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Abstract

In the Apuan Alps (Tuscany, Italy), long- lasting mining activities have favored the mobilization
of numerous metals present in sulfosalts originated from low-grade metamorphism mineralization.
Such materials, rich in potentially toxic elements such as antimony, arsenic, barium, copper, lead,
thallium, tin and zinc, represent the substrate on which soils of different thicknesses have been
formed and are currently used for agricultural activities. High concern isparticularly arising about
food safety due to traditional horticultural practices, since it is very common in this area to
cultivate vegetables in privategardens for both self-consuming and/or local market. In this context,
a monitoring survey on both soil andvegetables was performed over the area, with particular
attention to Brassica oleracea L. as traditional food crop, to assess the degree of contamination of
thearea, the possible translocation to vegetables and the potential human risk linked to vegetable
ingestion. This analysis reveals a different degree of soil contamination in the area and a general

high human risk linked to cabbage cultivation and ingestion in thewhole area.

Keywords; Heavy metals - Translocation - Humanrisk - Potential toxic elements

Introduction

Heavy metals contamination of soils has been largelystudied, but this issue is still a pressing
concern in thedebate about environmental and food security andsafety in Europe (CEC 2006) and
globally (Kong 2014). Téth et al. (2016) estimated that in Europe, 137.000 km? of agricultural
soils are affected by high potential toxic elements (PTES) concentration, with consequent risk of

PTEs contamination into the food chain. Despite the severity of soil contamination, the authors
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stated that there are no sufficient data to provide a reliable view on the exact extent of the problem
in Europe and worldwide due to the extremediffusion and site specificity of the problem (Bini
2019). Generally, many efforts have been taken by public authorities and research centers to
establish thebackground values of soils and to recognize different risk levels according to the
origin of PTEs (Amorosi et al. 2014; Varol 2011; Audry et al. 2004). Different databases on PTEs
concentration in soils are availableall over the world, and in Italy many regions have already
published a pedogeochemical map of regionalsoils (Amorosi et al. 2014). However, due to the
extreme heterogeneity of the study cases, a clear overview of the risk associated with PTEs
diffusion isstill lacking in many parts of the world. PTEs can have a geogenic origin due to the
presence of metalliferous rocks, or they can be spreadinto the soil as result of human activities (Su
et al. 2014). Depending on their speciation, they can be presented in stable and immobilized forms
(e.g., in the mineral soil fraction), or in available forms (e.g., weakly bound to carbonates,
exchangeable and soluble), leading to a different level of risk alarm (Baconand Davidson 2008).
Moreover, a change of both pH or redox condition in soil may lead to a modification inPTES
equilibrium in soil (Ferronato et al. 2015), inducing a shift of the level of PTEs toxicity. For these
reasons, studies on bioaccumulation of PTEs on specific vegetable species are incentivized, in
orderto understand the actual risk associated with theircultivation in polluted soils (Feng et al.
2005). Inaddition, to evaluate the human risk like to vegetable ingestion, some indexes have been
developed by the US Environmental Protection Agency (US- EPA IRIS 2006) in order to detect
reference dose levels.

In the Apuan Alps (Tuscany, Italy), sulfosalts mineralization originated by low-grade
metamorphism of previous sedimentary rocks (Biagioni et al. 2013) is present in many sites.
Weathering processes and mining activities have favored the mobilization of several trace
elements contained in the sulfosalts (Ag,As, Ba, Cu, Hg, Pb, Sb, Sn TI, Zn). As a result, these
elements are now largely diffused in both water and soils of the area. Soil has developed materials
enriched by potentially toxic elements (PTESs) such asAg, As, Ba, Cu, Hg, Pb, Sb, Sn, Tl, Zn, and
in the Baccatoio River Valley many vegetable gardens are cultivated. In particular, in winter, some
varieties of Brassica oleracea L. (acephala, botrytis, capitata,caulorapa) are traditionally grown
in this area for self-consumption. In the last decade, research showed that some varieties of the
genus Brassica have the ability to accumulate PTEs in the epigeal organs and to toleratehigh metal

concentrations in soils (Marchiol et al. 2004; Grispen et al. 2006). Brassica spp. is known to



accumulate relatively large amounts of toxic metals, and for this reason various studies
investigated the possibility to use these species for phytoextraction operations on contaminated
soils (Van Ginneken et al. 2007; Gall and Rajakaruna 2013). Even if phytoextraction by Brassica
spp. can be considered an interesting practice for environmental protection, itis important to
consider the high risk linked to those Brassica species used for animal and human consumption.
In the Apuan Alps area, B. oleracea is part of the human diet and is one of the typical products of
the area. Thus, the concern of food contamination is highand the rise of the population awareness
led to the necessity to assess the actual risk of its health. To answer to people concerns, a
monitoring surveywas performed on soil-black cabbage system in the Baccatoio Valley. PTEs
contamination assessment was performed in both soil and black cabbages, with the aims to
ascertain soil vulnerability associated withdifferent contamination degrees and to define the health

risk linked to the possible translocation of heavy metals from soil to black cabbage.

Materials and methods

Study area and sampling survey

The study area is located in Pietrasanta (Lucca, Italy),a town of 25,000 inhabitants c.a., and it
extends alongthe Baccatoio Valley next to the mines of MonteArsiccio and Pollone, highly used
for decades and abandoned during the 1980s. The Baccatoio River originates from the drainage
tunnels of the abandoned mines and flows from the upper part of the area (Valdicastello-Carducci),
to theplain part of the Pietrasanta municipality. The study area constitutes a land strip along the
Baccatoio River,spanning from the hamlet of Valdicastello-Carducci Village to Pollino one (Fig.
1). In this land, 63 vegetable gardens have been chosen for the monitoring survey and
georeferenced by GPS Garmin in geographic and kilometric coordinates in the UTM- WGS84
system (Fig. 1). In each site, soil of vegetable gardens has been collected in a proper bag and
transported in laboratory for analysis. When Brassicaoleracea L. (acephala and caulorapa

varieties) was present in the selected site, the whole plant was also collected for analysis (n = 35).

| Figure 1 Study area and monitoring sites location \

Heavy metals characterization in soil

Soil samples (n = 63) were air-dried, sieved at \2 mm and ultrafine powder milled. The



macro-(Fe, Mn, S) and microelements (As, Ba, Cu, Pb, Sb, Sn, Tl, Zn) content was determined
according to Vittori Antisari et al. (2013). Soil samples (0.25 g) were treated with aqua regia (2
mL 65% HNO3?6 mL37% HCI, Suprapur grade; Carlo Erba, M, Italy) in amicrowave oven
(Milestone 2100, Sorisone, BG, Italy). After digestion, the solutions were made up to 20 mL with
Milli-Q water and filtered with a What- man 42 filter paper; the elements concentration was
determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Spectro
Ametek,MlI, Italy). The analysis of each sample was replicatedthree times and compared with the
analyses of the International Reference Materials (BCR 141) and laboratory internal standards
(MO and ML) (Vittori Antisari et al. 2014), which was run after every ten samples to check

changes in sensitivity. Controls withonly reagents were also determined.

PTEs characterization in vegetable

Roots and leaves of B. oleracea (n = 35) were separated and treated separately. Each subsample
was weighed soon after the collection and after drying(60 °C per 72 h). Dry samples were grounded
in a blender with blades made of pure titanium, carefully avoiding introducing any further metal
contaminationto the samples (Vittori Antisari et al. 2012). Both rootsand leaves samples (0.25 g)
were treated with 6 mL of HNOs (Suprapur, Merck, Kenilworth, NJ, USA) and2 mL of H.O>
(Carlo Erba, Ml, Italy) using a microwave oven (Milestone 2100, Sorisone, BG, Italy).

Tl % MeP mgkg ! =MeR mgkg ! * 100 [1]
After digestion, the solutions were made up to 20 mL with Milli-Q water and then filtered with a

Whatman 42 filter paper and the trace elements were determined by ICP-OES (Spectro Ametek,
Ml, Italy). The ICP-OES setting followed multi-standard solutions (CPI International, Amsterdam,
The Nether- lands) that reproduce the matrix effect present in samples and allow the lowering of
detection limits. Instrument response was assessed by measuring astandard sample (CRM 482,

Community Bureau of Reference, BCR).

Statistical analysis and GIS elaboration

The spatial distribution of the areas affected by different degrees of soil contamination was carried
out creating Voronoi polygons (Drysdale 1993; Okabeet al. 2008) using QGIS 3.6 and having
previously assigned to each investigated point a value from 0 to 8. This value was derived from the
sum of the soil PTEs(As, Ba, Cu, Pb, Sh, Sn, Tl, Zn) that present concentrations higher than the

limit established by Italian legislation for agricultural and residential soil (Legislative Decree No.



152/2006). The analysis of the variance for nonparametric variables (Kruskal— Wallis test) and

boxplot representations was per- formed with Statistica 10 (Statsoft).

Contamination indexes

The bioaccumulation factor (BCF) was calculated to evaluate the ability of the plant to accumulate
metals,according to the following equation (Zayed et al. 1998):

BCFr % MeP mgkg ! = MeS mgkg ! [2]

where MeP is the concentration of metals in the plantstissue (mg kg=1) and MeS is the metals
concentration in the soil.

The translocation index (T1) was also calculated inorder to explore the capacity of each plant to
uptake metals in the aerial parts, and it was calculated as follows (Ghosh and Singh 2005): where
MeP is the metal concentration in the leaves and MeR is its concentration in the roots. This index is
used to assess the ability of the roots to transfer the element through its tissues. The daily metal
intake and health risk index are indexes related to daily estimated consumption as wellas health
risks from the consumption of contaminatedfood. The US Environmental Protection Agency’s
reference doses (US-EPA IRIS 2006) were used as reference points. The daily metal intake (DMI)
through vegeta- bles (mg/day) was estimated as follows:

DMI ¥ dCwm. * 0:085 * DPCp=BW [3]

where Cwm is the concentration of microelements in the edible part of the plant (mg kg~ dry
weight) multiplied by a conversion factor of 0.085 to convert dry weight vegetable metal content
to fresh weight (Rattan et al. 2005; Arora et al. 2008; Harmanescuet al. 2011).

The daily plants consumption (DPC) can be calculated as a function of body weight (BW); for
body weights of 70, 56, 33 and 26 kg, daily consumption is estimated to be 35, 24, 22 and 13 g,
respectively (Wang et al. 2005; Arora et al. 2008, Leclercq et al. 2009; Seid-Mohammadi et al.
2014); the average bodyweight used for this study was 46 kg, with a corresponding daily vegetable
intake of 23.5 g/day. Based on the daily metal intake, it was possible to calculate the health risk
index, as follows:

HRI % DMI = RfD [4]

where RfD is the reference dose; for As, Cu, Pb and Zn, the value is, respectively, 0.0003, 0.04,
0.0035 and 0.30 mg kg - 1 BW day - 1) (US-EPA IRIS 2006;Jan et al. 2010). HRI values >1
are considered to pose health risks (Cui et al. 2004; Rattan et al. 2005; Pennisi et al. 2016).



Results and discussion

PTEs in soils

The concentration of both macroelements (Fe, Mn, S)and PTEs (As, Ba, Cu, Pb, Sb, Sn, Tl, Zn)
in soils of each investigated family garden is reported in Table 1S. In most of the sites, soils
presented PTEs concentration above the threshold limits established by Italian legislation
(Legislative Decree No. 152/2006). In particular, the Cu concentration exceeded the limits in 44%
of soil samples, as wellas Pb in 47%, Zn in 65%, As in 60%, Sn in 65%, Ba in30%, Sb in 33%
and Tl in 7%, respectively. Even if some PTEs, as Cu and Zn, are essential microelementsfor life,
in this study we chose to consider them as PTES, because their high concentration could bring to
deep toxic effect to plants and to the food chain. In order to explore the spatial distribution of soil
contamination, samples were classified according to the number of PTESs exceeding the legislative
thresh- old (e.g., 0, 1-2, 3-4, 5-6, 7-8 exceeded PTEs, building five classes). Data were
interpolated using VVoronoi polygons method in Qgis, in order to displaythe distribution of the soil
classes within the area (Fig.2). Figure 2 shows the distribution of PTEs within theinvestigated
area according to soil contamination classes, highlighting that the most contaminated area was
located in the upper part of the Baccatoio River Valley and just downstream the Sarzanese road.
In order to better understand the map, Table 1 shows the PTEs mean concentration in the five
classesof soil contamination and their standard deviation. According to the Kruskal-Wallis test,
classes 1 and 2(0-2 PTEs exceeding the legislative threshold) did notresult statistically different
and their location were mainly in the areas farer from the Baccatoio River. Inthese samples, Zn
and Sn were the metals that exceeded more frequently the law limits, but, in general, this area
represented the non-contaminated/ low-contaminated zone, where probably the effect of mining

activity was not consistent.

Fig. 2 Soil contamination classes referred to the PTEs number with concentrations
exceeding the law limits (Legislative Decree152/2006 of Italy, Annex 4/14)

I

Table 1 Mean and standard deviation (SD) of the different groups classified according to
the number of PTEs exceeding thelegislative threshold




Class 3 (3—4 PTEs exceeding the legislative threshold) can be considered a medium-contaminated
area, where As, Cu, Pb and Zn were the most critical elements. These samples mostly correspond
to the areas located along the Baccatoio River, in the conoidarea and downstream of the Sarzanese
road, probablydue to the overlapping of two causes of impact occurred in the past: the presence of
sludge deposits deriving from the floatation tanks of mining products and the spreading of
pollutants from the nearby municipal waste incinerator plant.

Classes 4 and 5 (5-8 PTEs exceeding the legislativethreshold) were not statistically different,
except for As concentration that was higher in Class 5. These samples resulted highly
contaminated and represent the highly risky areas, located in the upper part of theBaccatoio River.
PTEs concentrations in these soils are ascribed generally to a geogenic origin, linked to the soil
recent formation on mine debris, localized next to the old mine and transported downstream by
the Baccatoio waters.

Generally, the study area presented high contamination level if compared with other studies in
other lItalian regions (Rascio and Navari-1zzo 2011; Wahshaet al. 2014; Wahsha et al. 2015).
Moreover, the soil ofhorticultural sites had higher PTEs concentration if compared with soils
natural background of the Tus- cany Region. From a geochemical point of view, this result was
quite expected, since this land is an old mining area, and the presence of tailing in the area deeply
impacts the surrounding soils (Liu et al. 2016;Yun et al. 2017). However, we think that the role of
human activities has been crucial in spreading the pollution in the area. In addition, the lack of
mitigation of acid drainage water of abandoned mine flowing into Baccatoio River has largely

contributed enlarging thecontamination problem.

PTEs in plant tissues

Mean PTEs concentration in leaves and roots of B. oleracea varieties sampled in the five different
areas isreported in Tables 2S and 3S, respectively. Multi-PTEaccumulation by cabbage leaves is
evident in many sites, but no statistical differences were noted among vegetables, grouped
according to the five contaminated areas Fig. 2. In our study, PTES mean concentration in the leaves
of cabbage that is generally lower than those recordedin plants from Western Europe (Angelone
and Bini 1992; Kabata-Pendias and Mukherjce 2007). Veryhigh concentration (mean 7013 mg

kg~1) of sulfur in all samples was detected. Yet, sulfur substitutes oxygen in the composition of



chemical compoundsof cabbage, and this substitution is responsible for thehigh S levels and the
resulting typical fragrance (Chinand Lindsay 2006). To evaluate the PTEs risk related to the
cabbages consumption as prevalent food in the local diet in this highly contaminated area,
bioaccumulation index (BCF) and translocation factor (TF) are considered useful tools that can
predict the potential mobility of PTEs from soil to food crops, linked to plant-specific defense
mechanisms or site-specific phenomena (Ferronato et al. 2016; Zacchini et al. 2009).
Bioaccumulation factor (BCF) represents the ratio between the PTESs concentrations in the Brassica
rootsand that in soil, and it is used to assess the capacity ofplants to adsorb nutrients or pollutants
from soil. The higher is the BCF, the higher is the ability of the elements to be accumulated in
plant roots; consequently, the higher is the BCF, the higher is the probability to be translocated in
the edible parts of theplant (Zacchini et al. 2009). Figure 3 displays themean BCF calculated in the
different areas, and its lowvalues, with exception of Sn, indicate that PTEs accumulation in
cabbage roots was quite low. Interestingly, to note that BCF was higher in cabbages collected from
the group 1 area (not- contaminated soils) than in group 5 (the most contaminated area), with
exception of Sn, where BCF increased with an increase in soil contamination (group 1 to group
5). Arsenic, Ba, Pb, Sb and Zn BCF in group 1 was significantly higher than that calculated in
samples ofthe group 5 area. These results suggest that in the lesscontaminated areas, these PTES
are more available forplant uptake, probably due to a higher degree of soil development or due to
the use of contaminated water for irrigation. These results confirm that the only dataof soil total
concentration is often not sufficient to assess the metal availability and the risk of human health
(Ferronato et al. 2015; Farkas et al. 2007) and hat environmental or human risk assessment should

always approach with a multidisciplinary approach.

Fig. 3 Boxplot distribution of BCF of PTEs in the cabbage collected in the different areas.
Data expressed in mg kg—*

The same trend was noted when applying the translocation factor (TF), that is the ratio between
themetal concentrations in the Brassica roots and leaves (Fig. 4). Also in this case, higher TF
values were detected in the vegetables of group 1 than that of group 5, highlighting a high mobility
of the metals in the vegetables of group 1, where the translocation in the edible parts of the
cabbages is generally higher. Notably, very high TF was detected for Pb and As, followed by Cu
and Zn.



PTEs risk of human health

The US Environmental Protection Agency (US-EPA IRIS 2006) has defined the reference dose for
different PTEs. Based on these indications, DMI and HRI were calculated in our study case,
assuming body weight foradult men = 70 kg, adult women =56 kg, kid = 26 kg. Table 2shows the
mean values of DMI and HRI found in the different areas (1 to 5 groups) for As, Cu,Pb and Zn.
Since no significant difference was noted for the different reference body weight, data were
reported mediated values. All the other investigated PTES were not considered because of lack of

reference dose.

Fig. 4 Boxplot distribution of TF of PTEs in the cabbage roots collected in the different areas.
Data expressed in mg kg~?

Table 2 Mean and standard deviation of DMI and HRJ calculated on the collected Brassica
plants, grouped according to the different groups.

DMI values indicate that considering the daily intake, the cabbage characteristics and the site
where vegetables are cultivated, people ingest quite low concentrations of PTEs (Zn>Cu
>Pb>As). Sincesoils presented significant differences in terms of PTEs concentration but no
significant differences were detected among groups of cabbages, we can assume that the DMI is
not depending on the degree of soilcontamination where vegetables are cultivated. However, a
serious health risk is recorded when applying the HRI. HRIs were always for the PTEs considered,
indicating a very high human health risk linked to thetoxic effects of these PTEs. Cu and Zn
(average HRI 8.24 and 4.81, respectively) are well-known essential microelements for life, but at
high levels they can induce different toxicity effects (Sandstead 1995). Arsenic (average HRI
10.79) and Pb (average HR19.71) are extremely high, and our data reveal a seriousalarm for human
health. The toxicity of As and Pb is also well documented (Bissen and Frimmel 2003;Flora et al.
2012) and in this area our data reveal a serious health risk that has to be considered by public
authorities. This data also confirms that to assess the human risk linked to vegetable cultivation in
contaminated soils, the study of PTEs distribution in soils or in plants tissues is not sufficient alone.
In fact, this study showsthat even if the soils of the area are differently contaminated, cabbages

counteract the adverse effect of the environment with self-defense mechanisms that generally




avoid metals adsorption (Ebbs and Kochian19J), showing relatively low BCF. However, this study
shows that when metals are present in soil in more available forms (e.g., linked to soil organic
matter or sulfides), plants defense mechanisms can beless strong, thus absorbing higher quantity

of contaminants that can be translocated in the edible parts (see TF).

Conclusions

In this study, a monitoring of the spatial distribution oftoxic elements was conducted to assess
major and PTEs content in soils and edible plants of an abandoned mining area. In addition,
health risks were investigated. The results indicate that in various cases, PTES exceed the
corresponding limits of the Italian regulations for green and residential soil areas, and geospatial
analysis identified the most critical areas: (a) in proximity of the abandoned mines and (b) in the
nearby Baccatoio River, indicating that the lack of maintenance of the old mining area is probably
the main cause of the spread of soil contamination. Considering the relationship between soil and
plants, the highest concern regards the translocation of As, Cu, Pb and Zn, and their consequent
ingestion throughcabbage leaves. Concerning the problem of PTEs contamination,these results
highlight the complexity of the topic thatcannot be evaluated by only the study of soil
contamination, or simple analysis on the edible plantstissues. The deep interconnection between
soil, plantsand site-specific mechanisms has to be evaluated inorder to correctly understand the
state of the problem.Considering the very high heterogeneity of metal contamination in this area,
and the lack of referencedose values for most of the heavy metals considered inthis study, we
strongly support the research on thedefinition of reference parameters to evaluate the HRI for
other heavy metals. The results of this survey indicated that human activities and land uses have
increased the potential health risk in the study area, and that greater attentionneeds to be focused

on this issue.
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Fig. 3 Boxplot distribution of BCF of PTEs in the cabbage collected in the different areas.
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Table 1 Mean and standard deviation (SD) of the different groups classified according to

the number of PTEs exceeding thelegislative threshold

Group Fe Sig.  Mn Sig. S Sig.  As Sig. Ba Sig.  Cu Sig.
mg kg~*
1(n=6) Mean 18246 c 2973 ¢ 4128 b 168 ¢ 5587 ¢ 94.8 b
SD 5088.8 70.6 1024 2.4 306.6 73.7
2(n=19) Mean 182628 ¢ 4358 ¢ 4879 b 18 c 5352 ¢ 92.2 b
SD 3891.7 1219 264.2 7.8 377.3 56.5
3(n=14) Mean 19508.3 bc 476.6  bc 900.6 ab 224 b 12819 ab 149 ab
SD 33815 158.3 423.4 8.9 574.3 108.4
4(n=11) Mean 235115 ab 7039 ab 12754 a 37 b 20945 ab 1511 a
SD 41725 203.5 3915 12.2 541.6 106.7
5(=9) Mean 272169 a 10923 a 14559 a 502 a 23576 a 2158 a
SD 5128 755.5 701.9 13.8 662.7 110.8
Group Pb Sig. Sh Sig. Sn Sig. Tl Sig. Zn Sig.
mg kg~*
1(n=6) Mean 67.3 c 45 c 1.6 c 0.2 b 102.6 c
SD 17.6 0.5 0.4 0.1 10.5
2 (n=19) Mean 81.9 c 4.7 c 2.1 c 0.1 b 1425 c
SD 27.6 21 0.5 0.1 48.9
3(n=14) Mean 1415 ab 8.1 ab 24 b 0.3 a 190.2 ab
SD 106.6 4.6 0.9 0.3 43.6
4 (n=11) Mean 235.9 ab 15.3 ab 41 a 0.3 a 309.2 ab
SD 142.1 8.5 24 0.4 61.9
5(Mn=9) Mean 299.2 a 15 a 3.8 a 0.3 a 396.9 a
SD 151.6 5.2 1 0.4 914

Significant differences (Sig.) are marked by different letters
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Table 2 Mean and
standard deviation of DMI
and HRI calculated on the
collected Brassica plants,

grouped according to the
different groups

Group Cu As Pb Zn
DMI HRI DMI HRI DMI HRI DMI HRI
1 Mean 0.20 5.04 0.01 2526  0.03 948 081 271
SD 0.1 1.7 0.0 304 0.0 7.3 0.4 1.3
2 Mean 0.30 755 0.01 16.82  0.03 9.79 1.22 4.08
SD 0.1 31 0.0 15.7 0.0 10.7 0.6 2.0
3 Mean 0.20 495  0.00 1118  0.02 6.19 1.02 3.39
SD 0.1 33 0.0 16.3 0.0 11.2 0.6 2.0
4 Mean 0.71 1766  0.01 1962  0.10 28.48 2.08 6.93
SD 0.1 15 0.0 8.5 0.0 5.5 0.3 1.0
5 Mean 0.24 598  0.00 10.79  0.03 9.71 2.08 6.92
SD 0.1 2.7 0.0 1.3 0.0 7.9 1.6 5.4
Average Mean 0.33 824 001 16.74  0.04 12.73 1.44 481
SD 0.10 246  0.00 1444  0.03 851  0.70 2.32




