friried applied
e sciences

Article

Technosols Development in an Abandoned Mining Area and
Environmental Risk Assessment

Chiara Ferronato 1*, Gilmo Vianello 2, Mauro De Feudis 2 and Livia Vittori Antisari 12

Citation: Ferronato, C.; Vianello, G.;
De Feudis, M.; Vittori Antisari, L.
Technosols Development in An
Abandoned Mining Area and
Environmental Risk Assessment.
Appl. Sci. 2021, 11, 6982. https://
doi.org/10.3390/app11156982

Academic Editor: Piero Manna

Received: 25 June 2021
Accepted: 26 July 2021
Published: 29 July 2021
Publisher’'s Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(http://creativecommons.org/licenses

[oy/4.0)).

1 Centro Sperimentale per lo Studio e I’ Analisi del Suolo (CSSAS), Alma Mater Studiorum-University of
Bologna, 40127 Bologna, Italy; gilmo.vianello@unibo.it (G.V.); livia.vittori@unibo.it (L.V.A.)

2 Department of Agricultural and Food Sciences, Alma Mater Studiorum-University of Bologna,

Via Fanin, 40, 40127 Bologna, Italy; mauro.defeudis2@unibo.it

Correspondence: chiara.ferronato2@gmail.com

Abstract: The study of Technosols development, spatial distribution and physicochemical
characteristics is becoming more and more important in the Anthropocene Era. The aim of the
present study was to assess soil features and potential heavy metal release risk of soils developed
on different mine tailing types after the waste disposal derived from mining activity in Central Italy.
Soils were analyzed for their morphological, physical and chemical properties, and a chemical
sequential extraction of heavy metals was performed. The investigated soils were classified as
Technosols toxic having in some layer within 50 cm of the soil surface inorganic materials with high
concentrations of toxic elements. Our findings showed that the bioavailability of potentially toxic
element concentrations in the soil changed according to the origin of the mine tailing. However,
because of the acidic pH, there is a serious risk of metals leaching which was reduced where the soil
organic matter content was higher.
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1. Introduction

The awareness that human activities have an extremely relevant impact in landscape
transformation and environmental characterization has been recently embraced in the
first theory on “Anthropocene” as a new Geological Era [1-3]. The process of soil
formation and development, in fact, can be strongly influenced by human activity in
many parts of the world [4,5].

In soil sciences, this awareness has been assumed by the World Reference Base [6],
that has introduced the concept of soils developed by strong human influence due to long
and intensive agricultural use (Anthrosols) or soils containing significant amounts of
artefacts and trace elements acctumulation (Technosols) [4,6,7]. Similarly, the Soil
Taxonomy classification has highlighted the relevance of the “anthropic epipedon”, as
soil epipedons characterized by mineral soil material that shows evidence of the
purposeful alteration of soil properties or of earth-surface features [8,9].

According to these definitions, anthropic soils are drastically disturbed pedons
developed under intense human pressure [10,11] and include soil materials formed by
stripping of the natural soil, deposition of refuse or spoil, or by severe soil mixing [12-14].

The interaction between human activities and natural processes may promote
negative effects on soil, and the understanding of these effects is becoming more and more
relevant for the correct management of soils for future generations [15-17].

For instance, a wrong soil manipulation, e.g., soil deforestation, liming, intense
irrigation practices, use of biocides, etc., may lead to different kind of soil degradation
and to the reduction soil fertility and stability [18]. Waste material disposal may lead to
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deep soil acidification/alkalinization, making soil unhospitable for several organisms and
inducing the release toxic elements on the underground waters [19,20].

Metals mine areas have been strongly exploited over time, and in these areas the
genetic of soils has drastically changed [4,5,21,22]. Soils developed in these areas or on
mine tailings rich in heavy metals generally result as strongly acidic areas as consequence
of Acid Mine Drainage [23-25]. In addition, these soils may present a very high content of
weathered oxidic materials that induce a net positive charge of soil and a low sorption
capacity [26,27].

These conditions may also change the metal chemical speciation, thus increasing
their mobility, leaching capacity and toxicity [28,29] with important consequences in the
ecological equilibrium of the environment.

In this “Anthropocene Era”, one of the roles of soil scientists for the sustainable
development goals is to assess the quality of our soils and attempt to foresee the best soil
management for both environmental and human protection [30]. Soil research has largely
increased the possibility to improve soil quality through controlled soil development of
Technosols. The knowledge of soil pedogenesis in these areas can be very useful to land
reclamation operations in mining areas [31,32], or in abandoned industrial one [33].

In the Italian context, the Apuan Alps (Central Italy) represent an example of a deep
human excavation and mining activity. In the Baccatoio River Valley (Municipality of
Pietrasanta, Tuscany) sulfosalts mineralization originated by low-grade metamorphism
of previous sedimentary rocks [34]. These rocks, contain several orebodies, made of pyrite,
barite, iron oxide rich in heavy metal such as Pb, Zn, Ag, [35]. This area has been exploited
for decades for extraction of barites used as a heavy additive in oil-well-drilling mud for
oil extraction [36,37]. During this time, waste material of different nature (e.g., mine
gangue, mineral flotation) have been deposited in the surrounding area, leading to
weathering processes that favored the mobilization of trace elements included in the
sulfosalts, and to soil development.

In the last years concerns about the security of the area have grown among the
population because of the risk of water and soil contamination, that can deeply affect
agricultural products, drinkable waters, and so on.

The serious risk linked to the potential availability of heavy metals released by pyrite
oxidation processes is therefore a priority to assure the best soil management of the area
[25].

It is largely known that heavy metals availability in soils depends on many abiotic
and biotic factors, such as soil pH, soil organic matter dynamics and many other soil
physicochemical characteristics [38,39].

In a so complex soil forming context, the pedological approach may be very useful to
assess the potential risk of the area, starting from the study of the anthropic origin of these
soils.

The aim of this study was to study and classify the soils generated from different
kind of mine tailings in the Apuan Alps. In addition, as these soils were very rich in heavy
metals, the aim of the paper was also to assess the different environmental risk linked to
the bioavailability of the potentially toxic elements (PTEs) present in these soils, according
to their origin.

2. Materials and Methods
2.1. Study Area

Pietrasanta is a small village in Tuscany (Lucca District, central Italy) located in the
Apuan Alps. This area is characterized by several tectonic-stratigraphic units involved in
the Northern Apennines nappe stack [40,41]. The basement is mostly composed by
carbonatic rocks and cataclastic breccia, covered by different orebodies made of pyrite,
barite and iron oxides rich in potential toxic elements such as Pb, Zn, Ag and T1. The area
has an historical vocation to mining activity. Since Etruscan and Romans era, the area has
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been exploited for iron and silver extraction, while starting from the XVIII century
different industrial mining activities has been placed for the extraction of other metals.
After the first world war the main interest of the extracting companies was linked to the
high presence of barites, uses as a heavy additive in oil-well-drilling mud for oil extraction
and in the cement buildings of nuclear power stations. During these years, extraction,
purification and transformation of barite was a common practice in the area, and mining
tailings were usually discharged in the surrounding area. In the 80s, the use of barites in
these productive processes was dismissed and the mines were abandoned, with the
consequent non-management of the related environmental consequences.

The area is characterized by udic, mesic pedoclimatic regime [42]. Soil sampling
campaign was conducted in autumn 2015-2016 in different parts of the Pietrasanta
municipality (Figure 1), where the waste materials were disposed. In particular, soil
profiles were distributed in the northern part of the village, next to the ancient mine ores,
in the surrounding forest and in the low part of the valley.
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Figure 1. Map of the study area and georeferenciated sampling sites (WGS-84 UTM 32T
coordinates).

2.2. Soil Sampling and Analysis

Soil profiles were excavated in different part of the valley, and the sampling points
were chosen according to the typology of the mine tailings deposited. In particular, M1
and M2 sites represent soils developed on mining rocks deposits, close to the abandoned
mine ores (GR1); D5, D6, D7 and D9 sites represent soils formed on coarse debris of mining
landfill or on altering mine debris (GR2); D1, D2, D3 and D4 sites represent soils formed
on mining flotation deposits (GR3). All details are reported in Table S1, while examples
of some typical soil profiles are displayed in Figure S1.

Soil profiles were observed in order to identify their genetic horizons and A-AC-C
sequence was identified. Each soil horizon was described in field according to
Schoeneberger et al. [43] and soil horizon samples were collected in duplicate for
laboratory analysis.

Soils samples were dried at room temperature and sieved a 2 mm before analysis. All
laboratory analyses were performed in triplicate and the accuracy was checked with
standard deviation at 95% of replicability. Texture analysis were performed with the
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pipette method according to Gee and Bauder [44], soil pH was measured on 1:2.5 (w:v)
soil:water solution. Total lime (CaCOs) content was quantified by volumetric method [45]
but soils presented almost no carbonate content (data not shown). Soil organic matter was
measured by loss of ignition according to Schulte and Hopkins [46] and the total organic
carbon (TOC) was calculated using a 1.72 factor [47].

A finely grounded aliquot of each sample (0.25 g) was weighed in Teflon containers
and digested with aqua regia (suprapure HNOs and HCl 1:3, v:v, Fukla) in a microwave
oven (Start D 1200, Milestone, Sorisole (BG)-Italy) for 3 min at 250W, 4 min at 450W and
3 min at 700W. After this treatment, the solution was collected in 20 mL volumetric flasks
and filtered through Watmann 42 filter paper. The concentration of total macro nutrients
and heavy metals were then recorded by Inductively Coupled Plasma Emission Spectrom-
eter (ICP-OES, Ametek, Spectro Arcos, Zeloforamagno (MI), Italy). Chemical analyses
have been calibrated and crosschecked against international references materials and la-
boratory internal standards, as described by Vittori Antisari et al. [48].

The available fraction of metals was extracted by sequential dissolution technique.

For metal partitioning, metals were extracted sequentially from 1 g of 2 mm soil sam-
ples by following the method of Ferronato et al. [38] with some modification: being acidic
soils, in fact, phase I, extracting pH dependent metals, was performed with 0.1 M
CHsCOONa (pH 5). Phase 11, extracting metals associated to oxides and oxyhydroxides
(reducible), was performed in 0.1 M NH20OH-HCI in 25% CH3COOH w/v (pH 2) while
phase III, extracting metals associated to organic matter and suphides (oxidable), was per-
formed in 30% H20:2+ 3 mL of 0.02 M HNOs and 1 M CHsCOONHs. Finally phase IV,
which records the residual metals associated to the mineral soil particles, was calculated
as the difference between pseudo total metal concentration in aqua regia and the sum of
the metal content previously extracted. All solutions were then analyzed by Inductively
Coupled Plasma Emission Spectrometer (ICP-OES, Ametek, Spectro ArcosZeloforamagno
(MI), Italy).

2.3. Statistical Analysis

Data analysis were analyzed as mean values of the replicates of the original parent
material of the area that composes the C soil horizons, and of the above soil horizons (A
and AC horizons) where it was possible to observe the pedogenetic soil evolution accord-
ing to the mine tailing deposited. Data of A and AC horizons were analyzed as mean
values in order to highlight significant changes among soil groups.

All statistical analysis were assisted by Statistica 10 software (Stat Soft). The analysis
of variance was performed with Krukal-Wallis test, and the significance was checked with
p-value <0.05. A principal components and classification analysis (PCCA) was performed
to find the relationships among variables and cases (samples).
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3. Results
3.1. Soil Morphological and Physicochemical Features

Soils were little developed and generally presented a A-AC-C sequence (Table 1).
GR1 presented meanly 5/10 cm of A horizon, while GR2 and GR3 generally showed a
thinner A horizon (ranging from 2 to 7 cm) (Table 1).

Table 1. General features and morphology of the Technosols within the Baccatoio basin, Pietrasanta, Italy. For symbols
see legend [43].

Rock

) ) Depth Boundary? Colorc¢ Texture 4 Structure ¢ Roots f Other Observations
Profile Horizon 2 Fragments
cm D/T dry % G/S/T Q/s
Oi 1-0 A/S -
Oe 0-5 A/S 10YR 2/2 - 3 2/vi-f
M1 A 5-10 A/S 10YR 3/2 sl 21 1/f/sbk 2/t
AC 10-14 A/W 10YR 4/3 sl 36 1/f/abk 1/f
AC2 14-17 C/W 10YR 4/4 sl 48 1/f/abk
GR1 Cr 17-25 U 5YR 5/4 sl 77 0/m
Oi 1-0 A/S --
A 0-7 A/S 10YR 3/3 sl 28 1/f/sbk 2/f
M2ac 718 AW SYR4B sl 34 Vhabk 1 Rectsmostly in horizontal
position
C 18-24 C/W 5YR 6/6 Is 71 0/gr
Oi 0.5-0 A/S -
A 0-2/4 A/W 10YR 3/2 sil 22 2/f/sbk 2/vi-f
D5 AC 2/4-8 A/W 10YR 3/3 sil 21 1/f/sbk 1/t
AC2 8-9 C/W 10YR 5/6 sil 27 1/f/abk
C1 9-11 G/W 10YR 7/1 sl 54 0/gr
C2 11-30 G/W 10YR 8/1 sl 49 0/gr
Oi 1-0 A/S ---
Oe 0-5 A/S 10YR 3/2 --- 2/vf
D6 A 5-9 C/W 5YR 3/3 sl 40 1/f/gr 2/vi-f
AC 9-12 C/W 5YR 6/3 sl 45 1/f/sbk 1/f
C 12-35+ U 10YR 5/4 sl 24 0/gr
GR2 Oi 0.5-0 A/S ---
Oe 0-1 A/S 10YR 3/2 sl 3/vf
D7 A 1-3 A/W 10YR 3/3 sl 28 1/f/gr 3/vi-f
AC 39  CW  10YR34 sl 61 1ffabk  3ffm  o0ts mostly in sub-hori-
zontal position
C 9-31+ 9] 10YR 5/6 sl 66 0/gr 1/m  Roots in horizontal position
Oi 1-0 A/S --
Oe 0-1 A/S 10YR 2/2 - 8
DY A 2-7/10 C/W 10YR 3/2 Is 29 2/t/sbk 2/f-m
AC  7/10-30  C/W  10YR4/3 s 4 Yok 1 Rectsmostly in horizontal
position
C 3040 U 5YR 5/4 68 0/gr
Oi 3-0 A/S - - - 0
A 0-5 A/W 10YR 3/2 1 0 1/f/gr 2/t
AC 5-25 A/S 5YR 5/4 sil 0 1/f/sbk  1/f-m
Roots mostly in horizontal
cR3 DI 2C 2533 A/S  10YR7/1 sl 5 0/gr 1/m poZition
3C 33-35 G/W 5YR 3/1 Is 3 2/m/pl
4C 35-38 A/W 22'55\2{ Is 0 2/m/pl

5C 38-60 U 5YR 5/3 sl 15 O(gr
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D2 Oi 0.5-0 A/S
A 0-3 A/S 10YR 4/3 sil 21 2/t/gr 2/t Brick fragments (3%)
AC 3-11 C/S 10YR 5/4 sil 20 2/m/sbk 1/f
2C1 1145 G/W 10YR 5/2 sl 5 2/m/abk
2C2 45-80 U 10YR 4/1 sl 6 2/m/abk
A 0-7 A/W 10YR 4/4 1 11 1/f/sbk 1/f
D3 AC 7-22 A/S 10YR 8/1 1 0 0/gr
2C 22-65 U 10YR 4/1 sl 9 0/gr
Oi 1-0 A/S ---
A 0-3.5 C/W 10YR 2/1 sil 0 1/f/gr 2/t
D4 AC 3.5-4.5 C/W 10YR 3/1 sil 0 1/f/sbk 1/f
C1 4.5-9 G/W 10YR 7/1 sl 0 0/gr
C2 9-30 G/W 10YR 8/1 sil 0 0/gr

2 Horizons designation according to Schoeneberger et al. [43] ® Horizon Boundary.(D) Distinctness: V = very abrupt, A =
abrupt, C = clear, G = gradual —(T) Topography: S = smooth, W = wavy, I = irregular, U = unknown ¢ Color: moist and
crushed, according to the Munsell Soil Color Charts//? Texture: sl = sandy loam, Is = loamy sand; 1 = loam, sil = silt loam ©
Structure. (G) Grade: 0 = structureless, 1 = weak, 2 = moderate, 3 = strong—(S) Size: f = fine, m = medium, c = coarse—(T)
Type: gr = granular, abk = angular blocky, sbk = sub-angular blocky, pl = platy, m = massive f Roots. (Q) Quantity: 0 =
absent, 1 = very few, 2 = common, 3 = abundant—(S) Size: vf = very fine, f = fine, m = medium.

The horizon limits, generally, were abrupt/smooth or abrupt/wavy, highlighting the
very little human manipulation of these soils after the first mining tailing disposal, and
the low soil development. Rock fragments were consistent in GR 1 profiles (up to 70%)
and decreased in GR 2 (20-68%), while in GR 3 soils, very few rock fragments were ob-
served (up to 20%) together with silty horizons.

Weak fine granular soil structure was observed in most of the A horizons of GR2 and
GR3 soils, followed by a weak fine angular or subangular structure in the deeper horizons
(e.g., GR2) or moderate medium platy (e.g., GR3). Diversely, GR1 soils had almost weak
fine angular or subangular structure.

Table 2 presents the main physicochemical characteristics of the C horizons (parent
material) of the soil groups divided according to the different kind of mine tailings depos-
ited. All parameters presented a high intra-group variability and no significant differences
were highlighted. Soil texture was sandy loam in all groups, and high content of S (up to
17 g kg™) and Ba (up to 2500 mg kg') was also recorded.

As expected, the contribution of microelements such as As, Pb and Tl was consistent
and in different samples the content of these element overhead the threshold limit of Ital-
ian law for soil residential and even industrial use (D.lsg 152/2006: 20, 100, 1 mg kg-! re-
spectively (residential use) and 50, 1000, 10 mg kg respectively (industrial use) [49]. No-
tably, even Zn content was particularly high, and all samples were higher that the legis-
lative threshold for soil residential use (D.Isg 152/2006: 150 mg kg™) [49].
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Table 2. Physicochemical characteristics’ mean and standard deviation (SD) of soil samples collected from the C horizons
of soil profiles in mining rocks deposits (GR1), soils formed on coarse debris of mining landfill or on altering mine debris
(GR2), soils formed on mining flotation deposits (GR3).

GR1 GR2 GR3 GR1 GR2 GR3
Sand Mean 579 70.5 67.6 Ba Mean  1168.8 2425.2 2098.7
1.1 10.0 13.3 SD 77.0 88.2 645.0

Silt Mean  38.1 26.6 25.7 As Mean 1804 171.3  287.9
0.7 8.2 12.0 SD nd 203.8 188.8

Clay Mean 4.1 29 6.7 Cu Mean 52.9 26.7 10.7
0.4 1.9 7.2 SD 32.4 27.5 44

Al o kgl Mean 4.2 5.0 33 Ni mg kg Mean 6.8 25.4 18.5
1.5 0.9 1.9 SD 35 31.0 12.0

Fe Mean 27.2 99.5 101.6 Pb Mean 1096.3 283.0 369.3
10.8 95.2 64.7 SD na 3869  296.7

Mn Mean 0.0 0.7 0.1 Zn Mean 976.6 4813  286.3
0.0 0.9 0.0 SD 876.5 399.7  152.8

S Mean 17.2 8.2 9.0 Tl Mean 32.5 36.0 84.2
17.1 4.0 8.5 SD 15.5 30.0 43.5

Table 3 shows the physicochemical characteristics of soil obtained by mean of A and
AC horizons of the different soil groups.

All horizons of soil groups showed a sub-acid or acid pH, and the acidity generally
increased from GR1 to GR3, even if not significant. Total organic carbon was less than 100
g kg in all groups, with exception of some samples of GR2 group, and soils were gener-
ally poor in Ca content. Carbonates were absent, coherently with the low pH values and
most macronutrients did not show significant differences among groups.

GR1 horizons showed a sandy loam texture, similarly to GR2 soil, and presented sig-
nificantly higher Cu amount than GR3 ones without changes with depth (meanly 59 mg
kg) and with values lower than the threshold of 120 and 600 mg kg reported in Italian
legislative Decree for both residential and industrial use [49]. GR1 A and AC soil horizons
also showed three to four times significantly higher amount of Pb and Zn (1096 and 976
mg kg, respectively) than both GR2 and GR3 soils and high concentration of geogenic
elements (e.g., Ba and S) was also determined.

GR2 s0il horizons showed significant higher concentration of P, Fe and As than GR1
as well as higher Ni amount than that found in GR3.

Interesting to note that GR3, which showed a silty loam texture, presented the lowest
content of both macroelements (e.g., S) and of PTEs (e.g., As, Cu, Ni and Zn).
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Table 3. Physicochemical characteristics’ mean and standard deviation (SD) of soil samples collected from the different
soil profile (mean value of A and AC horizons) of soil profiles in mining rocks deposits (GR1), soils formed on coarse
debris of mining landfill or on altering mine debris (GR2), soils formed on mining flotation deposits (GR3). Different letters
within the row (a, ab and b) indicate significant differences among the values (p < 00.5).

GR1 GR2 GR3 GR1 GR2 GR3
Mean 65.1 58.1 36.0 Mean 234 115.7 459
Sand sD 67 2 155 @ 120 0 F€ SO 54 ° 637 356 P
Mean 30.9 35.5 56.1 Mean 0.1 0.8 0.2
1 -1 -1
Silt - gkg® gn 55 P ogsg Pogpy @ Mno8kET o o7 P g @ g3 P
Mean 4.0 6.4 79 Mean 6.0 6.2 3.7
Clay sD 23 0 34 ® g6 @ S SO 16 P 21 19 P
Mean 6.1 54 5.0 Mean 1199.5 2392.2 2394.6
pH (KC) SD 07 12 1.6 Ba sD 1197 °  oss 21.4
Mean 43.2 59.6 25.2 Mean 933 249.8 118.9
ToC SD 366 427 174 S sD 81 1534 & g3
C Mean 17.1 10.6 9.3 C Mean 59.2 92.5 b 21.8 b
a SD 136 116 16.9 . sD 211 % 320 P 137
Mean 24 3.6 3.7 Mean 133 479 15.0
1 ~1
K o SD 05 2.7 28 NmMBKE gn g A 556 3 qpp P
" 858" Mean 1.8 47 2.0 o Mean 975.3 2683 %717
& SD 1.1 57 2.7 SD 189.4 240.0 352.5
Mean 0.3 0.8 04 Mean 942.2 316.9 278.8
P s 02 ° 03 @ o2 P M SD  388.0 1202 ° 1761 P
Al Mean 8.3 10.6 11.7 Tl Mean 25.6 103.6 44.6
SD 1.5 10.3 10.9 SD 14.6 138.8 30.1
Figure 2a displays the distribution of variables used in the PCCA model in the or-
thogonal graph according to their correlation. The first group of active variables represent
the mineral and macro elements concentration of the soils (blu lines), while the second
supplementary group of variables represents the contribution of the PTEs in discriminat-
ing the three soil groups (red lines).
(a) (b)
4
1.0
Silt 3
Ba
0.5 2
e R GR2
3 2 ——
N 5 / =N\
- a 0 s
: 2, N .
*Pb 2 o
*Zn
3
4
-1.0 -0.5 0.0 0.5 1.0, Macronutrients 6 5 4 2 1 0 1 2 3 4
Factor 1: 47.95% = PTEs Factor 1: 47.95% o Active

Figure 2. Principal component and classification analysis output: (a) Scatterplot of variables correlations; (b) Scatterplot
of case correlations.
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The first factor equation extracted by the analysis of variables explained 48% of the
variance and highlighted the good correlation between Zn and Pb, in the positive sector
while on the negative sector, P was strongly associated to Fe, Ni and As; similarly, Cu and
S were highly correlated.

The second factor function extracted 28% of the total variance of the population. This
function highlighted the correlation of Silt and Ba against all the other variables.

Given the variable distribution in the orthogonal graph, Figure 2b display the case
distribution by using the factor scores extracting by the two functions and could thus be
correlated with the variable distribution. This method allowed to confirm that soils of GR1
differed from the other soils for their high content of Zn and Pb and for the lower content
of Ba, while GR2 samples could be discriminated for the higher content of P associated to
Fe minerals, rich in Ni and As. Finally, the PCCA highlighted the diversity of GR3 soil
horizons mostly due to the high silt component and to the lower content of PTEs with
respect to the other soil groups.

3.2. Potentially Toxic Elements Sequential Extraction

Figure 3 displays the percentage of selected metals availability in soil (A and AC
horizon) according to the affinity of the metals for different processes occurring in soil
(e.g., Phase 1—weak absorption and pH change; Phase 2—oxides and oxyhydroxides
bound or reducible processes; Phase 3—soil organic matter/sulphides bound or oxidable
processes; Phase 4—stability to the mineral phase or residual ph.

a. Cu b. Ni
100% 100%

90% 90%

80% 80%

70% 70%

60% — 60%

50% 50% —
40% - 40%

30% [] 30%

20% } I 20% | -D ]

10% | !_} L 10% - l l

0% - — [ 0% . -

GRI1 GR2 GR3 GR1 GR2 GR3

c. Pb d. Zn
100% T - — 100% —
90% — 90%

80% F —  80%

70% 70%

60% 60%

50% 50% I
40% 40% [ ]

30% 30% F\ . |

20% | L] - 20% .J L

10% | l .=' = % | I _U

0% _— . 0% ||

GR1 GR2 GR3 GR1 GR2 GR3
M Phare | - Exchangeable m Phase Il - Reducible m Phase 111 - Oxidable Phase IV - Residual

Figure 3. Histograms of the Cu, Ni, Pb and Zn sequential extraction (a-d) respectively in the top-
soil horizons (A and AC) of soil profiles in mining rocks deposits (GR1), soils formed on coarse
debris of mining landfill or on altering mine debris (GR2), soils formed on mining flotation depos-
its (GR3).

The sequential analysis showed that out of the residual and stable phase, the poten-
tial available Cu was up to 40% in GR1 soils and decrease up to 20% in GR2 and GR3 one.
Most of the Cu present in soil was found in the oxidable phase. The highest percentage
was present in GR1 as (30%, p < 0.05) and it decreased to 13% in GR 2 and GR3, highlight-
ing its affinity with soil organic matter and sulphides. Notably, up to 7% of Cu was also
present in exchangeable or pH dependent phase in GR3 soils.
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Potential available Ni ranged between 20 and 30% in the different soils. Notably, Ni
was generally weakly bounded in GR2 soil horizons (12%). Diversely, in GR3, Ni was
mostly bounded to oxides and oxyhydroxides (14%).

Out of the residual and stable phase, 25% of Pb was found in available or potentially
available form in GR1 epipedons (p > 0.05), decreasing to 15% and 13% in GR2 and GR3
respectively. Most of the potential available Pb was found in Phase II (GR1 > GR2 > GR3),
which recorded Pb linked to oxides and hydroxides, and in Phase III (GR1 < GR3 < GR2)
which recorded Pb linked to weathered minerals (e.g., PbS).

Zn showed a greatest potential availability among the analyzed elements, ranging
between 45% in GR2 soils (p < 0.05) to 35% in GR1 and GR3 soil horizons. Notably, up to
20% of exchangeable Zn (Phase I) was found in GR2 soils, while in GR3 soils Zn was
mostly associated to Phase III which recorded Zn associated to soil organic matter or sul-
phides.

4. Discussion

According to the type of the mine tailings deposited, the World Reference Base for
Soil Resources [6] allows to classify these soils as Technosols as they contain more than
20% mine artefacts transported and deposited to the surface directly or after transfor-
mation by industrial activities. All the investigated soils were classified Technosols toxic
having in some layer within 50 cm of the soil surface inorganic materials with high con-
centrations of toxic elements. Leptic Hyperskeletic Technosols (Toxic) soils were found in
those stony areas where soil developed on abandoned mining area (GR1) having <20%
(by volume) fine earth over continuous rock starting <75 cm from soil surface. Spolic Tech-
nosols (Toxic, Transportic) were classified in those areas where soils were characterized
by transported mine gangue materials (GR2), containing >35% (by volume) mine debris
that have been transported from the mining area. Isolatic Technosols (Toxic, Relocatic)
were described in those areas where soils were characterized by deposition of mineral
flotation materials derived by rock manipulation (GR3), limited to defined areas, and cov-
ered and remodeled in situ with fill soil.

As underlined by the soil classification, soils were very little developed and were all
characterized by the presence of high content of PTEs. The high PTEs concentration was
expected as these soils resulted in an abandoned mining area, characterized by pyrite,
barite, iron oxide rich in heavy metal [50-52]. As soils showed acidic pH, there is a serious
risk of metals leaching into underground water, with the consequent spread of the metal
contamination in the surrounding area. Concern was arisen for the high content of As Pb,
Zn and TI (up to 297, 1096, 1081 and 143 mg kg, respectively), that exceed the threshold
limit defined by Italian law [49], but also for the high concentration of other potentially
toxic elements such as Ag, Ni and Cu (up to 29, 49 and 135 mg kg respectively). Accord-
ing to the sequential partitioning of metals in A and AC horizons more information about
potential risk linked to the high concentration of PTEs were recorded.

Soils of GR1 were characterized by the highest content of Cu, Pb and Zn, linked to
the presence of low-weathered pyrites minerals. Pyrite, in fact, is the most common sulfide
associated with other sulfide minerals such as sphalerite (ZnS), chalcopyrite (CuFeS?), and
galena (PbS) [53] and in this area such minerals are very common as confirmed by
D’Orazio et al. [50]. These soils are also characterized by a lower Ba content, probably
because they are the only natural mine soils that do not contain anthropic Ba accumulation
occurred in the other soils as results of tailings manipulation.

Soils of GR2, developed on gangue deposits, recorded the highest content of TOC
and P. This result is probably related to the position of these soils, almost located in natural
forested area, that promote wild vegetation growth and accumulation of fresh organic
matter [54,55]. In addition, GR2 soils showed the highest content Fe and Mn, which are
probably present as oxide and hydroxides, as the results of pyrite oxidation. The steps of
pyrite oxidation due e.g., to atmospheric contact, oxygenated waters, soil humidity, etc.,
may lead to soil acidification [56,57] and to different reactions according to the activation
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energy of the site and redox potential. According to Dos Santos et al. [53], the pyrite weath-
ering at low Eh potential and low activation energy, may lead to oxidation of Fe(Il) to
Fe(III)-OH- species, while in presence of higher activation energy the weathering product
may lead to the formation of S—O bond and Fe(II)-~OH: species. As a result of mineral
oxidation, the total concentration of S-linked metal such as Pb and Zn were significantly
lower in GR2 compared to GR 1 soils, but their potential availability is higher. In fact, as
confirmed by the analysis of sequential-partitioning metals, both metals are mostly linked
to exchangeable or Eh-dependent soil phases usually linked to the presence of oxides and
oxyhydroxides and to soil organic matter (SOM).

GR 3 soils group resulted to be the less contaminated soils from the point of view of
PTEs total concentration, coherently with the fact that these soils resulted from flotation
deposits after the separation of pyrite from the associated metals [58]. The analysis of
metal sequential partitioning (Figure 3) showed that these critical metals were much less
available in GR3 soils than in GR1 (e.g., Cu and Pb) confirming that GR 3 soils have been
already “washed”. Beside the acidic pH, which is one of the most important factors driv-
ing metals mobility [59], the low content of clay and organic matter in these soils can be
considered other important elements that promote metals leaching, thus increasing the
vulnerability of these soils to release heavy metals into the surrounding environment. On
the other hand, the sequential extraction showed that in GR3 soils the available Zn and Ni
is mostly bound to soil oxides and oxyhydroxides (e.g., Ni) and to organic matter and
sulphides (e.g., Zn).

These metals in fact, are the product of human rock manipulation (ex situ mineral
alteration processes); consequently, the high soil hazard in GR3 could be partially con-
trolled by SOM and by metal alteration products, which are essential soil driving factors,
and play an important role in metals chelation. In order to assess the environmental risk
of the area and to avoid future water contamination, these soils and the underneath water
should be strictly monitored during time. Given the important role of SOM in chelating
heavy metals, promoting soil organic matter enrichment could be a successful method to
restore these sites and control soil development.

The higher Zn and Ni availability in GR2 and GR1 soils than in GR3 one could be
due to the affinity of such metals to the pH dependent phase. These metals are products
of in situ mineral alteration processes that characterize the pedogenesis in these areas, and
are easily still available. For this reason, urgent reclamation operation should be necessary
in these areas.

5. Conclusions

In abandoned mining areas soils developed because of both human-induced and nat-
ural processes. In our case, the kind of deposited waste material strongly influenced soil
physicochemical characteristics of soils, and this is reflected on the analysis of pseudo-
total elements in the different soil groups. According to the material deposited, however,
the pedogenesis can differ according to the degree of mineral alteration (e.g., pyrite oxi-
dation, oxides and oxydroxides formation, organo-mineral complex formation) leading to
different level of soil vulnerability to heavy metals release. Our study demonstrated as
the analysis of pseudo-total elements in soil is not enough for assessing the environmental
risk in the area, and that partial dissolution techniques may explain much better the mo-
bility of the elements linked to the mineral or organo-mineral complexes that they form
in situ.

As a result, in this specific case, GR1 soils do not results the highest contaminated
soils for pseudo-total content of heavy metals, but they show the highest environmental
risk from the point of view of metal mobility (e.g., for Cu, Ni, Pb and Zn), while GR2 soils,
which are characterized by the highest Ni, Pb and Zn content results to be less environ-
mentally critical from the point of view of metal mobility. In fact, although the potentially
available metals resulted from the alteration of pyrite minerals, the presence of a good
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SOM content and the pH around 6 can act as powerful soil buffer that prevent metal leach-
ing.

Finally, GR3 characterized by the lowest concentration of PTEs and the lowest metal
mobility behavior but with the lowest pH and SOM content, can be considered environ-
mentally critical because of the high potential metal leacheability. In these areas, in fact,
the low SOM content and the low soil pH, enhance the potential risk of metal mobility in
the surrounding area (e.g., in the underground water).

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11156982/s1, Figure S1 Representation of some typical landscape and soil profiles
treated in this study; Table S1 Georeferenciated location and description of the investigated soils.
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