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Abstract

:

Heaps of waste material constitute a serious environmental problem in regions where the historical exploitation and processing of metal ores has taken place. The presented paper describes the trace metal distribution in selected heaps in the lead-zinc mining area of an abandoned mine in Poland, as well as the soil horizons beneath. The study aims at the estimation of the metal remobilization rate in vertical profiles in the spontaneously afforested area in the context of the potential danger it poses to the local groundwater. Individual samples were taken from profiles dug in heaps found in deciduous and coniferous forests. The bulk density, pH, organic matter and carbonate content, as well as the concentration and chemical forms of metals were analysed. Buffer properties and the mineralogical composition were also determined for the selected samples. The investigation indicates excessive cadmium, zinc and lead concentrations in the analysed heap material and the significant secondary enrichment of former soil horizons. A large percentage of these metals occur in potentially mobile forms. It suggests that, despite the high pH of the heap material and the good buffer properties of soil, cadmium and to a lesser extent, zinc, has migrated downwards to depths of at least several dozen centimetres over a period of about 200 years. This is related to soil acidity, particularly in profiles abundant in organic matter resulting from the encroachment of forest communities, particularly of coniferous forest. Spontaneous afforestation forming the litter cover contribute to the stabilization of the heap material and limiting groundwater pollution. Even though specific remediation measures are not needed in this area, it requires long-term monitoring.
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1. Introduction


Metal mining and smelting have played a very important role in economies since ancient times. A side effect of this exploitation would be the pollution which often accompanies it. Usually, it is associated with the release of a portion of excavated metals into the environment, both during ore exploitation and also long after the cessation of mining activity [1,2,3]. Particularly, metals stored in waste heaps can be dispersed into the surrounding soils and surface waters for a very long time afterwards due to erosion, weathering and leaching processes [4,5]. For these reasons, heaps of waste material constitute a serious environmental problem in regions throughout the world which have witnessed the historical exploitation and processing of metal ores [6,7,8,9].



Afforestation is the most common reclamation method of lands degraded by mining, particularly in previously forested regions [10]. Nonetheless, at abandoned historical mines where landform alignment, the placement of overburden and/or soil capping have not been undertaken, afforestation usually results from natural succession [11]. Establishing forest cover leads to the modification of the soil profile [12], elevated amounts of organic detritus and concentrations of dissolved organic matter [13,14] as well as a drop in pH and the depletion of cations in the topsoil [15]. Subsequently, the production of organic matter and the associated drop in the pH of the topsoil favour the mobilization and transport of metals down soil profiles [16,17]. For this reason, the mobility of elements in many forest soils was evidenced to be higher than in arable soils [18] with higher migration rates found in coniferous rather than deciduous forests [17,19]. It suggests that metal remobilization rate in naturally afforested, highly metal-contaminated heaps differs from that observed in reclaimed areas and should be investigated more carefully.



The current study focuses on metal mobility in spoil heaps of the Katarzyna mine in southern Poland which was abandoned at the beginning of the 20th century. The Pb-Zn ore was extracted in shallow pits, no more than a dozen meters deep. They were located from a dozen to ca. hundred meters apart. In this area, remnants of more than 400 exploitation pits were found. Most of the area of the former mine was afforested naturally and the high content of heavy metals in plants suggest their high mobility [20]. In the profiles dug into the heaps found in deciduous and coniferous forests, we compared the content and speciation of the metals in the heap material with the material of the fossil soil horizons which are termed hereafter “former soil”. The study aimed at the estimation of the metal remobilization rate based on metal distribution and soil properties in six vertical profiles in both forest types in the context of the potential danger posed to local groundwater.




2. Materials and Methods


2.1. Research Area


In the Silesian–Krakow region of southern Poland, Zn-Pb ore mining has a centuries-old history, with the beginnings of its exploitation dating as far back as 700–400 BC [21]. This region belongs to Europe’s oldest mining areas, but the archival documents indicate that ore mining only developed rapidly from the 13th century onwards. Generally, from the 13th to the 15th centuries, silver-bearing galena was exploited in shallow shafts whereas, from the 15th to the 19th century, deeper ore beds became accessible in some locations thanks to the construction of adits. In this period, Olkusz was one of the most important centres of lead and silver production in Europe [22]. At the beginning of the 19th century, the Katarzyna mine was built in the southern part of the region, encompassing an area of about 5 km2. The mine operated until 1912, when the metal ores were exhausted [23].



The extracted ore beds of the Mississippi Valley-type occurring in Triassic and Devonian rocks contained chiefly zinc, lead and iron sulphides with 4–6% of Zn, 1–3% of Pb and 5–8% of Fe and with smaller amounts of Cd, Tl, Ag and As. The partial oxidation of the primary ore minerals, i.e., sphalerite and wurtzite (Zn), galena (Pb), pyrite and marcasite (Fe) lead to the formation of smithsonite, cerusite, monheimite and limonite. The waste rock minerals are mainly composed of dolomite and calcite. They account in total for approx. 70% of mining output [21,24]. The rest consist mainly of sand and clay.



The material excavated during the mine operation was piled up around pits forming ring-shaped heaps that are 2–5 m high. The diameter of some of the former pits reaches 20 m, with depths of up to 7 m. However, most of the holes do not represent their original dimensions and holes that are about 2 m in diameter predominate [25,26]. Heaps consist of the overburden and gangue, often containing metal-rich material [23,27]. The studied site was located in the southern part of the Silesian-Krakow region (S Poland) at two localities: Paryz and Lgota (Figure 1). The area of the investigated heap at Paryz is overgrown with mixed forest with a predominance of pine trees, whereas the area of the heap at Lgota is overgrown with beech forest. Rendzinas are the dominant group of soils in the Lgota region, while sandy soils dominate in the area of Paryz. The soils in the heaps could be classified as anthropogenic ones. Heaps were outcropped with a spade to the depth of a few dozen centimetres below the previous ground surface marked in each profile by the visible change in stratigraphy. At each locality, three outcrops were dug at different distances from the centre of the heap (Figure 1).



Generally, the deepest outcrops were located at the point where the heaps were raised about 1.5 m above the ground surface. The next ones, in the middle part of the escarpment, were raised a few dozen centimetres above the surface and the last were located at the foot of the heaps where the mined material was about a dozen cm thick (Figure 1). The depth of outcrops ranged from between 2.8 and 0.5 m and depended on the thickness of the rubble material and that of the buried primary organic layer. The vertical profiles were taken in each outcrop. Individual samples were collected according to the lithology, packed separately, appropriately marked and transported to the laboratory.




2.2. Laboratory Analyses


In the individual raw samples, the bulk density, pH after extraction with water (pHH2O) at a 1:5 (w:v) ratio [28] and after extraction with 1 M KCl (pHKCl) at a 1:5 (w:v) ratio, water content (loss of mass at 105°C) and organic matter as losses on ignition (LOI) at 550°C (in a laboratory muffle furnace) were estimated. Carbonate content was determined by means of the weight method at 925°C (laboratory muffle furnace) as well as by the volumetric method using a Scheibler apparatus (according to [29]). The grain-size of samples was estimated by the sieve method. Before the metal analysis, the soil samples were sieved using a 0.063-mm sieve and dried (105°C). The concentration of Cd, Cu, Fe, Mn, Pb and Zn—pseudo total (after digestion in an Microwave Digestion System 2000, Milestone-Sorisole, Italy, microwave oven in hot 65% HNO3 (p.a.)) and partitioning from sequential leaching phases (3-steps according to the BCR method [30], and as the fourth step with digestion in 65% HNO3 in an MDS 2000 microwave oven, Spectralab Scientific-Ontario, Canada) were determined using Atomic Absorption Spectrometry (F-AAS, iCE3000, Thermo Scientific-Waltham, MA USA).



The analyses were performed according to a standard certified analytical quality control procedure. Blanks and standard reference materials (River Sediment 1646) were analysed at regular intervals (one blank and one standard for each set). Each measurement was repeated three times. The RSD values for all the analysed metals were below 5%.



For the selected samples, buffer properties (Arrhenius method) and the mineral composition (XRD method) were determined. The mineral composition of the samples was carried out by X-ray with the Debyea-Sherrer powder method. X-rays of all samples were recorded using a Rigaku SmartLab X-ray-Tokyo, Japan, diffractometer using the following parameters: CuKα radiation, reflective graphite monochromator, lamp voltage 45 kV, the lamp current 200, step recording: step = 0.050 2Θ, counting time per step = 1 s. Preparations were made using the “front-loading” method. The ICDD catalogue (International Centre for Diffraction Data 2014) and the XRAYAN computer program (4.0.1 version) were used to identify the mineral phases of the samples.





3. Results


3.1. Soil Characteristics


3.1.1. Profiles from the Heap at Lgota


The depth of the soil profile I from the heap at Lgota (Figure 1) equals 2 m. Black humus of a very low bulk density (about 0.4 g·cm−3) constitutes the top 7 cm stratum of the profile. pHKCl in this layer is lower than 6.1, while water (about 50%) and organic matter contents (expressed as LOI value—53%) are the highest of all the samples in this profile. The content of carbonates in this stratum is relatively low (6.53%). Below the 7-cm top layer, there is a 1.30-m-thick layer of yellow loam with loosely dispersed fine stones up to several cm in diameter. Its bulk density varies from 0.88 to 1.13 g·cm−3. pHKCl changes from 7.1 to 8.0, water ranges between 20% and 27% and organic matter content is between 1.53% and 2.46%. The carbonate content is very high and changes from 74.3% to 88.2%. These strata are intercalated with grey loams containing a large number of rock crumbs. pHKCl attains a value of 8.5, with the bulk density of 1.21 g·cm−3, while LOI is only about 1.2% and carbonate content is higher than 90%. At a depth of 1.38–1.44 m, an increase concerning overlying layers in LOI value (6.3%) and a drop in calcium carbonate content (to 2.3%) is observed. The silty loam that occurs there also has a lower pH and reduced water content in comparison to the overlying ones. The lower-lying strata (1.44–1.54 m) have a density of about 0.94 g·cm−3, slightly alkaline pHKCl (7.13–7.36), and a low LOI (2.1–2.8%) and carbonate content (4.0–7.1%) (Table 1). At the depth of 1.54–2.00 m, weathered limestone rock debris appears again and the density, pH and LOI increase slightly. However, a large increase (to about 75%) in the carbonate content is observed in this stratum in relation to the overlying soil.



The Lgota II profile, sampled from the middle height of the heap, is 0.82 m deep. As in the case of the previous profile, a 7-cm-thick humic, dark layer appears on the surface. Its bulk density is about 0.5 g·cm−3 and it is characterised by pHKCl from 5.1 to 5.8, relatively high water content (about 50%) and a LOI value of about 50%. The carbonate content is relatively low and varies from 5.7 to 32.9%. In the underlying brown layer, at a depth from 0.07 to 0.57 m, there are some fragments of carbonate rock up to a few cm in diameter. Carbonate enrichment is reflected by the increase in pHKCl to 6.7 and carbonate content reaching 82%. The bulk density reaching 1.48 g·cm−3 is much higher than in the overlying strata, while a water content of about 25% and the LOI value of about 3% is much lower. The part of the core from the depth 0.57 to 0.82 cm is characterised by high density (to 1.74 g·cm−3) dark brown silts with a low concentration of carbonates (about 4%) and organic matter (to 0.2%) (Table 1).



The Lgota III profile, dug to a depth 0.4 m, was located 3 m from the previous profile. The dark coloured humus layer on the profile top is about 0.1 m thick but the values of the organic matter decrease from 75.3% to 26.2% and pHKCl from 4.6 to 6.1 with depth. Conversely, the concentration of carbonates is relatively low and changes from 4.5% to 44.3%. Below this level, at the depth 0.1–0.3 m, there is a reddish-brown sandy loam layer with a relatively high bulk density (up to 1.86 g·cm−3), which is slightly acidic and contain a low concentration of organic matter (about 2.5%) and carbonate content (on average, 3.5%). In the deepest part of the profile (0.3–0.4 m), there is a stratum with fragments of crushed rock and the highest concentration of carbonates in the whole profile (70.3%) and pHKCl (6.7) (Table 1).




3.1.2. Profiles from the Heap at Paryz


Profile I at Paryz is 2.82 m deep. The 4 cm dark organic surface stratum has a very low density (0.55 g·cm−3). It is characterised by a pHKCl = 6.8. The organic matter (43.3%) and water (53%) content is higher, whereas the concentration of carbonates is lower (38.6%) in comparison with the rest of the profile. The lower levels of the profile, from 0.04 to 1.72 m, contain yellow silty sands with carbonate content which increases with depth from 73% to 97%. The soil pH values exhibit an analogous regularity, rising from 6.6 to 8.7. The bulk density of this strata is around 1 g·cm−3 whereas LOI is equal to 3%. The highest carbonate content and pH values are at the depth from 0.74 to 1.72 m where fragments of dolomites were found. The deeper part of the profile (from 1.72 to 2.26 m) contains brown sands with the low content of carbonates (<1%) and organic matter (<0.25%). These strata have a relatively high density (1.1–1.3 g·cm−3), pHKCl from about 6.5 to 6.8 and the low content of water (about 5%). Under these layers, at the depth of 2.26 m, a sandy stratum about 0.3 m thick with a higher concentration of organic matter and pHKCl about 6.3 occurs (Table 2). In the deepest part of the profile (below 2.65 m), both organic matter and carbonates disappear.



The Paryz II profile was sampled to the depth of 0.96 m below the heap surface (Figure 1). The dark humus top stratum is 6 cm thick. It is characterised by the LOI value of 58%, the water content of 56%, very low bulk density (0.52 g·cm−3), a pH value of 5.0 and carbonate content equal to 47.4%. Immediately below the organic layer, at depths from 0.06 to 0.34 m, there is a yellowish layer with visible crumbs of weathered dolomites in which the CaCO3 concentration ranges from 86 to 88% and pHKCl from 6.7 to 7.0. Below, at a depth of 0.34 m, there are 0.3-m-thick sandy deposits in which contents of organic matter (2.0–0.3%), carbonates (58.9–0.62%) and water (18.2–0.4%) is lower while the pH is 7.0. Silty-clay deposits with a variable proportion of sand fraction compose the bottom part of the profile (0.64–0.96 m). It is characterised by a very low amount of both organic matter (about 1%) and calcium carbonate (about 2%). The bulk density of this ground is the highest in the whole profile and reaches 1.75 g·cm−3 (Table 2).



The Paryz III profile was sampled to the depth of 0.67 m. The dark humus 6-cm-thick top stratum has a very high LOI value (93.3%) and low pHKCl (3.3) while water content is only about 9%. At the depth 0.1–0.2 m, there are yellow loams with rocky debris with a high CaCO3 content (about 85%) and a pH value (pHKCl) of about 6.8. Below this depth, there is a sandy brown stratum with a clay fraction characterised by the minimum content of organic matter and carbonates in the profile as well as a high density (up to 2.0 g·cm−3) (Table 2).





3.2. Buffer Capacity


Buffer capacity curves are presented in Figure 2 and Figure 3. The base black lines represent pH measurements for the blank samples. Soils in the Lgota I profile (Figure 2a) generally have a very weak buffer capacity relative to alkalizing agents and a good buffer capacity related to high calcium carbonate content. The exception is the stratum at a depth 138–144 cm, where a drop of buffer capacity to 2.5% is in parallel to a significant decrease in CaCO3 concentration. Generally, in the Lgota II core (Figure 2b), buffer properties follow the values observed for the Lgota I profile, whereas in the Lgota III profile, the buffer capacity in the upper sandy loam stratum is lower than in the strata enriched in crushed carbonate rocks beneath (Figure 2c).



The soils in the Paryz I profile (Figure 3a) have a very good buffer capacity for acidifying agents in strata enriched with carbonate rocks whilst a good buffer capacity in relation to alkalizing agents only appears in the uppermost and deepest parts of the profile. The soil in the Paryz II profile shows good buffer properties only relative to acidifying agents in strata abundant in carbonate rocks (Figure 3b). The soil in the Paryz III profile has the best buffer capacity in the subsurface strata, being abundant in organic material (Figure 3c).




3.3. Metal Concentrations


3.3.1. The Heap at Lgota


The metal content varies depending on the profile depth and location. In the deepest Lgota I profile, located closest to the centre of the heap, there is a progressive increase in the concentrations of all investigated metals to the depth of about 130 cm. Below this horizon, concentrations drop several times. The maximum concentrations of Zn, Cd and Pb are 12,433 mg·kg−1, 138 mg·kg−1 and 3692 mg·kg−1, respectively. A similar regularity has also been observed for the Lgota II profile but the maximum metal concentrations appear there already at a depth of 37–47 cm. The maximum values are slightly lower than in the Lgota I profile (Zn—10,923 mg·kg−1, Cd—93 mg·kg−1 and Pb—3117 mg·kg−1). The Lgota III profile, located at the heap periphery, is characterised by lower metal contents than the previous ones, and for Zn, Cd and Pb they reach 6260 mg·kg−1, 77 mg·kg−1 and 3233 mg·kg−1, respectively. The most polluted strata there is at the depth of 5–20 cm (Table 3, Figure 4).




3.3.2. The Heap at Paryz


In the heap at Paryz (Table 4; Figure 5), metal concentrations depend on the profile location to a lesser extent than in the heap at Lgota. In the Paryz I profile, analysed metal (except Cd) concentrations decrease from the top to the depth of 50 cm. Below, there is the sandy stratum about 25 cm thick containing carbonate debris, in which the content of metals increases rapidly. Zinc contents reach 330,305 mg·kg−1, cadmium 310 mg·kg−1 and lead 8583 mg·kg−1. At lower levels, concentrations of metals gradually continue to decrease with depth. In the Paryz II profile, the content of all metals increases to the depth of about 40 cm and then it gradually decreases. The maximum concentration of Zn and Cd attain higher values than in the previous profile and reach 31,816 mg·kg−1 and 742 mg·kg−1, respectively. In the Paryz III profile, concentrations of most metals rise to peak values at the depth ca. 20 cm and then decrease. However, the maximum concentrations of all analysed metals (except Cu) are lower than in the Paryz I and Paryz II profiles.





3.4. Metal Speciation


In the Lgota I profile (Figure 6a), three strata from different depths, characterised by their different mineralogical compositions, were selected for testing the chemical forms of Cd, Zn and Pb. The first is the organic stratum (3–7 cm), the second represents sands with dolomite debris (52–67 cm), whereas the third one is composed mainly of clays (144–149 cm). In each of them, the pHH2O is alkaline, while the pHKCl only drops below 7 in the organic layer. Throughout the profile, cadmium occurs mainly in highly mobile forms (Figure 6). Acid-extractable and -reducible forms of this metal constitute about 90% of its total content. Mobile forms of Zn constitute a smaller portion of its load, decreasing with depth from about 65% to 20%. In general, the share of mobile forms of Pb increases with depth from about 15% to 80% however, reducible forms dominate the most mobile acid-extractable forms.



Samples selected for analysis in the Lgota II profile (Figure 6a), resemble those of the Lgota I profile and contain (1) organic (0–3 cm), (2) sands with dolomite debris (37–47 cm) and (3) loams (57–62 cm). The pH values are generally slightly lower than in the respective samples from the heaps of Lgota I. Again, cadmium is the most mobile element, with the portion of highly mobile forms reaching 70% in organic strata and 90% in sandy and clayey ones. The share of mobile forms of Zn and Pb is lower. Whereas Zn bonding is dominated by the most mobile forms, Pb is associated mainly with the less mobile, reducible forms of the element.



In the shortest Lgota III profile (Figure 6a), only two strata were selected—organic (2–5 cm), with pHKCl = 4.6 and loam-dominated (20–27 cm) with pHKCl = 6.1. The portion of mobile forms of Cd and Zn is lower in loams than in organics whereas Pb occurs mainly in the reducible fraction, in similar amounts in both studied strata.



At Paryz (Figure 6b), the selection of profiles was made on the same basis and characteristics as at Lgota. The first is the organic stratum (4–9 cm), characterised in the Paryz I profile by a pHKCl = 6.6, the second being sands with carbonate debris (67–74 cm) with a pHKCl = 7.7 whereas the third contains sandy-loams from a greater depth (246–256 cm) with a pHKCl = 6.3. In the first two strata, Cd occurs mainly in the acid-extractable fraction (61% and 65%, respectively) whereas, in the third one with the lowest total amount of Cd, this element is bound almost completely to the residual fraction. In all three samples, about 50% of the total amount of Zn is present in the stable fraction and only a few percent of the Zn is associated with the most mobile fraction; its amount grows with depth. The association with forms of Pb differs from that of Cd and Zn. In the organic layer, this element occurs mainly in the oxidizable fraction, in the lower layer in the acid-extractable fraction, and in the lowest layer in the reducible one.



In the Paryz II and Paryz III locations (Figure 6b), Cd occurs mainly in mobile fractions, whose share generally increases with depth. Zn occurs in various chemical forms depending on the profile location and soil depth, however, in most of the samples it is associated with residual fraction and its most mobile forms (acid-extractable and reducible) usually ranges between 20 and 40%. Lead is found in the largest quantities in reducible and oxidizable forms, varying predominantly from 40 to 80%.




3.5. Mineralogical Composition


Mineralogical analyses of the selected samples from the Lgota cross-section show the domination of carbonates in the form of Ca Mg (CO3)2—dolomite and Ca (Fe+2, Mg)(CO3)2—ankerite. A large peak for these minerals was found in the levels 82–97 cm and 112–130 cm of the Lgota I profile. Abundant quartz is also present, along with goethite and clay minerals. With distance from the slope, the number of carbonates decreases, and the content of quartz and clay minerals increases (Table 5).



In the Paryz cross-section, in addition to carbonate minerals, some minerals containing Zn (minrecordite—oxidation zone secondary mineral in carbonate-hosted zinc ores, hemimorphite, smithsonite) or Pb (cerussite, anglesite) appear (Table 5).





4. Discussion


The investigated heaps consist of ore-bearing dolomite debris in a sandy or loamy, yellow matrix containing fine particles of quartz, ankerite and kaolinite. The material rests on a layer of the former soil containing almost solely sandy particles of quartz. In all profiles, the change between the former soil and heap material is striking and well reflected in the drop in carbonate content. In the profiles from Paryz, the thickness of the former sandy soil exceeds a few dozen centimetres, indicating its natural origin. However, in two of the profiles from Lgota, the carbonate content below the former soil layer again rises, suggesting an earlier disturbance of the subsurface. In all profiles, the former soil horizon is depleted in organics when compared to present litter content on the surface. These much lower values indicate the almost complete degradation of humic substances and suggest active leaching processes even at considerable depths in the profiles.



Whereas organic substances were removed from the top of the former soil layer, this stratum has been enriched with some metals. Concentrations of Zn, Cd and Pb reached at least 1%, 150 mg·kg−1 and 1500 mg·kg−1, respectively, indicating metal translocation from the heap material, which seems to be particularly intensive considering that the pH is at about 8 or more. To evaluate the enrichment of the former topsoil stratum within all investigated profiles, we compared their metal concentrations with the metal content in the overlying horizon in strata of comparable thickness, about 10 cm. In consecutive I, II and III profiles from Lgota, Zn in the former soil constitutes ca. 0.2, 0.6 and 0.7 of Zn in the overlying strata whereas respective values for Cd and Pb are similar and equals 0.2, 0.4 and 0.6. The values in Paryz are less differentiated but also increase toward the outer profile from 0.3 to 0.6 for Zn and Cd and from 0.5 to 0.7 for Pb. The general change from lesser to higher enrichment of the former soil toward the outer parts of heaps correlates with the increase in the average acidity (pH in Table 1 and Table 2) and particularly with the drop in the average carbonate content by one order of magnitude (expressed as median values in Table 1 and Table 2) between consecutive profiles. These changes are also in parallel with the increase in surficial organic matter content (expressed as LOI) toward maximum values in the outer parts of both heaps. Progressive degradation, mainly of beech leaves (Lgota) and pine needles (Paryz), takes place in the ca. 10 cm of the surface of each profile and is also a source of humic acid for the lower soil horizons. The phenomenon of the acidification of soils is well known, particularly in coniferous forests [31,32,33,34,35]. Moreover, in many forest soils, pH is the main factor which determines the length of metal residence at the surface of the soil [36]. In addition, the present investigations exhibited lower pH values in the A0 horizon of the coniferous forest than in the deciduous whilst the general decrease in pH values toward outer profiles suggest its influence on metal mobility and their downward translocation. These results agree well with the metal enrichment factors obtained, particularly for the outer parts of heaps where the strata of waste material are thin and the buffer capacity of the carbonate material is the lowest. Apart from the pH of soils and their buffering properties, the observed Cd, Zn and Pb migration may result from their very high concentrations combined with the limited capacity of sorption complexes. It may also be related to lithology, particularly the presence of permeable sands of former soils, which are underlain by weakly permeable loams in most profiles. It is also worth noting that Pb mobility can be higher in neutral than in acidic soils than Zn and Cd, and it may migrate in the colloidal form [37]. Moreover, under relatively comparable pH conditions, the main soil properties influencing metal migration can be total organic carbon and cation exchange capacity [38].



The chemical forms of metals (Figure 6) are related to the properties of the particular element rather than to the position of the profile within each heap. The average acid values of the extractable fraction indicate that Zn and Pb follow the highest potential mobility of Cd, reflecting a well-known regularity for these elements [3,39,40,41]. The mobility of the elements is also generally weakly affected by depth. This is particularly evident for Zn and Cd. The mobility of cadmium is generally higher in the heap material than in the former soil, except for the Paryz III profile, where the total content of Cd is low. Lead behaves differently in terms of mobility. Considering the sum of the acid of the extractable and reducible fractions, it is higher in the former soil than in the heap material. The general lack of a clear speciation pattern suggests that the considered elements are mobilised at rather short depths, where parts of the mobile forms are mixed/occur in parallel with parent sulphide or carbonate minerals (e.g., smithsonite) or are easily bounded with Fe, which is usually present in concentrations over 1%. This may be partly due to the relatively small number of samples tested and only lithological criteria of sample selection for speciation. Similar results were obtained for heaps in the neighbouring non-forested areas [27]. The phenomenon, according to the authors, resulted from the high variability of natural soil features.



The data obtained are not directly comparable with earlier metal mobility studies in soil profiles, because we used a different estimation method for metal migration than coring to the depths until traces of metals are detected [42,43]. The observed rate of metal migration seems to be more rapid than in sandstone or clay material [42] and it is more comparable to subsurface levels of loess than alluvial sandy soils [43]. Nevertheless, the factors controlling metal migration are the same as those indicated in other studies, with some variations related to specific local conditions. The applied estimation method of metal enrichment in the former soil horizons suggests, that the mobility of metals in the investigated soil profiles is controlled mainly by pH. It is elevated over neutral, particularly in central parts of both heaps, where the percolation of water through the gravel-size dolomite material minimises metal migration despite its high contamination. The presence of organic matter seems to be the more important factor controlling pH at the heap peripheries, most of all in coniferous forest areas, confirming the earlier findings of higher metal solubility in acid forest soils [16,19]. Finally, the role of grain size in facilitating metal migration appears to be less important than in the studies by Sterckemann et al. [43] because all the former soils are composed of comparable proportions of sand. Generally, the analysis revealed the slow metal migration rate below the heaps and it does not seem to be an important source of groundwater pollution, only being significant at the heap peripheries.



Many studies have shown that afforestation, as well as changes in the forest species composition, may lead to modifications in soil properties, primarily pH and cation-exchange capacity but also leading to changes in the quantity and quality of soil organic matter [44,45,46]. These factors are important for the behaviour of metals. In strongly acidic forest soils, the risks of metal mobility and migration may occur in soluble or particulate forms and increases their bioavailability [47,48]. It has been shown that when metals stored in the investigated heaps are mobilised, the calcareous waste material of the heaps has a relatively high buffer capacity which inhibits the leaching of metals. Nevertheless, in the research area, there are a large number of unwooded places with very high Cd, Pb and Zn concentrations which are often used as farmland [27]. As a result of agricultural activity, significant transformations of the topsoil cover have been made, leading to the dilution of contaminants due to the mixing of arable soils prepared for cultivation [12]. In the presented sites of the mine, pits and heaps form a much more heterogeneous system of soil levels and soil properties [12] with the soil contamination extremely variable spatially and with contaminant mobility which differs from the pattern characteristic for arable land.



Afforestation is recognised as potentially the best sustainable strategy for reclaiming mine lands [49,50] and a large number of post-mining landscapes are being reclaimed as forest [51,52,53,54]. As a result, forest areas cover numerous sites affected by historical mining activities, for instance in Germany—in the Harz region, and France—around the Morvan [55,56]. The present study has shown that afforestation is not always the best practice in reclamation considering the potential mobilization of metals stored within surface soils. Even in soils with a high pH, metal migration, albeit mainly confined to subsurface strata, can be significant for over 100 years in a heavily polluted area.



Ecosystems which develop in the area of old abandoned mining sites commonly contain numerous metallophytes which are best adapted to the extremely high metal values [57,58]. The process of natural plant succession is a long one, however, and it can take hundreds of years to fully recover to pre-mining conditions. For these reasons, human intervention is often needed to speed up the succession process [59,60,61]. Afforestation is one of the methods available to restore the biological balance in such disturbed areas. Unfortunately, this method is not always effective, because the reclaimed soil conditions can differ from the original ones in terms of its physical and chemical properties, and may not provide adequate conditions for plant growth [62].



In the studied area, nature has achieved a certain balance. However, it is advisable to periodically monitor the state of the soil quality, as the change of some conditions and land development may cause metal remobilization and migration to the groundwater in the future.




5. Conclusions


The investigation indicated considerable metal concentrations in the analysed soil profiles. The former soil horizons are significantly enriched in metals following their remobilization from the heap material. The general increase in the enrichment of the former soils toward the outer parts of heaps correlates with the rise in the average acidity and surface organic matter content, as well as a drop in the average carbonate content between consecutive profiles. The coniferous forest areas have lower pH values in the A0 horizon than deciduous ones, and this is in line with the metal enrichment factors obtained. It is particularly discernible for the outer parts of heaps, where the strata of waste material are thin, and the buffer capacity of the carbonate material is the lowest. The large percentages of metals in potentially mobile forms and the enrichment of the former soil horizons suggest that a large amount of cadmium and, to a lesser extent, zinc, has migrated downwards to a depth of at least several dozen centimetres over a period of about 200 years. It seems to be related to the acidification of soils, particularly of the coniferous forest areas due to its fulvic acid content. However, metal migration in the profiles is mitigated by the high pH of the waste material and the good buffer properties of the soil, as well as the encroachment of forest communities producing dense litter which prevents the rapid erosion of the contaminated heaps. This area does not require specific remedial measures. It is only advisable to monitor the soil periodically and to intervene should there be a need to change the land use.
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Figure 1. The research region and sampling locations (according to [25]). 






Figure 1. The research region and sampling locations (according to [25]).



[image: Applsci 10 06041 g001]







[image: Applsci 10 06041 g002a 550][image: Applsci 10 06041 g002b 550] 





Figure 2. Buffer capacity of soil in the Lgota profiles (a) Lgota I, soil: 1 (37–52 cm)—loam with carbonate debris, 2 (130–138 cm) and 3 (138–144 cm)—silty loams, 4 (154–190 cm)—weathered limestone rock debris; (b) Lgota II, soil: 1 (7–17 cm) and 2 (17–37 cm)—soil with carbonate debris, 3 (62–72 cm)—dark brown silts; (c) Lgota III, soil: 1 (27–37 cm)—sandy loam, 2 (37–40 cm)—fragments of crushed carbonates rock. 
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Figure 3. Buffer capacity of soil in the Paryz profiles (a) Paryz I, soil: 1 (4–9 cm)—organic stratum, 2 (15–21 cm)—sands with fragments of carbonate rock, 3 (53–60 cm)—sands with weathered carbonate rock, 4 (172–177 cm)—sands, 5 (274–282 cm)—silty sands; (b) Paryz II, soil: 1 (18–34 cm)—crumbs of weathered dolomites, 2 (41–49 cm)—sands with large fragments of dolomites, 3 (88–96 cm)—clay with sands; (c) Paryz III, soil: 1 (6–10 cm)—organic strata, 2 (20–23 cm)—sands, 3 (23–30 cm) and 4 (40–48 cm)—sands with clay fraction. 
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Figure 4. Distribution of selected elements in the profiles at the Lgota heap (lines show former soil level). 
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Figure 5. Distribution of selected elements in the profiles at the Paryz heap (lines show former soil level). 






Figure 5. Distribution of selected elements in the profiles at the Paryz heap (lines show former soil level).



[image: Applsci 10 06041 g005]







[image: Applsci 10 06041 g006 550] 





Figure 6. Chemical forms of Cd, Zn and Pb (modified BCR method): (a) Lgota, (b) Paryz. 
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Table 1. The soil characteristics in the profiles from the Lgota location.
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Characteristic

	
Unit

	
Lgota I

(n = 16)

	
Lgota II

(n = 9)

	
Lgota III

(n = 7)






	
bulk density

	
[g·cm−3]

	

	

	




	
min-max

	
0.37–1.21

	
0.46–1.74

	
0.66–1.86




	
median

	
0.97

	
1.23

	
1.15




	
(25th; 75th percentile)

	
(0.89; 1.09)

	
(1.04; 1.48)

	
(0.89; 1.55)




	
water content

	
[%]

	

	

	




	
min-max

	
6.0–54.2

	
12.4–55.1

	
13.7–62.1




	
median

	
20.1

	
23.6

	
16.6




	
(25th; 75th percentile)

	
(15.7; 21.6)

	
(16.3; 25.1)

	
(14.8; 53.2)




	
LOI

	
[%]

	

	

	




	
min-max

	
1.19–53.40

	
0.20–57.70

	
2.02–75.30




	
median

	
2.24

	
3.50

	
2.73




	
(25th; 75th percentile)

	
(1.81; 3.50)

	
(2.47; 3.72)

	
(2.13; 41.90)




	
carbonates

	
[%]

	

	

	




	
min-max

	
2.34–93.30

	
3.21–82.00

	
1.57–70.30




	
median

	
75.30

	
32.90

	
5.46




	
(25th; 75th percentile)

	
(43.85; 82.83)

	
(5.72; 72.10)

	
(3.90; 25.74)




	
pHH2O

	
[-]

	

	

	




	
min-max

	
6.55–9.20

	
6.68–8.29

	
6.15–8.04




	
median

	
8.87

	
7.94

	
7.52




	
(25th; 75th percentile)

	
(8.44; 9.02)

	
(7.62; 8.04)

	
(6.45; 7.84)




	
pHKCl

	
[-]

	

	

	




	
min-max

	
5.54–8.60

	
5.08–6.67

	
4.57–6.68




	
median

	
7.65

	
6.57

	
6.12




	
(25th; 75th percentile)

	
(7.23; 7.85)

	
(6.51; 6.60)

	
(5.36; 6.33)
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Table 2. The soil characteristics in profiles from the Paryz location.
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Characteristic

	
Unit

	
Paryz I

(n = 27)

	
Paryz II

(n = 13)

	
Paryz III

(n = 13)






	
bulk density

	
[g·cm−3]

	

	

	




	
min-max

	
0.55–1.52

	
0.52–1.75

	
0.61–2.06




	
median

	
1.14

	
1.37

	
1.58




	
(25th; 75th percentile)

	
(1.00; 1.24)

	
(1.26; 1.54)

	
(1.23; 1.86)




	
water content

	
[%]

	

	

	




	
min-max

	
1.1–53.2

	
0.1–55.9

	
0.1–12.9




	
median

	
18.9

	
1.1

	
0.8




	
(25th; 75th percentile)

	
(10.3; 28.6)

	
(0.6; 22.5)

	
(0.3; 5.0)




	
LOI

	
[%]

	

	

	




	
min-max

	
0.00–43.30

	
0.24–58.00

	
0.23–93.30




	
median

	
1.52

	
0.98

	
1.40




	
(25th; 75th percentile)

	
(0.36; 2.87)

	
(0.68; 2.25)

	
(0.56; 3.13)




	
carbonates

	
[%]

	

	

	




	
min-max

	
0.13–96.50

	
0.62–87.70

	
0.23–87.70




	
median

	
55.70

	
7.39

	
2.27




	
(25th; 75th percentile)

	
(0.94; 85.20)

	
(1.86; 58.90)

	
(1.09; 12.30)




	
pHH2O

	
[-]

	

	

	




	
min-max

	
7.21–8.96

	
5.61–8.30

	
4.40–8.16




	
median

	
7.95

	
7.98

	
7.44




	
(25th; 75th percentile)

	
(7.67; 8.59)

	
(7.82; 8.06)

	
(7.25; 7.80)




	
pHKCl

	
[-]

	

	

	




	
min-max

	
6.01–8.72

	
5.00–7.35

	
3.32–7.08




	
median

	
6.89

	
7.01

	
6.65




	
(25th; 75th percentile)

	
(6.60; 7.85)

	
(6.54; 7.07)

	
(5.65; 6.89)
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Table 3. Metals and silty-clay fraction concentration in the soil from profiles at the Lgota location.






Table 3. Metals and silty-clay fraction concentration in the soil from profiles at the Lgota location.





	
Characteristic

	
Unit

	
Lgota I

(n = 16)

	
Lgota II

(n = 9)

	
Lgota III

(n = 7)






	
fraction < 0.063 mm

	
[wt.%]

	

	

	




	
min-max

	
8.43–51.90

	
8.65–50.60

	
4.79–32.80




	
median

	
29.25

	
35.70

	
20.90




	
(25th; 75th percentile)

	
(19.58; 36.53)

	
(33.30; 40.50)

	
(12.83; 28.70)




	
Cd

	
[mg·kg−1]

	

	

	




	
min-max

	
12.50–138.20

	
10.18–92.95

	
8.13–77.20




	
median

	
75.02

	
61.57

	
15.69




	
(25th; 75th percentile)

	
(27.29; 116.35)

	
(23.65; 81.13)

	
(12.45; 31.04)




	
Cu

	
[mg·kg−1]

	

	

	




	
min-max

	
3.58–69.80

	
5.38–68.80

	
4.85–42.15




	
median

	
10.34

	
11.27

	
10.54




	
(25th; 75th percentile)

	
(7.69; 12.29)

	
(6.17; 11.93)

	
(8.62; 24.22)




	
Pb

	
[mg·kg−1]

	

	

	




	
min-max

	
532.0–3691.5

	
913.8–3116.9

	
158.8–3233.0




	
median

	
2376.6

	
2230.5

	
1053.1




	
(25th; 75th percentile)

	
(1324.4; 3262.2)

	
(1001.3; 2591.5)

	
(586.2; 1554.0)




	
Zn

	
[mg·kg−1]

	

	

	




	
min-max

	
559.6–12,433.0

	
1623.0–10,923.0

	
878.9–6260.0




	
median

	
8464.0

	
5829.0

	
2102.0




	
(25th; 75th percentile)

	
(2842.3; 9673.8)

	
(3551.0; 8362.0)

	
(1219.0; 3513.0)




	
Mn

	
[mg·kg−1]

	

	

	




	
min-max

	
557.1–2965.2

	
675.9–1377.4

	
465.8–1299.1




	
median

	
1105.9

	
962.6

	
919.1




	
(25th; 75th percentile)

	
(909.9; 1385.3)

	
(856.5; 1038.9)

	
(790.5; 1103.0)




	
Fe

	
[mg·kg−1]

	

	

	




	
min-max

	
500–45,893

	
18,646–37,880

	
16,977–50,935




	
median

	
34,360

	
28,406

	
26,858




	
(25th; 75th percentile)

	
(22,409; 37,930)

	
(26,882; 35,757)

	
(20,040; 34,537)
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Table 4. Metals and silty-clay fraction concentration in the soil from profiles at the Paryz location.






Table 4. Metals and silty-clay fraction concentration in the soil from profiles at the Paryz location.





	
Characteristic

	
Unit

	
Paryz I

(n = 27)

	
Paryz II

(n = 13)

	
Paryz III

(n = 13)






	
fraction <0.063 mm

	
[wt.%]

	

	

	




	
min-max

	
1.92–70.70

	
4.71–78.60

	
2.29–69.30




	
median

	
46.25

	
25.50

	
27.70




	
(25th; 75th percentile)

	
(25.35; 60.48)

	
(10.30; 44.40)

	
(5.08; 45.60)




	
Cd

	
[mg·kg−1]

	

	

	




	
min-max

	
1.72–309.70

	
2.88–741.90

	
2.23–223.60




	
median

	
48.07

	
33.65

	
40.76




	
(25th; 75th percentile)

	
(4.32; 90.88)

	
(5.30; 209.30)

	
(4.86; 62.58)




	
Cu

	
[mg·kg−1]

	

	

	




	
min-max

	
0.10–49.58

	
2.89–67.76

	
2.25–104.32




	
median

	
8.11

	
12.29

	
8.77




	
(25th; 75th percentile)

	
(4.32; 18.33)

	
(4.54; 19.78)

	
(3.86; 14.51)




	
Pb

	
[mg·kg−1]

	

	

	




	
min-max

	
55.8–8582.8

	
43.3–4798.4

	
54.4–2333.8




	
median

	
1345.5

	
1325.2

	
506.1




	
(25th; 75th percentile)

	
(258.2; 2185.1)

	
(119.7; 2968.5)

	
(114.2; 1559.7)




	
Zn

	
[mg·kg−1]

	

	

	




	
min-max

	
134.0–30,305.0

	
181.2–31,816.0

	
119.3–16,762.0




	
median

	
5604.0

	
7520.0

	
1338.0




	
(25th; 75th percentile)

	
(524.4; 8337.8)

	
(378.0; 15,908.0)

	
(536.6; 8531.0)




	
Mn

	
[mg·kg−1]

	

	

	




	
min-max

	
103.0–1305.0

	
133.0–637.8

	
1.0–16.0




	
median

	
478.3

	
451.9

	
7.4




	
(25th; 75th percentile)

	
(257.2; 600.3)

	
(299.6; 489.7)

	
(2.8; 12.8)




	
Fe

	
[mg·kg−1]

	

	

	




	
min-max

	
609–46,194

	
12,685–29,413

	
10,585–22,187




	
median

	
16,231

	
16,419

	
14,946




	
(25th; 75th percentile)

	
(12,574; 17,657)

	
(14,679; 18,287)

	
(13,251; 17,911)
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Table 5. Dominant minerals in the Lgota and Paryz profiles.






Table 5. Dominant minerals in the Lgota and Paryz profiles.





	
Profile

	
Depth

[m]

	
Dominated Minerals






	
Lgota




	
Lgota I

	
0.82–0.97

	
dolomite 1, ankerite 2, quartz 3, goethite 4, 14 Å mineral 13




	
1.12–1.30

	
dolomite 1, quartz 3, ankerite 2, kaolin group of minerals 5, goethite 4, 14 Å mineral 13




	
Lgota II

	
0.37–0.47

	
dolomite 1, quartz 3, ankerite 2, goethite 4, kaolin group of minerals 5, 14 Å mineral 13




	
Lgota III

	
0.05–0.10

	
quartz 3, dolomite 1, ankerite 2, kaolin group of minerals 5, albite 9, goethite 4




	

	
0.27–0.37

	
quartz 3, kaolin group of minerals 5, albite 9, microclin 10, dolomite 1, ankerite 2




	
Paryz




	
Paryz I

	
0.09–0.15

	
minrecordite 6, dolomite 1, hemimorphite 7, cerussite 11, quartz 3, anglesite12




	
0.60–0.67

	
minrecordite 6, dolomite 1, smithsonite 8, hemimorphite 7, 14 Å mineral 13




	
Paryz II

	
0.06–0.18

	
dolomite 1, ankerite 2, hemimorphite 7, cerussite 11, kaolin group of minerals 5, quartz 3, 14 Å mineral 13




	
0.24–0.37

	
quartz 3, minrecordite 6, dolomite 1, hemimorphite 7, 14 Å mineral 13, cerussite 11




	
Paryz III

	
0.14–0.20

	
minrecordite 6, dolomite 1, quartz 3, hemimorphite 7, cerussite 11, smithsonite 8








1 Ca Mg (CO3)2; 2 Ca (Fe+2, Mg, Mn+2)(CO3)2; 3 SiO2; 4 Fe3+O(OH); 5 Al2Si2O5(OH)4; 6 CaZn(CO3)2; 7 Zn4Si2O7(OH)2·H2O; 8 ZnCO3; 9 NaAlSi3O8; 10 KAlSi3O8; 11 PbCO3; 12 PbSO4; 13 14 Angstrom minerals.
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