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The economically important activity of metal processing can tend to contribute to the degradation of the environment. Smelting is an important source of contaminants, dispersing large quantities of potentially toxic
elements (PTE) and coproducts into the environment. Soils in the vicinity of smelters frequently contain high
concentrations of PTE. In terms of the quantities processed, the major PTE are iron (Fe), aluminium (Al), copper
(Cu), lead (Pb), manganese (Mn), and zinc (Zn); of these Cu, Pb and Zn are, potentially, highly hazardous
elements. The general problem addressed by this study is to determine if the PTE concentration in the soils of an
area downwind from a decommissioned iron smelter (46°04′16″N, 8°15′47″E) still shows signs of past contamination, and to discuss the options for intervention. The history of pollution of Villadossola soils due to the
steel business comprises the last 150 years. We measured pseudo-total (aqua regia) and available (EDTA) PTE in
soils over an area of 15 km2 near to the pollution source. Here we show that four decades after the end of the
polluting event, when the total emissions originating from the smelter followed the order of magnitude
Zn ≫ Cr ≫ Fe ≈ Pb ≈ Ca > Mn ≫ Cu > Ni ≈ Cd, the soil feedback, presented in terms of enrichment ratios,
follows the order Cd > Bi ≫ Pb > Cu > Zn > Sb ≈ As > Cr. The total concentrations of PTE in the topsoil
are: 101 mg Cr, 8 mg Co, 41 mg Ni, 70 mg Cu, 143 mg Zn, 6 mg As, 1.3 mg Cd, 0.5 mg Sb, 92 mg Pb, and
1.3 mg Bi kg− 1 soil, with standard errors exceeding 50%. Our results show that it is unlikely that soils in the
vicinity of the former smelter are a source of disproportionate human intake of PTE, and that the cost of reclamation would reach one quarter of the total annual budget of the municipality. Options for reducing the risks
rely on the optimisation of the risk assessment factors, by adopting soil conservation practices.

People take sick, for example, from breathing high levels of smoke from
fuels used in cooking or heating. There is also pollution that aﬀects everyone, caused by transport, industrial fumes, substances which contribute to the acidiﬁcation of soil and water, fertilisers, insecticides,
fungicides, herbicides and agrotoxins in general. […] But our industrial
system, at the end of its cycle of production and consumption, has not
developed the capacity to absorb and reuse waste and by-products. […]
In some countries, there are positive examples of environmental improvement: […] they do show that men and women are still capable of
intervening positively. […] We need only recall how ecosystems interact
in dispersing carbon dioxide, purifying water, controlling illnesses and
epidemics, forming soil.
From the Encyclical Letter Laudato Si' by Pope Francis, given in
Rome at Saint Peter's on 24 May 2015

⁎

1. Introduction
The steel-making industry was developed in Italy beginning in the
second half of the nineteenth century. Its major expansion came after
World War II but towards the end of the twentieth century most of the
industry was transferred to other countries for various reasons, including the inevitable environmental consequences of industrial operations. Many plants were located in the mountains to exploit abundant water resources in terms of hydroelectric energy, and to beneﬁt
low income mountain populations. As a consequence, the impact on the
surrounding environment was high, considering that environmental
protection legislation was only enforced at the national level after 1970.
The decommissioning of the industrial plants, though positive for
the environment, has left many critical problems unsolved. Although
industrial sites have undergone remediation and reclamation, the surrounding soils might still show the inﬂuence of the past industrial
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activities in terms of contamination by metals released into the air by
the smelting activity. Steelmaking plants generally emit As, Cr, Cu, Fe,
Ni, Mn, Pb, Sb and Zn (Almeida et al., 2015). In fact, smelters and
related mining operations have long been known as a considerable
source of pollution (Dudka and Adriano, 1997; Pérez Cebada, 2016)
and soils have always been a major sink for the emitted potentially toxic
elements (PTE) (Ettler, 2016).
The presence of PTE in the soil is a matter of concern because of
their persistence in the environment, their predisposition to accumulate
in the food chain, and their potential harmfulness to humans and other
living creatures (e.g. Alloway, 2013; Codling et al., 2015; Liu et al.,
2017; Pierart et al., 2015). Several studies have conﬁrmed the potential
dangers associated with the accumulation of PTE in the soil. Nannoni
et al. (2016) measured the concentration of As, Cd, Co, Cu, Pb, Sb, U
and Zn in soil, and in maize roots and grains in an agricultural area
around a smelter in Kosovo, observing a potential translocation from
contaminated soil to plant tissues. On the other hand, little or no
translocation was found by Dimitrijević et al. (2016) in peach trees
growing on smelter-contaminated soils in Serbia. Šajn et al. (2013),
who found that the concentrations of by Pb, Zn, As, Hg, and Cu exceeded the Intervention Values on the New Dutch list in an area of
152 km2 around a smelting plant. Kříbek et al. (2016) determined Cd,
Cu, Fe, Mo, Pb, and Zn concentrations in the soils of an area in northern
Namibia aﬀected by dust fallout from a local smelter. They could distinguish between anthropogenic contamination and geogenic concentrations by analysing the deeper layers of a soil proﬁle. Qing et al.
(2015) observed moderate to high pollution by Cd, Zn, Cu, and Pb in
the soils from a steel industrial district in China. Similarly, Yuan et al.
(2015), mapping PTE in the soils nearby the Wuhan Iron and Steel
Group, found that only 1.5% of the region they studied was not polluted.
The aim of this study was to determine if the concentration of PTE in
the soils of an area downwind from a decommissioned iron smelter still
showed signs of past contamination and to discuss the options for intervention.

Fig. 1. The square enclosed by the red dashed line shows the study area, in which the
sampling points are indicated. The Toce ﬂuvial system is shown in blue, with the Ovesca
stream overlapping from the North. The red rectangle identiﬁes the SISMA smelter
(46°04′00″N; 8°15′51″E). The wind rose shows the two predominant periodical winds, the
principal blowing NNE-SSW. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

2. Materials and methods
Villadossola (46°04′25″N, 08°16′01″E) is a small town in northern
Italy that saw its industrial structure collapse in the ﬁnal decade of the
twentieth century. The main smelting plant — which had employed up
to 1800 workers — was ﬁnally closed in 2009 after nearly 200 years of
activity. The study area extends North-East of the former SISMA steel
plant of Villadossola over an area of approximately 15 km2, wedged
between the mountains comprising the Antrona valley and crossed by
the Ovesca river (Fig. 1). The district has an average density of about 72
inhabitants per km2; its agricultural potential is quite modest as threequarters of the soils of the district show severe limitations that make
them generally unsuited to cultivation. Their usage is therefore largely
limited to pasture or free range grazing, woodland, or providing food
and cover for wildlife. They mainly fall into classes 6 to 8 of the eight
land capability classes (Regione Piemonte, 2010). From the climatic
point of view, the district belongs to ipomesaxeric subregion of the
Bagnouls Gaussen diagram. The mean annual temperature (MAT) is
11.5 °C, with the highest temperatures occurring in July and August,
and an average of 64 days of frost per year. The mean annual total
precipitation (MAP) is 1518 mm. The rainfall distribution peaks in May
and October, while the potential evapotranspiration, according
Thornthwaite, peaks in June and July. The climate is considered to be
Cfb according to the Köppen-Geiger climate classiﬁcation. According to
the Newhall simulation model, the soil thermal regime is mesic, and the
soil moisture regime is udic.
From the pedological point of view, the ﬂoodplain soils are generally scarcely developed soils with a cambic horizon, and there are
Entisols (Soil Survey Staﬀ, 2014) or Regosols (IUSS WG WRB, 2015) on
the slopes.

The lithology of area consists of lherzolites, with titanolivin in
places, in large and small masses. In the surroundings, on the upstream
side of the valley, mylonites are found along the Insubric Line, followed
by phyllites and schists of the Alpine units. In the downstream sector of
the valley alternations of metabasites and metapelites prevail
(Bertolani, 1964).
The area was exploited for Fe-Ni-Cu-Co magmatic sulphide deposits
mostly in the ultramaﬁc layers of the so-called maﬁc complex of the
Ivrea Verbano Zone (Bertolani, 1964). The presence of economically
interesting ore deposits promoted the development of the steel industry
in the valley; in fact six foundries were established along its axis. Global
steel production grew enormously in the twentieth century but following the cessation of activity in local mines, which occurred in the
1950s, the foundries had to use a mixture of scrap and mining materials
obtained from foreign deposits. The history of pollution of Villadossola
soils due to the steel industry comprises the last 150 years (Fig. 2). Its
industrial footprint is demonstrated by the presence, in the northern
area of the municipality of Villadossola, of the “SISMA Village”, once
reserved for the families of the workers employed in the steel plant.
Today the economy of Villadossola is based mainly on the tertiary
sector.
The most important polluting event originating from the smelter
occurred at the beginning of the 1980s. An estimate of the total emissions of PTE that PTE occurred in the 1982–1983 period is shown in
Table 1.
The sampling design was guided by the prevailing wind direction,
geomorphology and soil use: slopes, glacial shoulders and alluvial
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Fig. 2. An early XX century picture of the location of the
steelmaking plant at Villadossola. From Grioni U.,
Yearbook of Mining, Metallurgical and Mechanical Industry
in Italy, 1916–17 Edition, Milan, Italy. [Credits: Archivio
Iconograﬁco del Verbano Cusio Ossola] The view is taken
from the NW direction.

according to Kowalska et al. (2016), by dividing the content of PTEsPTE
in the analysed sample of soil by the geochemical background of the
individual PTEsPTE.
The data were analysed statistically using SPSS v.23 (IBM Corp.).
As a guarantee of preservation of the data, the full dataset supporting the results in this paper is archived within the public archive
Zenodo (https://zenodo.org/record/1117922#.WjgKk9-nE2w).

Table 1
Atmospheric emissions from the SISMA foundry in 1980–1982. Estimates assume that
emissions lasted 1 h during the melting cycle, with nine melting cycles per day.
Element

Hourly emissions
kg h− 1

Total emission tonnes

Zn
Cr
Fe
Pb
Ca
Mn
Cu
Ni
Cd

45
20
5.3
5.0
5.0
3.0
0.2
0.1
0.1

296
131
35
33
33
20
1.3
0.7
0.7

3. Results
3.1. Soil properties
The general soil properties and metal concentrations are shown in
Table 2. The complete database is available on Zenodo.org (https://
zenodo.org/record/1117922#.WjgKk9-nE2w).
Considering the soils of the study area globally (Table 2 and Fig. 3),
their organic carbon content unsurprisingly decreases with depth.
Throughout the proﬁles, however, OC does not decrease signiﬁcantly
between adjacent depth samples. The average soil texture is sandy, and
with depth it becomes ﬁner, whereas coarse sand decreases and clay
increases. Clay content is totally independent of the depth of the proﬁle.
The acidic pH of the soils (< 5) remains substantially stable with depth
on average, although some spatial patterns emerge.
Considering the key soil parameters that could potentially aﬀect the
distribution of PTE, their degree of spatial dependence — as estimated
from the Q values (Goerres et al., 1997) (data not shown) — indicates
that the observed spatial disparities can be described at the scale of the
analysis used.

PTE found in most waterways included nickel, chromium, copper, iron, manganese, and
zinc. More sporadically, mercury, cadmium, arsenic and lead were also found (ARPA
Piemonte, 2012 data - URL www.arpa.piemonte.gov.it).

plains were the forms selected, while meadows, cereals, and forestry
were the soil uses considered.
Within the study area (Fig. 1), a total of 18 soils were sampled at
depths of 5, 10, 15, 20 and 25 cm, air-dried, and sieved through a 2 mm
mesh. The particle size was determined following the ISO 11277
method (ISO, 2009); the pH was measured potentiometrically in a
soil:water 1:2.5 w/v suspension; organic carbon was determined following ISO 14235 (ISO, 1998).
To conﬁrm the accuracy of the extraction procedure and analysis,
the certiﬁed reference material CRM701 was also analysed in parallel
with the soil samples. All determinations were performed in triplicate.
The recovery of the elements in the diﬀerent fractions was between 89
and 105% of the certiﬁed values, and the recovery for the total concentrations was between 92 and 102%. Pseudo-total concentrations of
the elements were obtained by extracting 5 g of soil with aqua regia
(25 mL) overnight, before digestion in a block system (DIN 38414).
Elements in solution were determined by ICP-OES (ICAP6000, Thermo)
and ICP-MS (XR, Thermo). The available forms of the metals were extracted with EDTA (pH 4.65) using 20 g of soil in 100 mL of extractant,
shaken on a horizontal shaker at 180 r min− 1 for 30 min, and then
ﬁltered (593 ½ Schleicher & Schüell ﬁlter) (Nowack et al., 1996). The
metals in the ﬁltrate were measured as described above.
The anthropogenic enrichment factor (AER) was calculated

3.2. Potentially toxic elements
The total element content in the soils of the area (Table 2) was
determined in the topsoils (ﬁrst 5 cm) with average values: 101 mg Cr,
8 mg Co, 41 mg Ni, 70 mg Cu, 143 mg Zn, 6 mg As, 1.3 mg Cd, 0.5 mg
Sb, 92 mg Pb, 1.3 mg Bi per kg of soil. The variability is very high, the
overall standard error varying between 50 and 250%.
The background concentrations for soil PTE were obtained from
that soil monitoring network of the Regione Piemonte (ARPA Piemonte,
2016). The network uses a 9 × 9 km grid, and thresholds were established to correspond to the 95th percentile of the data population, for
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Table 2
Average values for selected soil properties and pseudo-total PTE, by depth. Mean values are shown, with standard deviations in italic type.
Depth

OCa

Csab

cm

g kg− 1

g kg− 1

0–5

55
29
46
23
50
24
44
21
38
29
15
29

133
105
210
133
235
158
209
146
350
416
65
416

5–10
10–15
15–20
20–25
25–30

a
b

Fsab

Sib

Cb

pH

Cr

Co

Ni

Cu

Zn

As

Cd

Sb

Pb

Bi

8
3
8
3
8
3
7
2
7
2
8
1

41
19
42
19
40
21
40
16
36
11
44
6

70
93
72
101
69
93
62
55
29
7
28
8

143
87
107
58
82
35
72
20
52
12
52
12

5.9
5.5
5.7
5.3
5.5
4.9
5.3
3.1
5.8
1.9
6.1
4.0

1.3
0.8
0.8
0.5
0.6
0.4
0.4
0.2
0.3
0.2
0.7
0.5

0.5
0.5
0.3
0.3
0.2
0.2
0.3
0.3
0.2
0.1
0.1
0.0

92
48
61
22
45
22
46
24
32
15
34
28

1.3
2.1
0.8
0.7
0.8
0.6
0.7
0.5
0.6
0.3
0.5
0.3

mg kg− 1
338
165
514
204
623
201
748
198
579
368
976
368

28
22
35
20
51
25
46
20
44
30
102
30

23
13
28
19
31
20
43
18
47
9
63
9

4.7
0.6
4.6
0.5
4.7
0.4
5.2
0.2
5.3
0.3
5.1
0.3

101
48
81
43
65
35
55
22
44
14
51
6

OC organic carbon.
Particle size distribution: Csa coarse sand, Fsa ﬁne sand, Si silt, C clay.

Chromium, considering the average content of the ﬁrst 30 cm, does
not exceed the background (152 mg Cr kg− 1). However, at 15 cm
depth, Cr concentrations that exceed legal limits are observed in the
immediate vicinity of the source; at greater depths, the concentrations
are within the permitted levels. Chromium is correlated signiﬁcantly
with Zn (r 0.8⁎⁎) within the ﬁrst 5 cm, and with Zn (r 0.8⁎⁎) and Pb (r
0.9⁎⁎) below a depth of 15 cm.
In the case of Co, considering the average of the ﬁrst 30 cm, it also
does not exceed the background level (27 mg Co kg− 1). The highest
concentrations are detected in the vicinity of SISMA plant but its aeolian transport is evident at all depths. Cobalt does not correlate with any
other soil parameters.
Nickel does not exceed 82 mg kg− 1, while the regional background
is 130 mg Ni kg− 1. Its distribution is similar to that of cobalt and correlates with the amount of ﬁne sand (r 0.8⁎), indicating that it also has a
mineralogical origin.
Copper does not exceed 112 mg kg− 1 on average, the legal
threshold being 120 mg kg− 1. Its concentration peaks north of the area
(> 400 mg Cu kg− 1) but its distribution appears to be independent of
the inﬂuence of the SISMA plant. Copper does not correlate with any
other soil parameter.
Zinc, considering average of the ﬁrst 10 cm, exceeds the regional
background concentration (89 mg Zn kg− 1). In the immediate vicinity
of the SISMA plant, SW of the source, Zn content peaks at 383 mg kg− 1,
exceeding the legal limit of 150 mg kg− 1. Zinc is correlated signiﬁcantly with the pH (r 0.7⁎) within the ﬁrst 5 cm. Total Zn and Cr are
positively correlated.
Arsenic concentrations, on average, exceed both the regional
background and the legislative threshold (15 and 20 mg As kg− 1, respectively). Arsenic occurs locally north of SISMA, down to a depth of
20 cm, and does not correlate with any other soil parameters.
Cadmium does not exceed the legal threshold (2 mg Cd kg− 1), on
average. Within the ﬁrst 5 cm, Cd concentrations that exceed legal
limits can be found in the immediate vicinity of the plant, south of the
source; below 15 cm, concentrations remain below the average level.
Cd is correlated negatively with pH (r 0.7⁎) below 15 cm.
The determined antimony concentrations are far below the legislative limit (10 mg kg− 1). The highest concentrations are measured in
the ﬁrst few centimetres and in the vicinity of the SISMA plant.
Antimony is correlated, although not signiﬁcantly, with As (r 0.7).
The average concentration of lead is close to the legislative limit
(100 mg kg− 1), and above the background (51 mg Pb kg− 1). Similar to
Zn, it exceeds the threshold in the ﬁrst 5 cm and in the vicinity of
SISMA to the south. Lead is correlated positively with Bi (r 0.8⁎⁎) at the
surface, with ﬁne sand (r 0.8⁎) at 15 cm depth, and below 15 cm it is
negatively correlated with pH (r 0.8⁎⁎).

Fig. 3. Key soil properties: OC (organic carbon), clay and pH. Each square refers to
average values from a 5 cm region of the depth proﬁle (left-hand scale). Empirical anisotropic semivariograms were ﬁtted respectively with Gaussian (OCOC), spherical (clay),
or exponential (pH) models. Each square represents the area of study, highlighted by the
red dashed square in Fig. 1.
Dispersion data of soil properties: OC [489 ± 48 mg C kg− 1 soil, 0.2 kurtosis, 0.9
skewness, 65 nugget, 466 sill], clay [31 ± 8 g clay kg− 1 soil, − 1.2 kurtosis, 0.2 skewness, 25 nugget, 125 sill] and pH [4.8 ± 0.2, 0.2 kurtosis, 0.9 skewness, 1.2 nugget, 6.1
sill]. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

which the normality of the distribution for the entire region has been
ascertained (ARPA Piemonte, 2016). These data were used for comparison with the determined concentrations in the topsoil in order to
evaluate the anthropogenic contribution.
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showed that total metals were often present at very high concentrations
without diﬀerences between the topsoil and deeper layers, except in the
case of lead. In another study, Rada et al. (2016) showed that the
presence of emissions from a steel plant in northern Italy, although
diﬀused, could still play a harmful role towards the population living in
the surroundings.
The total element contents in the soils of the studied area are, on
average, 101 mg Cr, 8 mg Co, 41 mg Ni, 70 mg Cu, 143 mg Zn, 6 mg As,
1.3 mg Cd, 92 mg Pb kg− 1 soil. The variability is very high, with the
standard error varying between 50 and 250% over the entire population
of samples. Under comparable PTE concentrations, Qing et al. (2015)
concluded that a risk of hazards to humans (adults) does not subsist, as
the Hazard Index values they calculated were lower than the threshold
values.
In the same region as in our study, principal component analysis
(PCA) has been used to determine the relationships among PTE in soils
and their possible sources (Facchinelli et al., 2001). A simpliﬁed geochemical interpretation can be made by exploring PTE variability and
association in rocks. The highest anthropogenic enrichment factors
(AER; relative lithogenic content vs. total measured element concentration) obviously occur at the surface layer of undisturbed soils
[AER ﬁrst 5 cm: Cd (11) > Bi (10) ≫ Pb (6.6) > Cu (5.9) > Zn
(3.6) > Sb (3.3) ≈ As (3.2) > Cr (2.6)], while lower values are obtained if the ﬁrst 30 cm of soil are considered together (Table 3).
Ultramaﬁc rocks commonly occur in the Piedmont region, resulting
from serpentinised ocean ﬂoor peridotites over-thrusted during the
Alpine orogenesis (Facchinelli et al., 2001); these parent materials
contain Cr, Ni and Co at far higher levels than any other rock type so a
lithogenic control over the distribution of these elements is expected.
Furthermore, their plausible anthropogenic inputs (Alloway, 2013) are
normally lower than the concentrations already existing in the soil;
thus, a non-point source contamination for these elements can be excluded (Facchinelli et al., 2001). On other hand, although absolute Pb
concentrations are relatively low, enrichment in the top layer with respect to the underlying horizons is locally higher than background levels. This situation obviously suggests anthropogenic sources. At the
regional scale, Cu and Zn are inﬂuenced by long-term grape cultivation
activity, resulting in large scale chemical anomalies (Facchinelli et al.,
2001).

The environmental impact of bismuth is not well known, although
some of its compounds PTE are less toxic to humans compared with
similar compounds containing other PTE (As, Sb, Pb); for this reason a
legislative limit does not exist. The bismuth concentration is generally < 2 mg kg− 1, only surpasses this value in the ﬁrst 5 cm and in
the vicinity SW of SISMA. Bi is correlated positively with Pb (r 0.8⁎⁎).
An understanding of the phenomena controlling the behaviour of
PTE in the soil requires a focus on their distribution in the solid phase,
their mobility in solution, and their availability to the soil biota
(Popescu et al., 2013). For the latter purpose, the use of chelating
agents, such as EDTA, is often reported (Bermond et al., 1998;
Fangueiro et al., 2002; Manouchehri et al., 2006). Considering their
bioavailability, the PTE extracted by EDTA correspond, on average,
to > 50% of the total in the case of Cd and Pb, > 20% in the case of Zn,
but < 10% of the total content in the case of Co, Ni, and Cu.
The mobility of bioavailable cobalt (Fig. 5) increases with depth,
and appears to be unrelated with the proximity to SISMA, while it is
negatively correlated with soil porosity (r −0.9⁎⁎) and positively with
the bulk density (r 0.8⁎⁎).
The distribution of Ni extracted by EDTA is rather dependent on soil
depth, while its pattern seems to be associated with the directions of the
prevailing winds. No correlation exists with known soil parameters.
Bioavailable copper only accumulates SW of SISMA, probably due to
water transport. Cu distribution is correlated with both total Ni and
total Bi (r 0.8⁎).
EDTA-Zn follows the same patterns as Cu but more remains in the
surface layers. Zn distribution is correlated with total Ni (r 0.8⁎⁎), total
Bi (r 0.8⁎), and total Pb (r 0.9⁎⁎).
EDTA-Cd follows the same patterns of Cu and Zn within the ﬁrst
5 cm only. It is spatially related to the location of SISMA, and is signiﬁcantly correlated with total Zn (r 0.9⁎⁎), and total Pb (r 0.8⁎).
Lead chelated by EDTA follows the same spatial patterns as Cd. It is
signiﬁcantly correlated with total Pb (r 0.8⁎⁎).
4. Discussion
According to Italian national legislation, the soils of the area are
only slightly contaminated, except for some hotspots. Strezov and
Chaudhary (2017) presented concentration thresholds based on the
Department of Environment and Conservation of Australian National
Environment Protection Measure (NEPM) Health Investigation Levels
(HIL), US Environmental Protection Agency Regional Screening Levels
(RSL), soil quality guidelines of the Canadian Council of Ministers of the
Environment (CCME), and UK Environment Agency soil quality values.
Our measured PTE concentrations are all below the threshold values in
the Australian, United States, and United Kingdom soil quality guidelines, but the peak concentrations exceed the Canadian thresholds.
The PTE concentrations do not exceed the threshold limits set by the
regional regulations for industrial areas (ARPA Piemonte, 2016). In
undisturbed soils that have not been used for grapevine cultivation in
the past, the concentrations of Cu are all below the current legal limits.
The measured values for Cu, Zn, Cd, and Pb are, locally within a 1–2 km
radius downwind to the steel plant, close to the legal limits for residential and agricultural areas, although near the steel plant some
farmers report the yellowing of forage species (ARPA Piemonte, 2016).
Over a period of many decades, the steel industry emitted huge
amounts of several elements into the environment: in addition to iron,
manganese, and calcium, other metals were released, ranked by their
amounts in the order Zn ≫ Cr ≫ Pb > Cu > Ni > Cd (Table 1). The
current situation is the result of the interaction of the soils with both
anthropogenic and lithogenic metals. With increasing atomic number
(from left to right in Figs. 4 and 5), the elements become less mobile,
both horizontally at the surface and with respect to depth in the soil.
Zanini and Bonifacio (1992) invoked an eﬀect of the high mountain
walls on the fallout peaks when studying a similar situation in the same
region. They studied PTE in soils aﬀected by a steel industrial plant and

4.1. Options for soil remediation
The relationships observed between the soil properties and the kinetic constants of the pollutant released by a soil layer to the underlying
horizon enable a coarse estimate of the timing of soil self-puriﬁcation.
The average time taken by an element to reach concentrations close to
lithogenic levels in the ﬁrst 15 cm of soil are between 30 and 60 years,
depending on the element and soil properties (Gallini, 2002). It can
however be supposed that in that period of time almost all PTE can
reach depths in excess of half a metre, remaining available to tree and
shrub species for a period of time in the order of one to two centuries.
Soil acts as a ﬁlter for particles, and this property is enhanced by the
meandering pathway that the soil solution takes through it; soil particle
faces are reactive, and provide multiple means by which contaminants
can be adsorbed and become passivated. Furthermore, during pedogenesis, the soils on ﬂoodplains naturally increase in thickness with the
accumulation of earthy materials deposited from surrounding steep
areas. This explains the observations by Plekhanova (2009), who described a PTE (Cu, Ni, Zn and Cd) decrease over a 12 year period in
podzols, in which time period, the depth of the polluted soil layer increased from 20 to 40–45 cm. Heavy metals concentrate in organic
matter-rich horizons that act as biogeochemical barriers to downward
migration through the soil proﬁle (Lyanguzova et al., 2015). These
elements might be immobilised by soil minerals (clay and iron oxides)
and organic matter; the eﬃciency of the immobilization depends on the
adsorption and the residence time which, in turn, depend on the
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Fig. 4. Total content of selected elements. Each square refers to an average depth of 5 cm (left-hand scale). Empirical anisotropic semivariograms (direction 30°, tolerance 30°) were ﬁtted
respectively with spherical (Cr, Zn, As, Bi), cubic (Co, Ni), Gaussian (Sb, Pb), or exponential (Cd) models. Each square represents the area of study as shown by the red dashed square and
the red rectangle (the former SISMA foundry) in Fig. 1.
Dispersion data of the content of selected elements: Cr [range 13–188 mg Cr kg− 1 soil, − 0.7 kurtosis, 0.3 skewness], Co [range 4–13 mg Co kg− 1 soil, − 1.4 kurtosis, − 0.3 skewness],
Ni [15–82 mg Ni kg− 1 soil, −1.3 kurtosis, 0.2 skewness], Cu [range 12–417 mg Cu kg− 1 soil, 12.4 kurtosis, 3.3 skewness], Zn [range 32–383 mg Zn kg− 1 soil, 3.2 kurtosis, 1.9
skewness], As [range 1–22 mg As kg− 1 soil, 4.1 kurtosis, 2.0 skewness], Cd [range 0.1–2.8 mg Cd kg− 1 soil, − 0.8 kurtosis, 0.7 skewness], Sb [range 0.0–1.5 mg Sb kg− 1 soil, −0.2
kurtosis, 1.0 skewness], Pb [range 14–203 mg Pb kg− 1 soil, 0.8 kurtosis, 0.0 skewness], and Bi [range 0–9 mg Bi kg− 1 soil, 12.3 kurtosis, 3.3 skewness]. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

advantage, but its intrinsic limits are the long restoration period required and the fact that the small and slow-growing hyper-accumulators function successfully for only a few PTE (Ashraf et al., 2017; Tang
et al., 2016). The construction of in situ low permeability barriers (Chen
et al., 2017) or hydrothermal treatments (Islam and Park, 2017) are
modern management solutions that, if considered locally, could be
sustainable, but are certainly not viable if designed for the entire surface aﬀected by emissions. Low-input techniques, such as land-farming
(i.e., ploughing) and composting, have not been eﬀective, or have

transport processes of the soil and PTE (Zehe and Sivapalan, 2009).
Thus, an increase in soil organic matter and time of contact can mitigate
potential hazards, enhancing soil self-puriﬁcation. It is therefore important to increase soil humus content to boost soil self-decontamination (He et al., 2015).
Dig and ﬁll, electro-kinetic remediation, chemical elution, stabilisation and solidiﬁcation, and phytoremediation are all suitable options,
the costs ranging between 1 and 150 EUR per cubic metre of reclaimed
soil. Comparatively, phytoremediation shows an overall economic

Fig. 5. EDTA-extractable content of selected elements. Each
square refers to an average depth of 5 cm (left-hand scale).
Empirical anisotropic semivariograms (direction 30°, tolerance 45°) were ﬁtted respectively with spherical (Zn), cubic
(Co, Cu, Ni), Gaussian (Pb), or exponential (Cd) models.
Each square represents the area of study as shown by the red
dashed square and the red rectangle (the former SISMA
foundry) in Fig. 1.
Dispersion data of EDTA content: Co [range
0.1–1.4 mg Co kg− 1 soil, 1.3 kurtosis, 1.2 skewness], Ni
[0.2–6.4 mg Ni kg− 1 soil, 10.3 kurtosis, 3.2 skewness], Cu
[range 1–140 mg Cu kg− 1 soil, 1.8 kurtosis, 3.2 skewness],
Zn [range 1–211 mg Zn kg− 1 soil, − 0.2 kurtosis, 1.0
skewness], Cd [range 0.1–2.0 mg Cd kg− 1 soil, − 1.0 kurtosis, 0.1 skewness], and Pb [range 5–147 mg Pb kg− 1 soil,
0.8 kurtosis, 0.0 skewness]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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Table 3
Anthropogenic enrichment ratios (AER) for the ﬁrst 30 cm of soil.
Element

Lithogenic backgrounda

Measured in soil samples

AER

mg kg− 1
Cr
Co
Ni
Cu
Zn
As
Cd
Sb
Pb
Bi
a

74
6.6
49
15
54
2.3
0.1
0.1
19
0.2
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hampered the soil recovery with negative impacts caused by increases
in the available fractions (García-Carmona et al., 2017). The cost of soil
removal, with subsequent reclamation, currently starts at EUR 20 per
cubic metre of treated material. Considering a minimum area of 1 km2
and a minimum depth of 10 cm, the total cost of the intervention would
reach 2 million EUR, i.e. one quarter of the total expenditures in the
budget estimates for the municipality of Villadossola for the whole of
2017.
Risk assessment analysis using empirical data (Dudka et al., 1996),
did not show a disproportionate intake of Cd in food, so 30 mg Cd kg− 1
soil, far above the measured concentration at Villadossola, should still
be safe for the food chain.
Nature continuously aids human welfare, but opposing ecosystem
‘disservices’ can arise (Lyytimäki, 2015), PTE-rich particulates produced by the erosion of badly managed soils being one example.
Nature-based solutions can oﬀer sustainable alternatives that successfully address human needs (Schaubroeck, 2017).
5. Conclusions
The dispersion of pollutants around the steel plant is controlled both
by the direction of the winds and by the action of the river. The highest
PTE concentrations are found downwind of the former steel plant
within 1 km, while moderately high concentrations extend downwind
even at distances > 5 km.
The anthropogenic enrichment factors (i.e. the ratio between the
anthropic and lithogenic element concentrations — data in SI — estimated on the basis of geochemical inventories) at Villadossola decrease
in the order Cd > Bi ≫ Pb > Zn > Cu > Cr > Ni > Co > Cr.
As remediation appears to be ﬁnancially impractical, options for
reducing the threat of soil contamination rely on the optimisation of
risk assessment features. The sources of contamination can be reduced
by applying amendments that increase the pH, thus reducing the solubility of the metals. The pathway of contamination can also be controlled by restricting the land use to meadow, or forestry, activities that
minimise erosion. Exposure can be controlled by limiting access to the
area to certain population groups (farmers, local authorities etc.). The
adoption of soil conservation practices that minimise erosion and
thereby facilitate the accumulation of organic substances (for example,
the establishment of permanent meadows) are the best management
option for addressing the issue.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2017.12.013.
Acknowledgments
This research did not receive any speciﬁc grant from funding
agencies in the public, commercial, or not-for-proﬁt sectors. The
Archivio Iconograﬁco del Verbano Cusio Ossola is thankfully
127

Journal of Geochemical Exploration 186 (2018) 121–128

L. Gallini et al.

quale strumento cartograﬁco di riferimento per la speciﬁca tematica relativa alla
capacità d'uso dei suoli. D.G.R. 75/1148 30/11/2010, 32/11356 4/5/2009.
Bollettino Uﬃciale Regione Piemonte 51 del 23/12/2010. (in Italian).
Šajn, R., Aliu, M., Staﬁlov, T., Alijagić, J., 2013. Heavy metal contamination of topsoil
around a lead and zinc smelter in Kosovska Mitrovica/Mitrovicë, Kosovo/Kosovë. J.
Geochem. Explor. 134, 1–16.
Schaubroeck, T., 2017. Nature-based solutions: sustainable? Nature 543, 315.
Soil Survey Staﬀ, 2014. Keys to Soil Taxonomy, 12th ed. USDA-Natural Resources
Conservation Service, Washington, DC.
Strezov, V., Chaudhary, C., 2017. Impacts of iron and steelmaking facilities on soil
quality. J. Environ. Manag. http://dx.doi.org/10.1016/j.jenvman.2017.02.040.
Tang, X., Li, Q., Wu, M., Lin, L., Scholz, M., 2016. Review of remediation practices regarding cadmium-enriched farmland soil with particular reference to China. J.
Environ. Manag. 181, 646–662.
Wedepohl, K.H., 1995. The composition of the continental crust. Geochim. Cosmochim.
Acta 59, 1217–1232.
Yuan, D., Cui, X., Huang, L., 2015. Study on spatial distribution and pollution evaluation
of heavy metals in soil around Wuhan iron and steel group. Int. J. Earth Sci. Eng. 8,
1292–1296.
Zanini, E., Bonifacio, E., 1992. Heavy metals in soils near a steel-making industry: a case
study in a complex valley situation in Italy. J. Environ. Sci. Health Part A 27,
2019–2036.
Zehe, E., Sivapalan, M., 2009. Threshold behaviour in hydrological systems as (human)
geo-ecosystems: manifestations, controls and implications. Hydrol. Earth Syst. Sci.
13, 1273–1297.

Manouchehri, N., Besancon, S., Bermond, A., 2006. Major and trace metal extraction from
soil by EDTA: equilibrium and kinetic studies. Anal. Chim. Acta 559, 105–112.
Nannoni, F., Rossi, S., Protano, G., 2016. Potentially toxic element contamination in soil
and accumulation in maize plants in a smelter area in Kosovo. Environ. Sci. Pollut.
Res. 23, 11937–11946.
Nowack, B., Kari, F.G., Hilger, S.U., Sigg, L., 1996. Determination of dissolved and adsorbed EDTA species in water and sediment by HPLC. Anal. Chem. 68, 561–566.
piemonte.gov.it/2016/it/territorio/stato/suolo-contaminazione.
Pérez Cebada, J.D., 2016. Mining corporations and air pollution science before the Age of
Ecology. Ecol. Econ. 123, 77–83.
Pierart, A., Shahid, M., Séjalon-Delmas, N., Dumat, C., 2015. Antimony bioavailability:
knowledge and research perspectives for sustainable agricultures. J. Hazard. Mater.
289, 219–234.
Plekhanova, I.O., 2009. Self-puriﬁcation of loamy–sandy agrosoddy-podzolic soils polluted by sewage sludge in the Eastern Moscow Region. Eurasian Soil Sci. 42,
668–674.
Popescu, I., Biasioli, M., Ajmone-Marsan, F., Stanescu, R., 2013. Lability of potentially
toxic elements in soils aﬀected by smelting activities. Chemosphere 90, 820–826.
https://doi.org/10.1016/j.chemosphere.2012.09.091.
Qing, X., Yutong, Z., Shenggao, L., 2015. Assessment of heavy metal pollution and human
health risk in urban soils of steel industrial city (Anshan), Liaoning, Northeast China.
Ecotox. Environ. Safe. 120, 377–385.
Rada, E.C., Ragazzi, M., Tubino, M., Gambaro, A., Turetta, C., Argiriadis, E., Vecchiato,
M., Rossi, B., Tava, M., 2016. Characterization of metals in air and soil near a steel
making plant in the north part of Italy. Manag. Environ. Qual. Int. J. 27, 441–451.
Regione Piemonte, 2010. Adozione della Carta della Capacità d'uso dei suoli del Piemonte

128

