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Abstract: The article presents the results of a study of the contamination of heaps with potentially toxic 
elements, focused on Co, Cu, Zn, As, and Cd, their bioavailability in the area at selected European 
abandoned Cu-deposits: Špania Dolina (Slovakia), Libiola, Caporciano (Italy), and São Domingos 
(Portugal). The content of studied metals at selected heaps often exceeds the limits of national and EU 
legislation. The bioavailability was studied using three-step sequential extraction, using distilled water (step 
I), ammonium acetate (step II) and citric acid (step III). The best bioavailable elements are Cu, Cd, and Zn. 
Cobalt and As are less released during the leaching into the solution. The article discusses also the main 
environmental problems at the individual deposits and suggests possible solutions.  
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1. INTRODUCTION 
 

Mine waste, which was in equilibrium with the 
intact rock environment, suddenly found itself on the 
surface and accumulated in landfills. The left over ores 
are always present in the tailings. Mining heaps and 
tailings therefore cause long-term contamination of the 
surrounding components of the environment (soil, 
water, air, and biota) with potentially toxic elements 
(PTEs) (Assabar et al., 2023; Islam et al., 2024). 

Environmental risks are conditioned by 
biochemical processes taking place in the hypergenic 
zone. These processes cause also the introduction of 
aerobic microorganisms, yeasts, fungi, molds, algae, 
and lichens (Andráš et al., 2010). Thus, landfills 
represent a multi-component abiotic-biotic system 
with a large reaction interphase surface. The initiator 
of interphase reactions is rainwater and solutions 

created by chemical reactions (Król et al., 2020). 
Landfills can therefore be understood as biogeo-
chemical reactors. The general reason for the PTEs and 
other elements migration in the weathering process is 
the transformation of minerals with a high lattice 
energy, stable in the conditions of primary formation 
(endogenous processes) into minerals with a low 
lattice energy, stable in the subaerial, or underwater 
environment (exogenous conditions). There is so far 
only incomplete information on the mobility of the 
products of interphase reactions taking place in 
landfills, based on the results of experimental 
mineralogy. One of the questions is the bioavailability 
of the PTEs, which may influence the growth and 
healthy development of biota (Andráš et al., 2010). 

The goal of our study is to compare the 
bioavailability of selected five PTEs (Co, Cu, Zn, As, 
and Cd) which are present at all studied landfills from 
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several selected European closed Cu-deposits. Three 
localities situated in different geological settings were 
studied. Špania Dolina was an important historical 
mine, where mining had been carried out since the 
Bronze Age. The present research was realized at 
Richtárová heap. The next two studied deposits were 
the landfills Caporciano in Val di Cecina and Libiola in 
Italy (Figure 1). 

 

 
Figure 1. Localization of the studied Cu-deposits 

(According to: Wikimedia Commons, 2024). 
 

The originally exhalative-sedimentary Cu-
mineralization of the siderite formation at Špania 
Dolina (Central Slovakia, Figure 2) was remobilized 
during the Carpathian folding. It has been exploited 
since the Bronze Age. The ores are situated in the 
rocks of the crystalline, Permian, and Lower Triassic 
ages, formed by Permian, migmatitic pararules, 
arkoses, conglomerates, sandstones, and variegated 
shales. The Triassic is represented by dolomites and 
quartzites. The main exploited economically 
important minerals were chalcopyrite and tetrahedrite 
(Andráš et al. 2013, 2014; Franková et al., 2012). 

The chalcopyrite, bornite, and chalcocite ore 
body at Caporciano mine in Tuscany (Figure 3) is 
associated with ophiolites of Tuscanian Units, 
(consisting of diabase, gabbros, and serpentinites) 
(Dolfini et al., 2020). The medium-temperature 
hydrothermal ore mineralization is a result of 
remobilization (Bertolani & Rivalenti, 1973). 
Massive sulfide ores represented by a mixture of 
chalcopyrite, bornite, native copper, chalcocite, 
malachite, and azurite were exploited (Dini & Boschi, 
2017; Klemm & Wagner, 1982; Tanelli, 1983; Andráš 
et al., 2025). 

The Libiola in Liguria (Figure 4) belongs to 
several deposits whose mineralization is genetically 
connected to Jurassic ophiolites of the northern 
Apennine. Mineralization is developed in the 
ophiolite complex. The economically important ores 
are represented predominantly by pyrite, pyrrhotite, 
and chalcopyrite (Buccheri et al., 2014). 

The outcropping São Domingos deposit in the 
Iberian Pyrite Belt (Figure 5) in the south of Portugal, 
near the Spanish border belongs to the important 
world deposits. The exploited ore bodies are situated 
in the black shales and basic volcanic rocks of the 
mighty volcano-sedimentary complex. The exploited 
ore minerals are represented predominantly by 
massive sulfide and stockwork ores, containing 
mainly chalcopyrite, pyrite, tetrahedrite, and less also 
of arsenopyrite and sphalerite (Matos et al., 2020; 
Vieira et al. 2020). 

 

 
Figure 2. Heap at Špania Dolina (photo 2023). 

 

 
Figure 3. The quarry at the top of heap at Libiola 

(photo 2024). 
 

 
Figure 4. Great erosion of the heap at Caporciano 

(photo 2024). 
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Figure 5. Acid drainage water of the creek in the open pit 

heap area at São Domingos (photo 2023). 
 
2. MATERIALS AND METHODS 

 
30 samples of technosol were collected from 

each studied deposit. This set of samples separately 
from individual deposits was mixed and consequently 
homogenized to get samples that are representative of 
the average heap material. After milling, 100 g of this 
material was pulverized (80 mesh) and dried at 60 °C 
for 24 hours. 

Soil characteristics (active and paste 
pHH2O/EhH2O; pHKCl/EhKCl) are presented in Table 1. 
They were obtained by measuring using the 
methodology published by Sobek et al. (1978): the 
active pHH2O/EhH2O in 10 g of technosol suspension in 
20 ml of distilled water and the paste pHKCl/EhKCl 10 g 
of technosol in a 20 ml of 1M KCl suspension. After 
one hour of mixing in an electromagnetic stirrer, the 
pH/Eh was determined with a WTW Multi 3420 pH 
meter with a SenTix ORP type redox electrode with a 
Ag/AgCl reference system (electrolyte 3 M KCl). 
Obtained values were converted to a standard 
hydrogen electrode according to Pitter (1990).  

Soil samples were homogenized and dried at 
room temperature and subsequently analyzed for Co, 
Cu, Zn, As, and Cd by ICP-MS at ACME Laboratory 
(Vancouver, Canada). 2 g of the sample was moistened 
with distilled H2O and subsequently digested to dry 
vapors in the H2O-HF-HClO4-HNO3 mixture. 10 mL 
of 50% HCl was added to the samples and the 
solutions were heated in a water bath, to extract the 

total concentration of elements. The well-
homogenized and clear solution was refilled with HCl 
to the exact volume and analyzed by ICP-MS at 
ACME Laboratories (Vancouver, Canada) 

The bioavailability of PTEs was studied by 
sequential extraction procedure 1 g of sample was in 
50 ml falcon tube leached using 2 extraction agents: I. 
mobile/exchangeable PTEs by shaking with 
NH4CH3CO2 (ammonium acetate), pH 7 overnight; 
and II. Acid soluble, shaking with the same solution 
buffered to pH 5 for 5 hours; These 2 fractions can be 
considered as bioavailable.  The residual fractions 
were calculated as the difference between the sum of 
these fractions and the total concentrations 
accordingly. 
 

3. RESULTS  
 

The pH and Eh (both rinse and paste values) are 
presented in Table 1. The most acidic heap material is 
at Libiola(x̄ pHH2O 4.03) and the most close to neutral 
conditions at Caporciano (x̄ pHH2O 6.56). The Eh 
shows the most oxidic conditions at São Domingos (x̄ 
EhH2O 153.3) and the most reducing conditions. 

At all monitored copper deposits, the results 
show high concentrations of PTEs, first of all of Cu, 
Zn, and As (Table 1). The heap in Caporciano is 
primarily typical of the highest Cu contents (x̄ 7,295 
mg.kg-1), as well as increased Cd contents (x̄ 3.4 
mg.kg-1; Table 2). The comparison of the substantially 
higher PTEs contents in heap material with the 
reference area is presented in Table 3. 

The bioavailability of the selected PTEs in heap 
material from selected deposits is shown in Figure 6. 
The plot shows that the most leachable metals are Cu, 
Cd, and Zn. The worst mobile seems to be As. 

For the heap in Špania Dolina is the 
characteristic decrease of the bioavailability heading 
from Cu to As: Cu > Zn > Cd > Co >As and for heap 
in Libiola: Cu > Zn > Cd > Co > As. In the Caporciano 
decreases the mobility, and therefore also 
bioavailability, in the following order: Cd > Cu > Zn 
> As > Co. The results obtained from São Domingos 
waste material show the best bioavailability for As and 
Co. The bioavailability decreases in the following As 
> Co > Cu > Cd > Zn (Figure 6).

 
Table 1. Ranges of a rinse and paste pH and Eh and their average values in the technosol at studied heaps 

Heap 
pH(H2O) Eh(H2O) (mV) pH(KCl) Eh(KCl) (mV) 

Range of 
values x̄ Range of 

values x̄ Range of 
values x̄ Range of 

values x̄ 

Š. Dolina 4.72 7.36 5.70 -66 106 36.56 4.20 8.27 5.67 -109 134 39 
Libiola 2.76 4.94 4.03 12 146 67.71 3.37 6.47 4.82 32.5 223 129 

Caporciano 5.99 7.13 6.56 -12.0 42.01 14.00 5.13 7.01 5.99 - 4.0 111 58 
S. Domingos 2.74 7.10 4.28 10.7 243.4 153.3 2.70 5.30 3.95 5.6 166 174 
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Table 2. The average contents of PTEs in the technosol of 
studied heaps. 

Deposit 
Co Cu Zn As Cd 

mg·kg-1 
Š. Dolina 22 1,511 38 234 0.1 
Libiola 89 3,562 364 20 1.5 

Caporciano 33 7,299 765 2 3.5 
S. Domingos 21 655 971 1,202 0.9 

 

Table 3. The average contents of PTEs in the reference 
areas. 

Deposit 
Co Cu Zn As Cd 

mg·kg-1 
Š. Dolina 4 45 19 10 0.11 
Libiola 4.5 96 14 33 0.0 

Caporciano 79 1,003 115 5 0.6 
S. Domingos 18 522 176 1.2 2.8 

 

 
Figure 6. Results of the sequential extraction of PTEs extraction from the technosol from the studied deposits;  

I. leaching in NH4CH3CO2 solution at pH 7; II. leaching in NH4CH3CO2 solution at pH 5; III. insoluble rest 
(the first two fractions can be considered bioavailable). 

 
4. DISCUSSION 
 
The distribution of PTEs content in the heap 

material on the monitored closed Cu deposits is 
different (table 2) and irregular within each deposit. 
The highest Zn, As, and Pb contamination was 

reported in the area of the São Domingos mine, while 
the material from the Libiola heap is rich in Co and 
the material from the Caporciano heap in Cu and Cd. 
The highest Sb contamination was found in the heap 
material from the 40-year closed Špania Dolina 
deposit. 
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The specifics of individual terrains remain a 
certain problem when assessing the bioavailability of 
the soil (Paller & Knox, 2013). The situation differs 
for individual deposits because of the physical and 
chemical heterogeneity of sediments combined with 
differences in geological characteristics (different 
characteristics of the rocks/technosol), geochemical 
conditions pH/Eh and chemical forms and 
mineralogical bondings of the studied PTEs (e.g. can 
be expected that As is in oxidic conditions present in 
less mobile form As5+; Andráš et al., 2014). 

The rocks at all deposits: Libiola, Caporciano, 
and São Domingos, except Špania Dolina consist of 
basic to ultrabasic ophiolite or volcano-sedimentary 
ore-containing rocks. All the studied deposits show 
the heap material acid conditions, only the technosol 
at Caporciano has pH values close to neutral values. 
Caporciano heap seems to be the closest to the neutral 
conditions (x̄ pHH2O 6.56). The Eh values (both EhH2O 

and EhKCl) proved the most oxidic conditions at the 
great open pit São Domingos deposit (x̄ EhH2O 153.3), 
whereas the most redox environment was described 
at Caporciano heap. All these obtained data 
correspond with a lot of data presented by numerous 
authors, e.g. Nagyová et al. (2013), Buccheri et al. 
(2014, 2019), Matos et al. (2020), Dolfini et al. 
(2020), and others. 

Basic data on the studied heap fields in Špania 
Dolina was published by Andráš et al., (2008; 2009) 
and Buccheri et al. (2014). At this deposit the content 
of all PTEs is the lowest. The sandy and gravel 
sediments in Libiola contain a large amount of 
material rich in chalcopyrite and pyrite. Secondary 
Fe-oxides and Fe-oxyhydroxides cause remarkable 
Fe content, with pyrite being the substantial Co 
source (Marescotti et al., 2010). During the 
weathering process, significant amounts of PTEs 
from primary and secondary mineral phases are 
released into acid rock drainage, which then 
contaminates the slightly alkaline Gromolo stream 
(pH 8) flowing through the valley and inhabited areas 
(Dinelli et al., 2001; Buccheri et al., 2014). The 
neutralization of surface water and the massive 
precipitation of Fe-oxides and Fe-oxyhydroxides 
causes sorption of PTEs as a result of which the 
stream water is characterized by acceptable quality in 
the village area. It is unlikely that there could be a 
massive mobilization of PTEs (Dinelli et al., 2001). 
The stabilization of a steep slope under the quarry can 
be recommended, on which the heap material is 
deposited either by technical procedures or by 
suitable pioneer vegetation cover to reduce the 
penetration of PTEs into surroundings. 

The Caporciano heap is primarily 
characterized by the highest Cu and Cd 

contaminations (x̄ 7299 mg.kg-1 and 3.5 mg.kg-1, 
respectively). The main environmental risk in 
Caporciano is the severe extremely significant 
erosion of the heap in a deep terrain depression.  Poor 
pioneer plant vegetation (Pinus spp. and Quercus 
spp.) is not sufficient to stabilize stabilize the heap 
material (Buccheri et al., 2014, 2014a). The heap is 
located high in the mountains, with the nearest 
populated area approximately 2 km away. As a result, 
the relatively mobile Cu primarily affects only the 
vineyards situated downslope. Since there are no 
creeks in the vicinity, the environmental risk 
associated with the spread of PTEs through surface 
water is minimal. The small wetland below the 
landfill is saturated with sewage from the hotel above 
the landfill. Adaptation of this marsh to an anaerobic 
and aerobic wetland system could substantially 
eliminate the release of Cu into the landscape. 

Comprehensive information about the São 
Domingos deposit was published in a series of articles 
(Quental et al., 2003; Mateus et al., 2011; Matos et 
al., 2006, 22020). According to Mateus et al. (2011), 
the reddish aluminous slag contains up to 1.7% Cu 
and 0–5% Cu. The current study (Tables 2 and 3) 
aligns with these findings. The red and brown 
coloration of the heap material at the São Domingos 
and Libiola sites suggests oxidic conditions; however, 
the technogenic sediments in these areas are not 
sufficiently aerated, and the range of Eh values (-10.7 
to 243.4; Table 1) corresponds to those typical of 
anoxic soils (Alloway, 1992). 

The most significant environmental risk in São 
Domingos is the extensive production of acidic 
drainage water. The majority of this water 
accumulates in a flooded surface quarry, while the 
rest is redirected to a distant stream via canals 
extending over 14 km. A portion of the water 
evaporates, while the remainder flows into the stream 
and eventually dilutes in a nearby lake. 

A considerable amount of acidic water is 
captured by small dams. Enormously extensive 
mining space does not allow for simple solutions for 
the remediation of contaminated land. One of the 
possible procedures to reduce the negative impact of 
PTEs on environmental components is the phyto-
stabilization of metals in the contaminated area using 
autochthonous and pioneer plant species (Abreu et 
al., 2010, 2012; Andráš et al., 2021; Midula et al., 
2023). Several admixtures are currently being tested 
that can immobilize PTEs in waste material. 

PTEs contents in the studied heap often exceed 
the limits of national and EU legislation. 

Bioavailability is considered as the rate and 
extent to which PTEs can reach the biota (Adams et 
al., 2019). Bioavailable are at the selected deposits 
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from the heap material of all the studied PTEs. 
Arsenic is at São Domingos extractable even in 
ammonium acetate at pH 7 (Figure 6). The best 
extractables are Cu, Cd, and Zn, whereas Co is less 
bioavailable. These results are comparable with those 
published by Kim et al. (2015) and Zogai et al. 
(2014). The Cu and Zn are well soluble also in the 
second step of sequential extraction using 
ammonium complexes as described by Davidson, 
2012, Helios-Rybicka & Wójcik, 2012). These steps 
were released to solution the substantial bio-
exchangeable parts of the above-mentioned 
elements. There are some similarities between 
Špania Dolina and Caporciano deposits. From the 
heap material of both polygons, the best releasing 
ability to the solution was detected for Cu and Cd, 
only the order of these PTEs is different: at Špania 
Dolina Cu is the best bioavailable, whereas at 
Caporciano and in Libiola is Cd. The behavior of As 
is completely different (Figure 6). Our results show 
the bioavailable As fractions seem to be influenced 
by pH (the lowest is at São Domingos) and probably 
by specific bonding in heap material, as mentioned 
by Singh & Srivastava (2020). Arsenic is more or less 
bio-inaccessible at three deposits (Špania Dolina, 
Libiola, and Capociano), while it is bioavailable in 
the most acidic conditions at São Domingos even in 
the first step of sequential extraction using distilled 
water. The bioaccessibility at this deposit is probably 
influenced primarily by the differential solubility of 
the minerals under acidic conditions (Drahota et al., 
2025). The obtained data about bioavailability 
generally corresponds with results published by 
Lalhruaitluanga (2011). 
 

5. CONCLUSIONS 
 

The highest Zn and As contamination was 
reported from the mining polygon of São Domingos, 
while the heap material at Libiola is rich in Co, Ni, 
and the mine waste at Caporciano in Cu and Cd. The 
landfill at Špania Dolina is less contaminated with 
PTEs than the landfills at the remaining four 
deposits. The PTEs contents in many cases exceed 
the limits set by EU soil law. 

A substantial part of the bioavailable PTEs was 
generally released from the heap material in the 
deionized water and less also in 1 M solution of 
ammonium acetate. At the first three deposits (Špania 
Dolina, Caporciano in Val di Cecina, and Libiola) is 
possible to distinguish generally the two most 
bioavailable PTEs: Cu and Cd. Less bioavailable are 
Co and Zn. Except for the heap São Domingos the 
less immobile metal is As. 
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