Zn (Fig. 2), even if the plant concentrations remained significantly lower than CS (Table
3). Despite this behaviour within plants, H. italicum growing in CS accumulated two orders of
magnitude more Pb and one order of magnitude more Zn and Cd compared to US (Fig. 2).
Bacchetta et al. (2018) for H. tyrrhenicum in the adjacent mine area of Campo Pisanu, detected
higher concentrations in plant parts for all considered elements (Cd, Pb, and Zn). Yet,
bioavailable pools for Cd and Zn were a quarter the levels of the present study, while the
bioavailable pool of Pb was three times higher. Brunetti et al. (2018), starting from bioavailable
pools like Bacchetta et al. (2018), presented notably lower plant concentrations. This behaviour
could be related to the carbonate-soils studied by Brunetti et al. (2018) that contain high
exchangeable Ca. This latter could compete with heavy metals limiting their uptake. The
antagonistic effect of Ca on Cd, Cu, Fe, Ni, Pb and Zn uptake was found by Kabata-Pendias
(2010) and observed also for D. viscosa by Buscaroli et al. (2017).

Possible interaction mechanisms between elements in soil and plant from CS were
investigated through SRCCs and results are presented in Table S3 of the Supplementary
Materials. In general, the correlations between soil and plant concentrations s were scarce.
The only positive significant correlation existed between total Pb in soil and Pb in roots (0.75).
There were weak significant negative correlations between total Ni and Cu in stems (-0.56)
and leaves (-0.59), between bioavailable Pb and Cd in stems (-0.53) and leaves (-0.52), and
Zn in stems (-0.54) (Table S3).
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Figure 2. Bioavailable Cd, Cu, Fe, Ni, Pb and Zn in soils and their distribution in H. italicum plants of CS and US.
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3.4 Root/bioavailable soil element concentration ratio

With the aim of studying the tolerance to PHEs of H. italicum and provide evidence of
phytostabilization or phytoextraction capacity, the root/bioavailable soil concentration ratio
(root/soil) was calculated for each element and the results are shown in Table 5. The mean
values were presented only for literature comparison.

For all the elements in CS and US the medians for root/soil ratios were > 1 suggesting that H.
italicum was able to absorb the bioavailable elements in roots. According to root/soil median
values, in the CS the elements were absorbed following the ranking Fe >> Ni > Pb > Cu,
whereas the ratios for Zn and Cd were close to 1. In the US the ranking resulted Fe > Zn > Cu
> Cd > Ni and Pb only slightly above 1 (Table 5).

Out of the three most abundant bioavailable elements in CS (Zn, Pb and Cd, Table 1), Cd
(2.21) and Zn (1.39) had the lowest ratios indicating a limited root uptake by H. italicum when
soil available pool is abundant. Pb was more absorbed in CS (4.17) than in US (1.21). Same
behaviour for Zn, Pb and Cd was detected in D. viscosa for the same mine area (Buscaroli et
al., 2017).

The different ratio of Cu between CS and US depended from its wide variability in US, while Ni
showed similar soil/root ratios in both conditions. The Fe is a fundamental micronutrient for
plants strongly related to chlorophyll content and plant growth (Terry, 1980). Despite its low
availability in soil (Tables 1 and 2), H. italicum showed an elevated root uptake capacity for Fe,
especially in CS (Fig. 2).

Many other authors calculated the root/solil ratios of H. italicum (Barbafieri et al., 2011; Bini et
al., 2017; Cao et al., 2004, Leita et al., 1989) but only Bacchetta et al. (2018) and Brunetti et
al. (2018) applied the DTPA extraction, allowing a direct comparison with ratios from this study.
In particular, Bacchetta et al. (2018) found ratios of 21, 29 and 9.6 for Zn, Pb and Cd,
respectively, for the H. tyrrhenicum in a Sardinian mine site. These ratios were higher than this
study, but with lower bioavailable concentrations and significantly higher root concentrations.
Recalculated ratios by Brunetti et al. (2018) showed for Cu, Ni, Pb and Zn slightly lower values,
under reduced bioavailable soil pool compared to CS of this study. Instead, Cd showed root/soll
ratio one order of magnitude higher and bioavailable concentrations one order of magnitude
lower compared to this study in CS, but comparable with values in US (Tables 1 and 5). This
confirms that Cd is strongly incorporated in roots at low soil bioavailable concentrations
(Brunetti et al., 2018), while its absorption is limited when soil concentrations increase (Fig. 2
and Bacchetta et al., 2018). This represents an excluding mechanism for Cd already
documented in other plant species such as Thlaspi arvense (Martin et al., 2012) and
Arabidopsis thaliana (Zhu et al., 2012), but not yet in Helicrysum spp.

Table 5. Minimum, median, maximum and mean root/soil values of selected elements in H. italicum. CS n=22 and US n=6.
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Area Statistics Cd Cu Fe Ni Pb Zn
CS Min. 0.14 1.45 3.60 0.81 0.36 0.35
Median 1.21 3.03 299 6.56 4.17 1.39

Max. 7.95 28.9 6541 29.0 52.0 5.92

Mean 1.76 5.47 988 8.84 11.57 1.92

us Min. 4.43 3.22 23.0 1.33 0.40 15.7
Median 12.1 19.1 91.2 4.67 1.21 26.3

Max. 43.1 417 135 272 8.56 74.4
Mean 18.47 107.73 89.06 70.56 2.54 38.99

US/CS Median ratio 10 6.3 0.3 0.71 0.29 18.9

3.5 Leaf/root element concentration ratio

The capacity of H. italicum to transfer PHESs from roots to leaves has been quantified for each
element through the leaf/root concentration ratio (leaf/root ratio) and the results are shown in
Table 6. The leaf/root ratio was extensively applied for the evaluation of the phytoextraction
capacity of plants growing in mine soils (Buscaroli et al., 2017; Martinez-Sanchez et al., 2012,
Wang et al., 2019; Yoon et al., 2006) or in contaminated agricultural soils (Dinu et al., 2020;
Nadimi-Goki et al., 2014). As stated for root/soil ratio, also leaf/root ratio is widely used by
researchers, but under different names such as Translocation factor, Transfer factor or
Transportation index (Buscaroli et al., 2017).

The H. italicum in CS always showed leaf/root median ratios > 1, except for Cd and Ni that
were 0.75 and 1, respectively (Table 6). Iron reached a value of 2.36 followed by Zn (1.54)
then Pb (1.37) and Cu (1.34). The leaf/root median values in US were comparable with CS
except for Fe that was half. The ratios of Zn, Ni, and Cd were almost identical, while slightly
higher values were measured for Pb and Cu in US compared to CS (Table 6). However, the
maximum ratios were from 2 to 10 times higher in CS than US (Table 6) for all considered
elements, indicating an increased inclination of the plants to transfer elements in leaves when
growing on contaminated soils.

As all the H. spp, also H. italicum is a terpene-reach species, rarely appreciated as food by
wild or domestic herbivorous, reducing the possibilities of PHEs entering the food chain
(Rogosic et al.,, 2006). Moreover, metal accumulation in aerial parts is an evolutionary
adaptation that confers to plants also protection against herbivores or pathogens (Galeas et
al., 2008).

In presence of a tolerant plant (root/soil ratio > 1), the higher the leaf/root ratio (e.g., > 2), the
greater the capacity to transfer elements to aerial plant parts and the more adapt is the species
for phytoextraction strategy (Buscaroli et al., 2017; Yoon et al., 2006). The opposite indicates
the suitability of the species for phytostabilization (Rizzi et al., 2004; Yoon et al., 2006). Results
from this study indicated H. italicum as a tolerant species weakly able to concentrate Fe, Zn,
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Pb and Cu in the aerial parts and unable to transfer Cd and Ni to leaves. The leaf/root ratio
recalculated by Barbafieri et al. (2011) in H. italicum plants revealed almost identical values for
Zn and Cd and double values for Pb compared to the present study. Identical values for the
ratio were reported also by Bacchetta et al. (2018) in Campo Pisano mine site, but for H.
tyrrhenicum and for the entire epigeal organs. Half values of the ratios for Cd, Cu, Pb and Zn
and about one tenth for Fe were obtained by Bini et al. (2017) in a Tuscany mine district, while
Brunetti et al. (2018) reported lower ratios for all elements (Cu, Ni, Pb and Zn). In the recent
pot trials by Banda et al. (2021) leaves/root ratios of Cu and Pb were weakly above 1 in
Helichrysum splendidum Less.

Only for comparison purposes, Boechat et al. (2016) reported leaf/root ratios for several
Brazilian species well above 2. In particular, Baccharis trimera (Less) DC (5.48), Cyperus
eragrostis Lam (3.54), Eryngium horridum Malme (2.91) and Dicranopteris nervosa (Kaulf.)
(2.61) for Pb and Senecio brasiliensis (Spreng.) Less (2.93) for Cd.

Table 6. Minimum, median, maximum, and mean leaf/root total element concentration values of selected elements in H.
italicum. CSn=22and US n =6.

Area Statistics Cd Cu Fe Ni Pb Zn
CS Min. 0.22 0.41 0.17 0.39 0.12 0.80
Median 0.75 1.34 2.36 1.02 1.37 1.54

Max. 6.91 4.96 19.3 6.59 14.3 13.1

Mean 1.20 1.61 3.39 1.46 2.46 2.27

us Min. 0.40 0.73 0.38 0.30 0.71 1.04
Median 0.74 1.78 1.08 1.04 1.87 1.51

Max. 1.35 2.98 2.88 2.11 3.00 3.67

Mean 0.82 1.70 1.33 1.12 1.83 1.90

3.6 Literature comparison and final remarks

The interest for the species H. italicum (subspp. italicum or tyrrhenicum) as a possible
phytoremediation plant, especially in abandoned mine areas, goes long back in time. From
Leita et al. (1989) up to Bacchetta et al. (2018) and Brunetti et al. (2018) many authors have
studied the capacity of H. italicum, to uptake PHEs from contaminated soils. With the aim
ofsummarizing the available literature on these species and outline their phytoremediation
capacities, a literature research browsing the keyword “Helichrysum italicum and remediation”
in the Web of Science (last time checked 08/02/2022) was performed. Only 3 publications
appeared Bini et al. (2017), Brunetti et al. (2018) and Boi et al. (2020). The work of Boi et al.
(2020) was dedicated to the seed germination and for this reason excluded. This literature
research demonstrated that the publications already cited in this study represent the most

updated articles dealing with the application of H. italicum for phytoremediation purpose. All
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the available articles considering H. italicum for phytoremediation (N=6) (180 total citations and
maximum number 75 for Barbafieri et al., 2011) have been reviewed and their main
characteristics summarized in Table 7. Particular attention has been paid to the analytical
methods applied on soil samples. The DTPA extraction method for the determination of the
bioavailable soil fraction has been executed only by Bacchetta et al. (2018) and Brunetti et al.
(2018). This last was a greenhouse study conducted on contaminated agricultural soil in Apulia
Region and not on mine tailings as all the other considered studies (Table 7). The remaining
studies adopted more aggressive soil extraction techniques and, although presented, they

cannot be considered in the discussion.
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Table 7. Locations of the studies, quantity of analysed samples, adopted methodologies for soil and plant analysis, considered

elements and Helicrysum Spp. from the literature review for the H. italicum Spp.. “n.a.” means not available information.

Literature | N° of Methodology for N° of | Methodology for Considered | Studied Location in
CSs PHEs determination plant | PHEs elements Helicrys Italy
sampl | in contaminated soils determination in um
es plants subspp.
Current 22 | DTPA extraction, 22 | 0.25 g plant +2 ml Cd, Cu, Fe, H. Montevecchio
study Lindsay and Norvell H202 + 6 ml HNO3 Ni, Pb, Zn italicum mine district
(1978) (Sardinia)
Barbafieri 3 | SEPW with H20, KNO3, 9 | HNO3/HCIO4in 2.5/1 | Cd, Pb, Zn H. Ingurtosu
etal., EDTA ratio Italicum mine district
2011 (Sardinia)
Bacchetta 5 | DTPA extraction, 5 | 0.5gplant + 9 ml Cd, Pb, Zn H. Campo
etal., Lindsay and Norvell HNOs + 0.5 ml HF tyrrhenicu | Pisano mine
2018 (1978) m district
(Sardinia)
Brunetti et 10 | DTPA extraction, 10 | HNO3:H202:HCI Cd, Co, Cr, H. Agricultural
al., 2018 Lindsay and Norvell mixture (5:1:1 v/v) Cu, Ni, Pb, italicum area Alta
(1978) Zn Murgia
(Apulia)
Bini et al., n.a. | 0.2 g of soil + 5 ml of n.a. | 0.5 g of plants + 5 Cd, Co, Cr, H. Noccioleta
2017 aqua regia (37% ml 65% HNOs + 3 ml | Cu, Fe, Mn, | italicum mine district
HCI+65% HNOs3, 1:3) 30% H202in open Ni, Pb, Zn (Tuscany)
+1 ml of 48% HF + 1 ml vessels on the hot
of cold supersaturated plat
H3BO3z
Cao et al., n.a. | SEPW with H20, KNOs, n.a. | Aqua Regia Pb, Zn H. Montevecchio
2004 EDTA italicum mine district
(Sardinia)
Leita et 3 | 10 g soil + 50 ml of 3 | 1 g plants digested Cd, Cu, Pb, H. Wide Iglesias
al., 1989 0.05 M EDTA. in concentrated Zn italicum mine district
HNOs - HCI 3:1 at (Sardinia)
150 °C

‘ (1): Sequential Extraction Procedure

Concerning concentrations in plants, the literature review showed that only Zn and Pb were
considered in all 7 studies (including this), Cd was measured in 5, while Cu, Ni and Fe in 4, 3
and 2 studies, respectively (Fig. 3). Only this study, Barbafieri et al. (2011) and Brunetti et al.
(2018) measured PHEs in stems and leaves separately. All the other studies were limited to
roots and leaves and Leita et al. (1989) considered only leaves.

Mean element concentrations identified Zn, Pb and Fe as most abundant in H. italicum plant
with concentrations around 103 mg/kg, 5*10%2 mg/kg and 103 mg/kg, respectively (Fig. 3).
Instead, Cu, Cd and Ni, were poorly absorbed by the plant and their concentrations ranged
around 10 mg/kg for Cu and below 10 mg/kg for Cd and Ni. The stems were the most
impoverished parts for all considered elements. Based on the thresholds provided by Van der
Ent et al. (2013), H. Italicum cannot be considered an hyperaccumulator species.
Considering only studies from Sardinia region that shared the same soil element abundance
ranking Zn > Pb > Cd, both H. italicum or H. tyrrhenicum (our study, Bacchetta et al., 2018;
Barbafieri et al., 2011; Cao et al., 2004; Leita et al., 1989) showed similar abundances for Cd,
Pb and Zn, with H. tyrrhenicum reporting higher concentrations. The experiment of Brunetti et
al. (2018) was conducted on compost-contaminated clay-loam soils at basic pH with the
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following contaminant soil ranking: Zn > Cu > Pb > Ni > Cd, while Bini et al. (2017), in Tuscany,
had different geological settings and the contaminant rank in soil was Fe > Mn > Pb > Zn > Cu
> Ni > Cd. These different experimental conditions justified the evident differences in terms of
element abundances in plant parts of Cd, Zn and Pb, as well as the alignment of Fe and Cu

(Fig. 3).
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M Leita et al., 1989 Cao et al., 2004 Bini et al., 2017 MW Brunetti et al., 2018
Bacchetta et al., 2018 M Barbafieri et al., 2011 ® This study
Figure 3. Mean concentration of the analysed PHEs in H. Spp. plant parts (r= roots; s = steams; | = leaves) from this study

and from the works presented in Table 7.

As stated above, the root/soil ratio can be compared only against works that adopted the same
DTPA extraction on soil samples, even if ratios from Cao et al. (2004) and Barbafieri et al.
(2011) are also reported (empty bars) in Figure 4A. The uptake capacity was evident for H.
italicum because all values were > 1 as reported here and also by Brunetti et al. (2018) and
Bacchetta et al. (2018). The ratio values rarely exceed 10 (except for Fe, but it has a biological
function) and when it happens, it is for H. tyrrhenicum subspp. for Pb and Zn (Bacchetta et al.,
2018) or for Cd at low bioavailability in soils by Brunetti et al. (2018).
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Helicrysum italicum can be defined as a tolerant species for Cd, Cu, Fe, Ni, Pb and Zn, but it
is not suitable for phytoextraction since it shows little capacity to accumulate elements in
leaves. Indeed, Cd was equally distributed in the plant and leaf/root ratio was 1 both in the
present study and Barbafieri et al. (2011) and Bacchetta et al. (2018), while it was 0.6 in
Tuscany mine of Bini et al. (2017) (Fig. 4B). Although the studies conducted in the Sardinia
region showed an accumulation of Zn and Pb in leaves with mean leaf/root ratios around 2,
and even higher in Barbafieri et al. (2011) (Fig. 4B), the high variability of the leaf/root ratios in
this study does not allow a clear and univocal indication on translocation capacity of H. italicum
(Table 6).

In this study, Fe resulted the most absorbed element (Fig. 4A) and contemporarily also the
most translocated from roots to leaves (2.36 leaf/root median ratio in Table 6) because of its
biological function in photosynthetic process. Despite this, the Fe leaf/root ratio by Bini et al.
(2017) was widely < 1 indicating a root accumulation (Fig. 4B). Bioavailable Fe in CS and US
were aligned (Table 1) and the higher absorption and translocation in CS was probably related
to the lower pH and lime content in respect to US, as reported by Buscaroli et al. (2017). In the
mine site investigated by Bini et al. (2017), total Fe was the most abundant element and plants
preferred to store it in roots. Similar behaviour has been reported in rice species that are able
to oxidise Fe at the root surface, leading to the formation of iron plaques (Green and
Etherington, 1977) or accumulating Fe as ferric hydroxides (goethite and lepidocrocite) in roots
(Bacha and Hossner, 1977). In both cases Fe precipitation in roots could later influence the

uptake of other elements (Armstrong and Armstrong, 1988).
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Figure 4. Mean root/bioavailable soil element concentration ratio (A) and mean leaf/root element concentration ratio (B) in H.
Spp., calculated from this study and from the other papers presented in Table 7.

Plants suitable for phytoextraction should possess multiple abilities: first of all absorb (root/soil)
and translocate (leaf/root) to aerial parts heavy metals then rusticity, fast growth, high biomass
yield and easy harvesting (Jabeen et al., 2009).

Based on the literature review, the content of all investigated elements, in plant tissues makes
H. italicum a tolerant species (especially in respect of Pb and Zn), but it does not reach the
concentrations to be defined an hyperaccumulator plant (Baker et al., 2000): 100 mg/kg of Cd
(of the leaf dry weight), 1000 mg/kg for Ni, Cu and Pb and 10000 mg/kg for Zn. The root/soil
bioavailable ratio > 1 for all elements suggests the use of H. italicum for phytostabilization in
mine areas as a pioneering strategy. Although the median leaf/root ratio was > 1 for Zn and Pb
in plants grown in Sardinia mine districts, contrasting mean ratios were achieved for H. italicum
in different contaminated sites not allowing a clear evidence of its phytoextraction ability.
Moreover, Boi et al. (2020) argued that few kilograms per hectare (6 - 11 kg/ha) can be
recovered by H. tyrrhenicum (the most performant subspp. as shown in Fig. 3 and 4) and given
the actual price of Zn, it does not allow economic sustainability.

Since H. italicum i) is a spontaneous and perennial species, tolerant to PHES; ii) guarantees
the canopy cover all throughout the year, preventing wind dispersion and water erosion; iii)
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influences the soil retention capacity and can itself rehabilitate the vegetation cover,
reactivating pedological processes; iv) can be propagated sowing directly seeds on
contaminated soils allowing cheaper propagation; v) permits the stabilization of mine tailing
also from land management point of view, it can be indicated for phytostabilization in
abandoned mine districts, reducing the impact of PHEs on the mine sites and surrounding
environments (Barbafieri et al., 2011; Bacchetta et al., 2018; Boi et al., 2019; 2020).

4. Conclusions

This study aimed at evaluating phytoremediation properties of H. italicum for PHEs (Cd, Cu,
Fe, Ni, Pb and Zn) by the determination of elements concentration on the roots, stems and
leaves, and by the related root/soil and leaf/root ratios on plants collected from mine tailing
deposits in contaminated sites (CS, Montevecchio mine, Sardinia) and in uncontaminated sites
(US). Moreover, a literature review on the phytoremediation properties of Helicrysum Spp. has
been executed in order to elucidate its phytoremediation potentiality.

The Cd, Pb and Zn resulted to be the most bioavailable PHEs in soils collected from
Montevecchio mine district compared to US, also exceeding the thresholds of the Italian
environmental legislation.

Element concentrations in plants from CS were higher than those from US. Leaf element
concentrations were higher compared to stems and roots, although statistically significant only
for Cu, Fe and Zn in CS. Interaction mechanisms (synergistic effects) between Cd and Zn, Fe
and Ni, and Cu and Zn in H. Italicum plants grown on CS were detected.

The medians for root/soil ratio were > 1 for Cu, Fe, Ni and Pb in both CS and US, meaning that
H. italicum was able to accumulate bioavailable elements in roots. Cadmium and Zn in CS had
root/soil ratio close to one (1.39 and 1.21, respectively), suggesting their limited uptake when
soil bioavailable concentrations are elevated. Based on the root/soil ratios H. italicum is
considered a metal tolerant species.

The medians leaf/root ratio in CS were 2.36, 1.54, 1.37 and 1.34 for Fe, Zn, Pb and Cu,
respectively, while ratios were < 1 for Cd (0.75) and Ni (1). Similar ratios were also calculated
for US proving that H. italicum has a weak phytoextraction capacity.

The literature review on the phytoremediation potentiality of H. Italicum confirmed the analytical
findings of this study. Indeed, Zn, Pb and Fe were the most abundant elements in H. Italicum
plants grown on contaminated soils with concentrations around 10® mg/kg, 5*10%> mg/kg and
102 mg/kg, respectively. The Cu, Cd and Ni, were poorly absorbed by plants and their
concentrations ranged around 10 mg/kg of Cu and below 10 mg/kg of Cd and Ni. In light of
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this, H. ltalicum cannot be considered a hyperaccumulator species. Overall, the root/soil
bioavailable ratio > 1 for all elements suggested the use of H. italicum for phytostabilization in
mine areas as a pioneering strategy of remediation.

Given that, H. italicum is a spontaneous and perennial species, which guarantees the canopy
cover all throughout the year, rehabilitates the vegetation cover and it can be propagated by
directly sowing seeds on contaminated soil, it can be recommended for phytostabilization of
abandoned mine districts and for stabilization of mine tailing from land management point of

view.

Acknowledgements

Thanks to the Interdisciplinary Lab-based Course within the Master Program in Environmental
Assessment and Management at University of Bologna — Ravenna Campus for the support
during the sampling campaign. A particular thanks also to Sardinian local authorities allowing
sampling in mining areas and to anonymous reviewers that helped in improving the general
quality of the manuscript.

Funding sources
This research did not receive any specific grant from funding agencies in public, commercial,

or not-for-profit sectors.

299



755
756
757
758

759
760
761

762
763

764
765

766
767
768

769
770
771
772

773
774
775

776
777
778
779

780
781
782

783
784
785

786
787
788
789

790
791

References

Abreu, M.M., Tavares, M.T., Batista, M.J., 2008. Potential use of Erica andevalensis and Erica australis in
phytoremediation of sulphide mine environments: Sdo Domingos, Portugal. Journal of Geochemical
Exploration 96, 210-222. Doi: 10.1016/j.gexplo.2007.04.007.

An, Y. J., Kim, Y. M., Kwon, T. |., & Jeong, S. W., 2004. Combined effect of copper, cadmium, and lead upon
Cucumis sativus growth and bioaccumulation. Science of the Total Environment, 326(1-3), 85-93. Doi:
10.1016/j.scitotenv.2004.01.002.

Arbogast, B.F., Knepper, D.H., Langer, W.H., 2000. The human factor in mining reclamation (Vol. 1191). US
Department of the Interior, US Geological Survey.

Armstrong, J., Armstrong, W., 1988. Phragmites australis—A preliminary study of soil-oxidizing sites and internal
gas transport pathways. New phytologist 108(4), 373-382. Doi: 10.1111/j.1469-8137.1988.tb04177 .X.

Ashraf, U., Mahmood, M.H.U.R., Hussain, S., Abbas, F., Anjum, S.A., Tang, X., 2020. Lead (Pb) distribution and
accumulation in different plant parts and its associations with grain Pb contents in fragrant rice. Chemosphere
248, 126003. Doi: 10.1016/j.chemosphere.2020.126003.

Bacchetta, G., Boi, M.E., Cappai, G., De Giudici, G., Piredda, M., Porceddu, M., 2018. Element tolerance
capability of Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso: A candidate
for phytostabilization in abandoned mine sites. Bulletin of environmental contamination and toxicology
101(6), 758-765. Doi: 10.1007/s00128-018-2463-9.

Bacha, R.E., Hossner, L.R., 1977. Characteristics of coatings formed on rice roots as affected by iron and
manganese additions. Soil Science Society of America Journal 41(5), 931-935. Doi:
10.2136/sssaj1977.03615995004100050025X.

Baker, A.J.M., McGrath, S.P., Reeves, R.D., & Smith, J. A. C. 2000. Metal hyperaccumulator plants: A review of
the ecology and physiology of a biological resource for phytoremediation of metal-polluted soils. p. 85— 107.
In N. Terry and and G. Bafiuelos (ed.) Phytoremediation of contaminated soil and water. Lewis Publishers,
Boca Raton, FL.

Banda, M. F., Mokgalaka, N. S., Combrinck, S., & Regnier, T. 2021. Five-weeks pot trial evaluation of
phytoremediation potential of Helichrysum splendidum Less. for copper- and lead-contaminated soils. Int. J.
Environ. Sci. Technol. Doi: 10.1007/s13762-021-03243-z

Barbafieri, M., Dadea, C., Tassi, E., Bretzel, F., Fanfani, L., 2011. Uptake of heavy elements by native species
growing in a mining area in Sardinia, Italy: discovering native flora for Phytoremediation. International Journal
of Phytoremediation 13, 985-997. Doi: 10.1080/15226514.2010.549858.

Bianchini, A., Santoni, F., Paolini, J., Bernardini, A.F., Mouillot, D., Costa, J., 2009. Partitioning the relative
contributions of inorganic plant composition and soil characteristics to the quality of Helichrysum italicum
subsp. italicum (Roth) G. Don fil. essential oil. Chemistry & biodiversity 6(7), 1014-1033. Doi:
10.1002/cbdv.200800328.

Bini, C., Wahsha, M., 2014. Potentially harmful elements and human health. In PHEs, Environment and Human
Health (pp. 401-463). Springer, Dordrecht.

309



792
793
794

795
796
797
798

799
800
801

802
803
804
805
806

807
808
809

810
811
812

813
814

815
816
817

818
819
820

821
822

823
824
825

826
827

828
829

Bini, C., Maleci, L., Tani, C., Wahsha, M., 2017. Preliminary Observations On The Element Tolerance And
Resilience Capacity Of Helichrysum Italicum (Roth) G. Don Growing On Mine Soils. EQA - International
Journal of Environmental Quality 21(1), 41-50. Doi: 10.6092/issn.2281-4485/6599.

Boechat, C. L., Pistéia, V. C., Gianelo, C., & de Oliveira Camargo, F. A. 2016. Accumulation and translocation of
heavy metal by spontaneous plants growing on multi-metal-contaminated site in the Southeast of Rio Grande
do Sul state, Brazil. Environmental Science and Pollution Research, 23(3), 2371-2380. Doi: 10.1007/s11356-
015-5342-5.

Boi, M.E., Porceddu, M., Cappai, G., De Giudici, G., Bacchetta, G., 2019. Effects of zinc and lead on seed
germination of Helichrysum microphyllum subsp. tyrrhenicum, an element-tolerant plant. International
Journal of Environmental Science and Technology 1-12. Doi: 10.1007/s13762-019-02589-9.

Boi, M.E., Medas, D., Aquilanti, G., Bacchetta, G., Birarda, G., Cappai, G., Carlomagno, |., Casu, M.A,,
Gianoncelli, A., Meneghini, C., Piredda, M., Podda, F., Porceddu, M., Rimondi, V., Vaccari, L., De Giudici,
G., 2020. Mineralogy and Zn Chemical Speciation in a Soil-Plant System from an Element-Extreme
Environment: A Study on Helichrysum microphyllum subsp. tyrrhenicum (Campo Pisano Mine, SW Sardinia,
Italy). Minerals, 10(3), 259. Doi: 10.3390/min10030259.

Bolan, N.S., Park, J.H., Robinson, B., Naidu, R., Huh, K.Y., 2011. Phytostabilization: a green approach to
contaminant containment. Advances in agronomy 112, 145-204. Doi: 10.1016/B978-0-12-385538-1.00004-
4.

Boni, M., Costabile, S., De Vivo, B., Gasparrini, M., 1999. Potential environmental hazard in the mining district of
southern Iglesiente (SW Sardinia, Italy). Journal of geochemical exploration 67(1-3), 417-430. Doi.
10.1016/S0375-6742(99)00078-3.

Brady, N.C., Weil, R.R., 2010. Element of the nature and properties of soil 3" Edition. Prentice Hall, New Jersey,
US. https://fratstock.eu/sample/Solutions-Manual-Nature-Properties-of-Soils-14th-Edition-Brady. pdf.

Brunetti, G., Ruta, C., Traversa, A., D'Ambruoso, G., Tarraf, W., De Mastro, F., De Mastro, G., Cocozza, C., 2018.
Remediation of a heavy elements contaminated soil using mycorrhized and non-mycorrhized Helichrysum
italicum (Roth) Don. Land degradation & development 29(1), 91-104. Doi: 10.1002/Idr.2842.

Bullitta S., Piluzza G., Usai M., 2010 Determinazione di metalli pesanti accumulati in Helichrysum italicum (Roth)
G. Don subsp. microphyllum (Willd.) Nyman vegetante su aree minerarie dismesse. Fitomed 2010, 116,
Cagliari.

Buscaroli, A., 2017. An overview of indexes to evaluate terrestrial plants for phytoremediation purposes.
Ecological Indicators 82, 367-380. Doi: 10.1016/j.ecolind.2017.07.003.

Buscaroli, A., Zannoni, D., Menichetti, M., Dinelli, E., 2017. Assessment of element accumulation capacity of
Dittrichia viscosa (L.) Greuter in two different Italian mine areas for contaminated soils remediation. Journal
of Geochemical Exploration 182, 123-131. Doi: 10.1016/j.gexplo.2016.10.001.

Cao, A., Cappai, G., Carucci, A., Muntoni, A., 2004. Selection of Plants for Zinc and Lead Phytoremediation.
Journal of Environmental Science and Health 39(4), 1011-1024. Doi: 10.1081/ESE-120028410.

Caboi, R., Cidu, R., Cristini, A., Fanfani, L., Massoli-Novelli, R., Zuddas, P., 1993. The abandoned Pb-Zn mine of
Ingurtosu, Sardinia (Italy). Engineering Geology 34, 211-218. Doi: 10.1016/0013-7952(93)90090-Y.

319



830
831
832

833
834
835

836
837
838

839
840
841

842
843
844

845
846
847
848

849
850
851

852
853

854
855
856
857

858
859
860

861
862
863

864
865
866
867

Camizuli, E., Monna, F., Scheifler, R., Amiotte-Suchet, P., Losno, R., Beis, P., Bohard, B., Chateau, C., Alibert,
P., 2018. Trace elements from historical mining sites and past metallurgical activity remain bioavailable to
wildlife today. Scientific reports 8(1), 1-11. Doi: 10.1038/s41598-018-20983-0

Carbone, C., Dinelli, E., Marescotti, P., Gasparotto, G., Lucchetti, G., 2013. The role of AMD secondary minerals
in controlling environmental pollution: Indications from bulk leaching test. Journal of Geochemical Exploration
132 (2), 188-200. Doi: 10.1016/j.gexplo.2013.07.001.

Choudhary, M., Bailey, L.D., Grant, C.A., Leisle, D., 1995. Effect of Zn on the concentration of Cd and Zn in plant
tissue of two durum wheat lines. Canadian Journal of Plant Science 75(2), 445-448. Doi: 10.4141/cjps95-
074.

Concas, A., Ardau, C., Cristini, A., Zuddas, P., Cao, G., 2006. Mobility of heavy elements from tailings to stream
waters ina mining activity contaminated site. Chemosphere 63 (2), 244-253.
Do0i:10.1016/j.chemosphere.2005.08.024.

Conesa, H.M., Faz, A., Arnaldos, R., 2006. Heavy element accumulation and tolerance in plants from mine tailings
of the semiarid Cartagena—La Union mining district (SE Spain). Science of the total environment 366(1), 1-
11. Doi: 10.1016/j.scitotenv.2005.12.008.

Conesa, H.M., Maria-Cervantes, A., Alvarez-Rogel, J., Gonzalez-Alcaraz, M.N., 2011. Influence of soil properties
on trace element availability and plant accumulation in a Mediterranean salt marsh polluted by mining wastes:
Implications for phytomanagement. Science of the Total Environment 409, 4470-4479. Doi:
10.1016/j.scitotenv.2011.07.049.

Cuccuru, S., Naitza, S., Secchi, F., Puccini, A., Casini, L., Pavanetto, P., Linnemann, U., Hofmann, M., Oggiano,
G., 2016. Structural and metallogenic map of late Variscan Arbus Pluton (SW Sardinia, Italy). Journal of
Maps 12 (5), 860-865. Doi: 10.1080/17445647.2015.1091750.

Day, P.R., 1965. Particle fractionation and particle-size analysis, in Black, C.A. (Eds.), Methods of soil analysis,
Part I. American Society of Agronomy Inc., Madison, pp. 545-567.

De Agostini, A., Caltagirone, C., Caredda, A., Cicatelli, A., Cogoni, A., Farci, D., Guarino, F., Garau, A., Labra,
M., Lussu, M., Piano, D., Sanna, C., Tommasi, N., Vacca, A., Cortis, P., 2020. Heavy metal tolerance of
orchid populations growing on abandoned mine tailings: A case study in Sardinia Island (Italy). Ecotoxicology
and Environmental Safety 189, 110018. Doi: 10.1016/j.ecoenv.2019.110018.

Dinelli, E., Lucchini, F., Fabbri, M., Cortecci, G., 2001. Element distribution and environmental problems related
to sulfide oxidation in the Libiola copper mine area (Ligurian Appennines, Italy). Journal of Geochemical
Exploration 74, 141-152. Doi: 10.1016/S0375-6742(01)00180-7.

Dinu, C., Vasile, G.G., Buleandra, M., Popa, D. E., Gheorghe, S., Ungureanu, E.M., 2020. Translocation and
accumulation of heavy metals in Ocimum basilicum L. plants grown in a mining-contaminated soil. Journal
of Soils and Sediments 20(4), 2141-2154. Doi: 10.1007/s11368-019-02550-w.

Dore, E., Fancello, D., Rigonat, N., Medas, D., Cidu, R., Da Pelo, S., Frau, F., Lattanzi, P., Marras, P.A.,
Meneghini, C., Podda, F., Rimondi, V., Runkel, R.L., Kimball, B., Wanty, R.B., De Giudici, G., 2020. Natural
attenuation can lead to environmental resilience in mine environment. Applied Geochemistry 104597. Doi:
10.1016/j.apgeochem.2020.104597.

329



868
869
870

871

872
873
874
875

876
877
878

879
880

881
882
883
884

885
886
887

888
889
890
891

892
893

894
895
896
897

898
899

900
901
902

903
904
905

Esringd, A., Turan, M., Gines, A., Karaman, M.R., 2014. Roles of Bacillus megaterium in remediation of boron,
lead, and cadmium from contaminated soil. Communications in soil science and plant analysis 45(13), 1741-
1759. Doi: 10.1080/00103624.2013.875194.

Eurostat, 2017. Land cover statistics. Accessed September 2020.

Fernandez, S., Poschenrieder, C., Marceno, C., Gallego, J. R., Jiménez-Gamez, D., Bueno, A., Afif, E., 2017.
Phytoremediation capability of native plant species living on Pb-Zn and Hg-As mining wastes in the
Cantabrian range, north of Spain. Journal of Geochemical Exploration 174, 10-20. Doi:
10.1016/j.gexplo.2016.05.015.

Fitamo, D., Leta, S., 2010. Assessment of plants growing on gold mine wastes for their potential to remove heavy
metals from contaminated soils. International journal of environmental studies 67(5), 705-724. Doi:
10.1080/00207233.2010.513587.

Franzini, M., Leoni, L., Saitta, M., 1972. A simple method to evaluate the matrix effects in X-Ray fluorescence
analysis. X-Ray Spectrometry 1, 151-154.

Galbany-Casals, M., Blanco-Moreno, J.M., Garcia-Jacas, N., Breitwieser, |., Smissen, R.D., 2011. Genetic
variation in Mediterranean Helichrysum italicum (Asteraceae; Gnaphalieae): do disjunct populations of
subsp. microphyllum have a common origin?. Plant Biology 13(4), 678-687. Doi: 10.1111/j.1438-
8677.2010.00411 .x.

Galeas, M. L., Klamper, E. M., Bennett, L. E., Freeman, J. L., Kondratieff, B. C., Quinn, C. F., & Pilon-Smits, E.
A., 2008. Selenium hyperaccumulation reduces plant arthropod loads in the field. New Phytologist, 177(3),
715-724. Doi: 10.1111/j.1469-8137.2007.02285.x.

Garcia, G., Conesa, H.M., Faz, A., 2002. Phytoremediation of zinc polluted soils by Mediterranean plant species:
Usefulness of bioaccumulation and tolerance capabilities. In M. Mench and B. Mocquot (Eds.), COST Action
837. 4th WG2 Workshop, Bordeaux’2002 — Risk assessment and sustainable land management using plants
in trace metal-contaminated soils, Villenave d’Ornon, France (p. 140).

Garcia, G., Zanuzzi, A.L., Faz, A., 2005. Evaluation of heavy metal availability prior to an in situ soil
phytoremediation program. Biodegradation 16(2), 187-194.

Gongalves, A.C., Schwantes, D., Braga de Sousa, R.F., Benetoli da Silva, T.R., Guimarées, V.F., Campagnolo,
M.A., Soares de Vasconcelos, E., Zimmermann, J., 2020. Phytoremediation capacity, growth and
physiological responses of Crambe abyssinica Hochst on soil contaminated with Cd and Pb. Journal of
Environmental Management 262, 110342. Doi: 10.1016/j.jenvman.2020.110342.

Green, M.S., Etherington, J.R., 1977. Oxidation of ferrous iron by rice (Oryza sativa L.) roots: a mechanism for
waterlogging tolerance?. Journal of Experimental Botany 28(3), 678-690. Doi: 10.1093/jxb/28.3.678.

Hart, J.J., Welch, R.M., Norvell, W.A., Kochian, L.V., 2002. Transport interactions between cadmium and zinc in
roots of bread and durum wheat seedlings. Physiologia Plantarum 116(1), 73-78. Doi: 10.1034/j.1399-
3054.2002.1160109.x.

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating organic and carbonate
content in sediments: reproducibility and comparability of results. Journal of Paleolimnology 25, 101-110.
Doi: 10.1023/A:1008119611481.

339



906
907
908

909

910
911

912
913
914
915

916
917

918
919
920
921

922
923
924

925
926

927

928
929

930
931
932

933
934
935
936
937

938
939
940

941
942

Hesami, R., Salimi, A., Ghaderian, S.M., 2018. Lead, zinc, and cadmium uptake, accumulation, and
phytoremediation by plants growing around Tang-e Douzan lead—zinc mine, Iran. Environmental Science
and Pollution Research 25(9), 8701-8714. Doi: 10.1007/s11356-017-1156-y.

ISO, 1995a. ISO 10693 - Soil quality - Determination of carbonate content - Volumetric method. First edition.

I1SO, 1995b. ISO 10694 - Soil quality — Determination of organic and total carbon after dry combustion (elementary
analysis). First edition.

ISO, 1998. ISO 11047 - Soil quality — Determination of cadmium, chromium, cobalt, copper, lead, manganese,
nickel and zinc in aqua regia extracts of soil — Flame and electrothermal atomic absorption spectrometric
methods. First edition.

ISO, 2001. ISO 14870 - Soil quality - Extraction of trace metals by buffered DTPA solution. First edition.

ISPRA, http://sqi2.isprambiente.it/arcgis/rest/services/servizi/cartageologica500k/MapServer. Accessed
15/04/2021.

Italian Government, 2001. DM 468/2001. Supplemento ordinario alla Gazzetta Ufficiale n. 13 del 16 gennaio 2002
- Serie generale. Ministero Dell'ambiente E Della Tutela Del Territorio. Decreto 18 settembre 2001, n. 468.
Regolamento recante: Programma nazionale di bonifica e ripristino ambientale.
https://www.gazzettaufficiale.it/eli/id/2002/01/16/001G0506/sg. Accessed 26/03/2021.

Italian Government, 2006. Decreto Legislativo 152/2006. Norme in Materia Ambientale - Testo Unico Ambientale.
Gazzetta Ufficiale Serie Generale n.88 del 14-04-2006 — Suppl. Ordinario n. 96. Parlamento della Repubblica
Italiana. https://www.gazzettaufficiale.it/dettaglio/codici/materiaAmbientale. Accessed 02/05/2021.

Jabeen, R., Ahmad, A., & Igbal, M., 2009. Phytoremediation of heavy metals: physiological and molecular
mechanisms. The Botanical Review, 75(4), 339-364. Doi: 10.1007/s12229-009-9036-x.

Kabata-Pendias, A., 2010. Trace elements in soils and plants. 4t edition, CRC Press, Taylor and Francis Group.

Khalid, B. Y., Tinsley, J., 1980. Some effects of nickel toxicity on rye grass. Plant and Soil, 55(1), 139-144. Doi:
10.1007/BF02149717.

Khaokaew, S., Landrot, G., 2014. A field-scale study of cadmium phytoremediation in a contaminated agricultural
soil at Mae Sot District, Tak Province, Thailand: (1) Determination of Cd-hyperaccumulating plants.
Chemosphere. Doi: 10.1016/j.chemosphere.2014.09.108.

Koosaletse-Mswela, P., Przybylowicz, W.J., Cloete, K.J., Barnabas, A.D., Nelson Torto, N., Jolanta Mesjasz-
Przybytowicz, J., 2015. Quantitative mapping of elemental distribution in leaves of the metallophytes
Helichrysum candolleanum, Blepharis aspera, and Blepharis diversispina from Selkirk Cu—Ni mine,
Botswana. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms 363, 188-193. Doi.org/10.1016/j.nimb.2015.09.005.

Kumpiene, J., Giagnoni, L., Marschner, B., Denys, S., Mench, M., Adriaensen, K., Vangronsveld, J.,
Puschenreiter, M., Renella, G., 2017. Assessment of methods for determining bioavailability of trace
elements in soils: a review. Pedosphere 27(3), 389-406. Doi: 10.1016/S1002-0160(17)60337-0.

Kutrowska, A., Matecka, A., Piechalak, A., Masiakowski, W., Han¢, A., Baratkiewicz, D., Andrzejewskac, B.,

Zbierska, J., Tomaszewska, B., 2017. Effects of binary metal combinations on zinc, copper, cadmium and

349


http://sgi2.isprambiente.it/arcgis/rest/services/servizi/cartageologica500k/MapServer
https://www.gazzettaufficiale.it/dettaglio/codici/materiaAmbientale.%20Accessed%2002/05/2021

943
944

945
946
947

948
949
950

951
952

953
954
955

956
957

958
959

960
961
962

963
964
965

966
967
968

969
970
971

972
973
974

975
976
977

978
979

lead uptake and distribution in Brassica juncea. Journal of Trace Elements in Medicine and Biology, 44, 32-
39. Doi: 10.1016/j.jtemb.2017.05.007.

Lancianese, V., Dinelli, E., 2015. Different spatial methods in regional geochemical mapping at high density
sampling: An application on stream sediment of Romagna Apennines, Northern Italy. Journal of Geochemical
Exploration 154, 143-155. Doi: 10.1016/j.gexplo.2014.12.014.

Leita, L., De Nobili, M., Pardini, G., Ferrari, F., Sequi, P., 1989. Anomalous contents of heavy metals in soils and
vegetation of a mine area in SW Sardinia, Italy. Water, Air, and Soil Pollution 48(3-4), 423-433. Doi:
10.1007/BF00283340.

Leoni, L., Saitta, M., 1976. X-ray fluorescence analysis of 29 trace elements in rock and mineral standard.
Rendiconti Societa Italiana di Mineralogia e Petrologia 32, 497-510.

Li, M.S., Luo, Y.P., Su, Z.Y., 2007. Heavy element concentrations in soils and plant accumulation in a restored
manganese mineland in Guangxi, South China. Environmental Pollution 147, 168-175. Doi:
10.1016/j.envpol.2006.08.006.

Lin, G C., Ho, S.P., 2003. China's land resources and land-use change: insights from the 1996 land survey. Land
use policy 20(2), 87-107. Doi: 10.1016/S0264-8377(03)00007-3

Lindsay, W.L., Norvell, W.A., 1978. Development of a DTPA Soil Test for Zinc, Iron, Manganese and Copper. Soil
Science Society American Journal 42, 421-428. Doi: 10.2136/sssaj1978.03615995004200030009x.

Lombini, A., Dinelli, E., Ferrari, C., Simoni, A., 1998. Plant-soil relationships in the serpentinite screes of Mt.
Prinzera (Northern Appennines, Italy). Journal of Geochemical Exploration 64, 19-33. Doi: 10.1016/S0375-
6742(98)00017-X.

Mahar, A., Wang, P., Ali, A., Awasthi, M.K., Lahori, A.H., Wang, Q., Li, R., Zhang, Z., 2016. Challenges and
opportunities in the phytoremediation of heavy metals contaminated soils: a review. Ecotoxicology and
environmental safety 126, 111-121. Doi: 10.1016/j.ecoenv.2015.12.023.

Marescotti, P., Carbone, C., De Capitani, L., Grieco, G., Lucchetti, G., Servida, D., 2008. Mineralogical and
geochemical characterization of open pit tailing and waste rock dumps from the Libiola Fe-Cu sulphide mine
(Eastern Liguria, Italy). Environmental Geology 53, 1613-1626. Doi: 10.1007/s00254-007-0769-8.

Martin, S.R., Llugany, M., Barcel6, J., Poschenrieder, C., 2012. Cadmium exclusion a key factor in differential Cd-
resistance in Thlaspi arvense ecotypes. Biologia Plantarum 56(4), 729-734. Doi: 10.1007/s10535-012-0056-
8.

Martinez-Sanchez, M.J., Garcia-Lorenzo, M.L., Pérez-Sirvent, C., Bech, J., 2012. Trace element accumulation in
plants from an aridic area affected by mining activities. Journal of Geochemical Exploration 123, 8-12. Doi:
10.1016/j.gexplo.2012.01.007.

Melito, S., Petretto, G. L., Podani, J., Foddai, M., Maldini, M., Chessa, M., Pintore, G., 2016. Altitude and climate
influence Helichrysum italicum subsp. microphyllum essential oils composition. Industrial Crops and Products
80, 242-250. Doi: 10.1016/j.indcrop.2015.11.014.

Mendez, M.O., Maier, R.M., 2008. Phytoremediation of mine tailings in temperate and arid environments. Review
Environment Science Biotechnology 7, 47-59. Doi: 10.1007/s11157-007-9125-4.

359



980
981
982

983
984
985

986
987
988
989

990
991
992

993
994
995

996
997

998
999
1000

1001
1002
1003
1004

1005
1006

1007
1008

1009
1010

1011
1012
1013

1014
1015
1016

Meuser, H., 2013. Soil Remediation and Rehabilitation: Treatment of Contaminated and Disturbed Land.
Environmental Pollution, vol. 23, Springer Science + Business Media, Dordrecht, The Netherlands. Doi:
10.1007/978-94-007-5751-6_1

Mills, M.P., 2020. Mines, minerals, and “green” energy: a reality check. Manhattan Institute Report. Energy &
Environment Regulations. https://www.manhattan-institute.org/mines-minerals-and-green-energy-reality-
check Accessed 10 September 2020.

Moroni, M., Naitza, S., Ruggieri, G., Aquino, A., Costagliola, P., De Giudici, G., Caruso, S., Ferrari, E., Fiorentini,
M.L., Lattanzi, P., 2019. The Pb-Zn-Ag vein system at Montevecchio-Ingurtosu, southwestern Sardinia, Italy:
A summary of previous knowledge and new mineralogical, fluid inclusion, and isotopic data. Ore Geology
Reviews 115, 103194. Doi: 10.1016/j.oregeorev.2019.103194.

Nadimi-Goki, M., Wahsha, M., Bini, C., Yorichio, K., Vianello, G., Vittori Antisari, L., 2014. Assessment of total soil
and plant elements in rice-based production systems in NE Italy. Journal of Geochemical Exploration 147,
200-214. Doi: 10.1016/j.gexplo.2014.07.008.

Nkoane, B.B.M, Sawula, G.M., Wibetoe, G., Lund, W., 2005. Identification of Cu and Ni indicator plants from
mineralised locations in Botswana. Journal of Geochemical Exploration 86, 130-142. Doi:
10.1016/j.gexplo.2005.03.003.

Nkoane, B.B.M., Wibetoe, G., Lund, W., Abegaz, B.M., Torto, N., 2007. Examination of Blepharis aspera as a
possible Cu—Ni indicator plant. South African Journal of Sciences 103, 363-364

Nin&evié, T., Grdisa, M., Satovié, Z., Jug-Dujakovié, M., 2019. Helichrysum italicum (Roth) G. Don: Taxonomy,
biological activity, biochemical and genetic diversity. Industrial crops and products 138, 111487. Doi:
10.1016/j.indcrop.2019.111487.

Oliver, D.P., Hannam, R., Tiller, K.G., Wilhelm, N.S., Merry, R.H., Cozens, G.D., 1994. The effects of zinc
fertilization on cadmium concentration in wheat grain (Vol. 23, No. 4, pp. 705-711). American Society of
Agronomy, Crop Science Society of America and Soil Science Society of America. Doi:
10.2134/jeq1994.00472425002300040013x.

Pandey, V.C., Pandey, D.N., Singh, N., 2015. Sustainable phytoremediation based on naturally colonizing and
economically valuable plants. Journal of cleaner Production 86, 37-39. Doi: 10.1016/j.jclepro.2014.08.030.

Pandey, V.C., Bajpai,O., Singh, N., 2016. Energy crops in sustainable phytoremediation. Renewable and
Sustainable Energy Reviews 54, 58-73. Doi: 10.1016/j.rser.2015.09.078.

Pandey, V.C., Bajpai, O., 2019. Phytoremediation: from theory toward practice. In Phytomanagement of Polluted
Sites (pp. 1-49). Elsevier. Doi: 10.1016/B978-0-12-813912-7.00001-6.

Perez, J., 2012. The soil remediation industry in Europe: the recent past and future perspectives. Ernst & Young
Research Report. https://ec.europa.eu/environment/archives/soil/pdf/may2012/08%20-
%20Julien%20Perez%20-%20final.pdf. Accessed 26/03/2021.

Poschenrieder, C., Llugany, M., Lombini, A., Dinelli, E., Bech, J., Barcelg, J., 2012. Smilax aspera L. an evergreen
Mediterranean climber for phytoremediation. Journal of Geochemical Exploration 123, 41-44. Doi:
10.1016/j.gexplo.2012.07.012.

369



1017
1018
1019

1020
1021
1022

1023
1024
1025

1026
1027
1028

1029
1030
1031

1032
1033
1034

1035
1036
1037

1038
1039
1040

1041
1042

1043
1044
1045

1046
1047
1048

1049
1050

1051
1052

Pourrut, B., Shahid, M., Dumat, C., Winterton, P., & Pinelli, E., 2011. Lead uptake, toxicity, and detoxification in
plants. Reviews of environmental contamination and toxicology volume 213, 113-136. Doi: 10.1007/978-1-
4419-9860-6_4.

Rimondi, V., Costagliola, P., Lattanzi, P., Catelani, T., Fornasaro, S., Medas, D., Morelli, G. & Paolieri, M., 2021.
Bioaccessible arsenic in soil of thermal areas of Viterbo, Central Italy: implications for human health risk.
Environmental Geochemistry and Health, 1-21. Doi: 10.1007/s10653-021-00914-1.

Reimann, C., Birke, M., Demetriades, A., Filzmoser, P., O’'Connor, P. (Editors), 2014. Chemistry of Europe’s
agricultural soils-Part B: General background information and further analysis of the GEMAS data set.
Geologisches Jahrbuch (Reihe B 103), Schweizerbarth, Hannover, 352 pp.

Remon, E., Bouchardon, J.L., Faure, O., 2007. Multi-tolerance to heavy metals in Plantago Arenaria Waldst. &
Kit.: Adaptative versus constitutive characters. Chemosphere 69, 41-47. Doi:
10.1016/j.chemosphere.2007.04.067.

RER, 2016. Carta del fondo naturale dei metalli pesanti della pianura emiliano-romagnola.
http://mappegis.regione.emilia-romagna.it/gstatico/documenti/dati_pedol/CARTA_PEDOGEOCHIMICA.pdf.
Accessed 27 October 2020.

Rizzi, L., Petruzzelli, G., Poggio, G., Guidi, G.V., 2004. Soil physical changes and plant availability of Zn and Pb
in a treatabilty test of phytostabilization.  Chemosphere  57(9), 1039-1046. Doi:
10.1016/j.chemosphere.2004.08.048.

Robinson, B.H., Leblanc, M., Petit, D., Brooks, R.R., Kirkman, J.H., Gregg, P.E.H., 1998. The potential of Thlaspi
caerulescens for phytoremediation of contaminated soils. Plant and Soil 203, 47-56. Doi:
10.1023/A:1004328816645.

Rogosic, J., Pfister, J. A., Provenza, F. D., Grbesa, D., 2006. Sheep and goat preference for and nutritional value
of Mediterranean maquis shrubs. Small Ruminant Research, 64(1-2), 169-179. Doi:
10.1016/j.smallrumres.2005.04.017.

Shapiro, S.S., Wilk, M.B., 1965. An analysis of variance test for normality (complete samples). Biometrika 52, pp.
591.

Sidhu, G.P.S., Singh, H.P., Batish, D.R., Kohli, R.K., 2017. Tolerance and hyperaccumulation of cadmium by a
wild, unpalatable herb Coronopus didymus (L.) Sm. (Brassicaceae). Ecotoxicology and Environmental Safety
135, 209-215. Doi: 10.1016/j.ecoenv.2016.10.001.

Singh, B.R., Gupta, S.K., Azaizeh, H., Shilev, S., Sudre, D., Song, W.Y., Martinoia, E., Mench, M., 2011. Safety
of food crops on land contaminated with trace elements. Journal of the Science of Food and Agriculture
91(8), 1349-1366. Doi: 10.1002/jsfa.4355.

Spearman, C., 1904. The proof and measurement of association between two things. The American Journal of
Psychology 15, 72-101.

Terry, N., 1980. Limiting factors in photosynthesis: I. Use of iron stress to control photochemical capacity in vivo.
Plant Physiology 65(1), 114-120. Doi: 10.1104/pp.65.1.114.

379



1053
1054
1055

1056
1057

1058
1059

1060
1061

1062
1063
1064
1065

1066
1067
1068

1069
1070
1071

1072
1073
1074

1075
1076

1077
1078
1079

1080
1081
1082

1083

1084

Torres, G. N., Camargos, S. L., Weber, O. L. D. S., Maas, K. D. B., Scaramuzza, W. L., Pereira, M., 2016. Growth
and micronutrient concentration in maize plants under nickel and lime applications. Revista Caatinga, 29(4),
796-804. Doi: 10.1590/1983-21252016v29n403rc.

USEPA, 2000. Introduction to phytoremediation. EPA 600/R-99/107. U.S. Environmental Protection Agency,
Office of Research and Development, Cincinnati, OH.

Vamerali, T., Bandiera, M., Mosca, G., 2010. Field crops for phytoremediation of metal-contaminated land. A
review. Environmental Chemistry Letters 8(1), 1-17. Doi: 10.1007/s10311-009-0268-0.

Van der Ent, A., Baker, A.J.M., Reeves, R.D., Pollard, A.J., Schat, H., 2013. Hyperaccumulators of metal and
metalloid trace elements: Facts and fiction. Plant Soil 362, 319-334. Doi: 10.1007/s11104-012-1287-3.

Wang, B., Chen, S., Chen, Y., Belzile, N., Zheng, R., Yang, Y., Fu, K., Chen, Y., Lin, B., Liu Z., Sun, J., 2021. The
geochemical behavior of trace metals and nutrients in submerged sediments of the Three Gorges Reservoir
and a critical review on risk assessment methods. Environmental Science and Pollution Research, 1-16. Doi:
10.1007/s11356-021-12827-8.

Wang, Z., Liu, X., Qin, H., 2019. Bioconcentration and translocation of heavy elements in the soil-plants system
in Machangging copper mine, Yunnan Province, China. Journal of Geochemical Exploration 200, 159-166.
Doi: 10.1016/j.gexplo.2019.02.005.

Wong, M.K., Chuah, G.K., Ang, K.P., & Koh, L.L., 1986. Interactive effects of lead, cadmium and copper
combinations in the uptake of metals and growth of Brassica chinensis. Environmental and experimental
botany, 26(4), 331-339. Doi: 10.1016/0098-8472(86)90020-1.

Wu, Q., Leung, J.Y.S., Huang, X., Yao, B., Yuan, X., Ma, J., Guo, S., 2015. Evaluation of the ability of black
nightshade Solanum nigrum L. for phytoremediation of thallium-contaminated soil. Environmental Science
and Pollution Research, 22(15), 11478-11487 Doi: 10.1007/s11356-015-4384-z.

Yao, Z., Li, J., Xie, H., Yu, C., 2012. Review on remediation technologies of soil contaminated by heavy metals.
Procedia Environmental Sciences 16, 722-729. Doi: 10.1016/j.proenv.2012.10.099.

Yoon, J., Cao, X., Zhou, Q., Ma, Q.L., 2006. Accumulation of Pb, Cu and Zn in native plants growing on a
contaminated Florida site. Science of the Total Environment 368, 456-464. Doi:
10.1016/j.scitotenv.2006.01.016.

Zhu, X.F., Lei, G.J., Jiang, T., Liu, Y., Li, G.X., Zheng, S.J., 2012. Cell wall polysaccharides are involved in P-
deficiency-induced Cd exclusion in Arabidopsis thaliana. Planta 236(4), 989-997. Doi: 10.1007/s00425-012-
1652-8.

389



	8dad64506dfcd4201608e888e8d53c2f7d0d50f7bbf94b950a5421a4797d4090.pdf



