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Abstract

:

This study aimed at determining the concentration and possibility of migration of potentially harmful elements (PHEs) in soils and mining and metallurgical waste in the Silesian-Cracow region. Our research was carried out in selected locations of Ruda Śląska, Świętochłowice, Bytom, and in the Olkusz region (Bukowno) in southern Poland. The concentrations of metals (e.g., Ag, Ba, Ca, Cd, Cu, Fe, Mg, Mn, Pb, Sr, Zn), metalloids (As, Sb), and sulphur were determined in 33 soil samples (with a depth range of 0.0–0.3 m) and 12 slag samples. These studies show an increased concentration of metals, metalloids, and sulphur, exceeding the level of regional geochemical background. The research results indicate that the degree of the chemical transformation of soils in the analysed regions of Ruda Śląska, Bytom, and Bukowno is advanced. This highlights the high concentrations of most metals, i.e., arsenic, antimony, and sulphur, in the surface layer of soils (topsoil) due to historic Zn-Pb ore mining and Zn and Fe metallurgy. The presence of both primary and secondary metal sulphides, sulphates, carbonates, oxides/hydroxides, silicates, and aluminosilicates was found in the mineral composition of soils and slags.
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1. Introduction


In southern Poland, the mining and processing of Pb-Ag ores began in the 12th century on supergene ore deposits found in Triassic dolomites [1]. In the following centuries, Pb and Ag ore mining in the Silesian-Cracow region developed in the vicinity of mining towns founded under the Magdeburg Law, such as Bytom, Tarnowskie Góry, Olkusz, and Jaworzno. In the second half of the 18th century, coal mining and Fe smelting developed intensively in the area. Then, at the beginning of the 19th century, large-scale zinc production began in Upper Silesia using horizontal retorts designed (the so-called Silesian method) by J. Ch. Ruberg in 1798. Numerous mines, ore beneficiation plants, and Zn smelters were established in the 19th century and early 20th century. At the beginning of the 20th century, higher world-class Zn production was being exploited only in the USA and Belgium. In the area of Bytom, Ruda Śląska, Piekary Śląskie, Chorzów, and Katowice, metallurgical production was carried out by German, American, and French companies. Significant amounts of metallurgical waste with varied composition have been deposited around the historic Zn-Pb smelters [2,3]. The differentiation of the chemistry of these historical slags may be related to the technology of smelting, the mineral composition of the tailings, and the conditions of the weathering.



From the beginning of the 19th century, industrial production of Zn, Cd, Al, Cu, and other metals began in Europe. Among the components of the metallurgical charge, zinc carbonates, silicates, and lead carbonates dominated, while metal sulphides were less prevalent than Zn and Pb carbonates. Until the beginning of the 20th century, oxidised ores were the primary source of zinc globally, and in the 20th century, their resources gradually ran out [4,5]. After World War I, the increase in zinc production was associated with developing zinc sulphide flotation methods and managing Zn-Pb sulphide ore resources. Consequently, the mineral composition of the metallurgical charge, dominated by Zn and Pb sulphides, changed. With the high profitability of zinc production, at the end of the 1920s, 33 zinc smelters were operating in the region of Upper Silesia and Dąbrowa Becken (Zagłębie Dąbrowskie). New applications of metals influenced their high prices and rapidly growing demand, which stimulated the development of mining and metallurgy of non-ferrous metals and their alloys. In the case of Zn, Cu, and Pb smelters, accompanying metals, such as Ag, Cd, and Bi, were recovered as a by-product. Non-ferrous metals were used in the production of alloys. A consequence of the production of metals was tailings waste deposited in the vicinity of steel mills. They were often slags, sludges, and waste from the metal refining processes. This waste can be enriched with metals found in alloys, synthetic phases, and relics of the primary minerals. They can also degrade the environment [1,6]. Identifying the type of mineral phases (see Supplementary Material) in the waste helps determine what metal smelting technologies were used in the past and whether the minerals are susceptible to chemical transformations such as weathering. In many regions in Europe, the environment has been polluted with heavy metals from Zn-Pb ore enrichment and Zn and Pb metallurgy. In the 19th and 20th centuries, in the vicinity of steel mills and mines, waste was deposited that has survived to the present day. Slags from Zn-Pb smelters are described from Spain [7], Belgium [8], Germany [9,10], and Poland [1,11,12].



Inefficient enrichment and metal production technologies and waste disposal methods contributed to high soil, water, and atmospheric pollution in Zn, Pb, Cd, Cu, Al, Ni, and other element production [13,14]. Minerals, both ferrous and non-ferrous metals deposited into the soil by mining, can be a source of bioavailable, toxic metal ions for at least 200 years [15,16]. Therefore, the effects of the historical production of non-ferrous metals are still felt today [17]. The areas affected by Zn and Pb mining and metallurgy are polluted by metals such as Zn, Pb, Sb, As, Mn, Tl, and Cd [18,19]. Research on slags from historical Pb-Ag metallurgy [1,20], Zn-Pb [1,21], and Ni-Co [22,23] provides information on synthetic phases containing Zn, Pb, Cd, Cu, and Ni, as well as As and Sb. The geochemical activity of metals and metalloids and their ability to form different phases varies with the environment. It is different from primary sulphide (reduced) ores and oxidised ores. Elements in alloys or synthetic phases of products of metallurgical processes have other geochemical characteristics.



The aims of this research are to determine the behaviour of the most PHEs (e.g., As, Sb, Cd, and Pb) in the smelting stage and weathering process. Indicating what phases they are and whether there is a risk of them being starting metals and metalloids from the slag silicate, carbonate, or oxide matrix is also important. Identifying synthetic and secondary phases rich in metalloids (As, Sb) and metals (e.g., Cd, Pb, Ag, Fe, Mn) may help us to understand the conditions for forming metal-bearing phases building slags, as determining the type of charge used in the metallurgical process. Identifying indicator metals in slags and contaminated soils can assess the kind of historical production carried out in smelters. Due to the high contents of As, Sb, and Ag in some ores from the Silesian-Cracow region [24], other geochemical pathways for these elements are interesting.




2. Historical Background


In Europe, zinc production began in the 18th century when Andreas Marggraf isolated (1746) pure zinc by reducing oxidised zinc ores with charcoal. William Champion developed a vertical zinc smelting retort and started the first ironworks in England (Bristol) in 1743. At the end of the 18th century, zinc was produced in England, Belgium, and Upper Silesia (Poland). The development of the production of this metal was related to the access to Zn-Pb deposits and hard coal necessary for the metallurgical process. Investments in zinc smelting and iron alloys with Zn, Cu, Ni, V, Ti, Cr, and Pb were very profitable. In the areas where metal and coal deposits are present, a consolidation of steel mills, steel plants, galvanising plants, and metallurgical plants took place. In 1810, the Societé de la Vieille Montagne was established in Belgium; the smelters had the most significant zinc production potential in the 19th century. Together with Belgian and American centres, Upper Silesia became one of the world’s largest producers of Zn and Cd [25] (Popiołek 1965). Zinc smelters in Belgium (Liege, Aachen), Germany (Ruhr Area), and the USA (Illinois) operated on similar technological advances.



Within the limits of the cities of Upper Silesia (Katowice, Bytom, Ruda Śląska, Świętochłowice) and Dąbrowa-Becken (Dąbrowa Górnicza, Sosnowiec, Będzin), several Zn and Pb smelters, accompanied by installations for the production of Cd and Ag, were launched in the 19th century. At the beginning of the 19th century, investments in the mining of Zn-Pb ores and the production of Zn were carried out, among others, by Karol Godula (19 calamine ore mines, 3 Zn smelters), owned by Prussian private companies, e.g., Bergwerksgesellschaft Georg von Giesches Erben (2 Zn-Pb mines, 5 Zn and Pb, and one Pb smelter), Hohenlohe Werke AG (3 Zn smelters), owned by the Prussian Government (3 Zn smelters and one Pb), owned by the Polish Government and the Franco-Russian Society (3 Zn smelters and 6 calamine ore mines), and controlled by the Austro-Hungarian Government (2 Zn smelters, 4 calamine mines) [25,26,27]. The owners of Zn and Pb smelters also had coal mines.



The improvement in the metallurgical methods of Zn production significantly increased the profitability of production. In 1798, in Silesia (now Southern Poland), J. Ch. Ruberg implemented a more economical way of continuous Zn production using horizontal retorts [28]. Further technological progress in Zn production dates back to 1838 in Belgium. This process improved the thermal efficiency of the Zn smelting process and became the standard production method in the mid-19th century. The Silesia-Kracow region of Zn-Pb deposits covered a part of Upper Silesia, in Dąbrowa-Becken and Małopolska. These areas, until 1922, were within the borders of the kingdoms of Prussia, Austria-Hungary, and Russia. In the 19th century, this area was the location of a significant part of the world’s Zn, Cd, and Pb production. At the beginning of the 20th century, higher Zn production was obtained only in the USA and Belgium. In addition, in Upper Silesia, Zn was used to produce brass alloys, red brass, and high-Ni brass, so-called argentan. Significant amounts of post-metallurgical waste with varied phases and compositions have been deposited around the historic Zn-Pb smelters [2,3].



The Zn and Pb smelters operating in Bytom and Ruda Śląska in the 19th and 20th centuries mainly used oxidised Zn-Pb ores. Among the components of the metallurgical charge, Zn carbonates and silicates, as well as Pb carbonates, dominated, while the proportion of Zn-Pb sulphides was lower. Until the beginning of the 20th century, oxidised ores were the primary source of Zn globally, and in the 20th century, their resources gradually ran out [4,5]. The increase in Zn production was related to the development of Zn sulphide flotation methods and managing Zn-Pb sulphide ores. In the 19th and 20th centuries, technologies for producing Zn and Pb and recovering the accompanying metals (i.e., Ag, Cd) were improved. The metallurgical charge was enriched oxidised ores, and at the end of the 19th century, sulphide concentrates and older, metal-rich waste were also used. Consequently, the chemistry of slags and other waste deposited in the vicinity of steel mills has changed.




3. Geological Background of the Sampling Area


In the area of Silesia and Kracow (Southern Poland), the Zn-Pb-Ag ore deposits are one of the largest in Europe and are classified as the MVT (Mississippi Valley-Type) [29]. The favourable geological and mining conditions of the deposits, representing the primary (hydrothermal) and secondary (supergene) types of mineralisation [4,5], favoured the development of Zn-Pb-Ag ore mining. The basement is upper Carboniferous sedimentary rocks, from which numerous underground mines have exploited hard coal for over 200 years. In the area of the Bytom Basin, on the Carboniferous rocks, there are limestone-dolomitic sedimentary rocks of the Middle Triassic and clay formations of the Keuper. Residual weathering and fluvioglacial sands of Pleistocene age occur locally on the eroded, Triassic and Carboniferous deposits. Epigenetic ore-bearing dolomite with Zn-Pb-Ag deposits is located in the Middle Triassic horizons [24] (Figure 1). In the Silesian-Cracow area, most Zn-Pb ores bodies are located from 40 to 150 m below surface. However, locally, these ore bodies may be present on the surface as well. The deposits formed in the Cretaceous period [29]. After this period, the weathering of primary sulphides led to geochemical changes and the formation of supergene-type Zn-Pb-Fe deposits.



Primary ores are composed of simple Zn, Pb, Fe sulphides, and minor Cd, with which the following concentrations are related: Ag, As, Tl, Sb, Ba, and Ge. Silver, As, and Ta do not form minerals, accumulating in the crystal lattice of Zn-Pb-Fe sulphides. Oxidised ores (the supergene ore type) build Zn and Pb carbonates and Fe oxides and hydroxides accompanied by Zn oxides and silicates. Ca sulphates and unstable Mg, Fe, Zn, and Pb sulphates are also present in the weathering zones. Mineral components of the Silesian-Cracow Zn-Pb ores are listed in Table 1. In the Silesia and Kracow area, in regions affected by Zn and Pb mining and metallurgy, the primary sources of Zn, Pb, Ag, Cd, Tl, As, and Sb are Zn-Pb ores. The mineral composition of the ores is simple, and there are several generations of Zn (sphalerite-wurcite), Pb (galena), and Fe (pyrite-marcasite) sulphides [30,31]. The elements accompanying Zn-Pb ores are concentrated in different generations of Zn, Pb, and Fe sulphides [24,32].




4. Materials and Methods


The investigated samples, 33 soils and 12 slags, were taken from depths of 0.0–0.3 m. The symbols of samples can be found in Table S1. The sample mass from 0.25 m × 0.25 m was averaged and reduced to about 1 kg. The sampling locations are presented in Figure 1. One sample from each area was chosen for pH measurement.



4.1. Optical Microscopy and Scanning Electron Microscope (SEM)


Petrographic analyses of polished mounts (prepared from bulk soils) at the Institute of Earth Sciences, the University of Silesia in Katowice, using an Olympus BX-51 microscope, were undertaken to select representative samples for subsequent electron probe microanalysis (EPMA) and whole-rock major and trace element geochemical analyses. A ThermoFisher Scientific Phenom XL Scanning Electron Microscope (SEM) with back-scattered electron (BSE) imagery coupled with an energy dispersive spectrometer (EDS) was also applied to assist with the petrographic analyses.




4.2. Electron Probe Microanalysis (EPMA)


Microprobe analyses of the main and accessory minerals were carried out at the Inter-Institutional Laboratory of Microanalyses of Minerals and Synthetic Substances, University of Warsaw, using a CAMECA SX-100 electron microprobe, manufactured by CAMECA SAS France. The analytical conditions were as follows: an acceleration voltage of 15 kV, beam current of 20 nA, counting time of 4 s for peak and background, a beam diameter of 1–5 mm, a peak count-time of 20 s, and a background time of 10 s. Standards, analytical lines, diffracting crystals, and mean detection limits (in wt%) were as follows: rutile—Ti (Kα, PET, 0.03), diopside—Mg (Kα, TAP, 0.02), orthoclase—Al (Kα, TAP, 0.02), Si—(Kα, TAP, 0.02) and K (Kα, PET, 0.03), albite—Na (Kα, TAP, 0.01), wollastonite—Ca (Kα, PET, 0.03), hematite—Fe (Kα, LIF, 0.09), rodohrozite—Mn (Kβ, LIF, 0.03), phlogophite—F (Kα, TAP, 0.04), tugtupite—Cl (Kα, PET, 0.02), Cr2O3—Cr (Kα, PET, 0.04), ZirconED2—Zr (Lα, PET, 0.01), Nb2O3-MAC—Nb (Lα, PET, 0.09), and V2O5—V (Kα, LIF, 0.02).




4.3. ICP-ES/MS


The most homogeneous parts of the samples were selected for whole-rock geochemistry. The samples were first crushed using a jaw crusher and pulverised in an agate ball mill to a fine-grained powder. The material was then coned and quartered before being despatched for major and trace elements analysis in the Bureau Veritas Analytical Laboratories in Vancouver, Canada. Approximately 0.25 g of each sample was digested using the so-called four-acid method (HF + HClO4 + HCl + HNO3) with the use of thermal conductivity. In such prepared solutions, the content of elements was analysed by ICP-ES (emission spectrometry with excitation in an induced plasma) or ICP-MS (inductively coupled plasma mass spectrometry) depending on the concentration of elements in the samples. The quality control of the instrumental measurements was confirmed by blank analysis, duplicate samples, and the use of the standard internal reference material (OREAS25A-4A and STD OREAS45E). The results are presented in Table S1. All obtained concentrations of the elements were normalised to sample B4(S), collected from the Bobrek area. The lowest content of heavy metals characterises the sample, including, for example, Cd, Pb, Zn, As, and Sb. It represents glacial sand with minor clay material (typical of the soil in the area).




4.4. pH


This was measured using an Elmetron CP-401 pH meter in distilled (boiled) water. For pH determination, water extracts of soil samples were prepared by pouring 10 g of a sample with 25 mL of deionised water and left to stand for three hours according to the Polish Standard.





5. Results


5.1. Mineral Components


All topsoil samples are highly weathered. Their form and physical properties indicate strong development of oxidation processes in interaction with soil solutions, probably from microorganisms and fungi. Most samples are orange, yellow, slightly pink, or pale brown. Moreover, almost all of them are composed of fine-grained, loose material. Macroscopically, the mineralogical composition is difficult to recognise.



The measured pH values of the topsoil samples were in the range of 5.86 to 10.12. Samples from Bytom-Żabie Doły and Ruda Śląska were acidic (5.86 and 6.06, respectively), while in the galmanic areas in Bolesław and Bytom-Bobrek, they were basic (7.96 and 10.12, respectively). EPMA revealed that almost 80% of the investigated material is represented by oxides and hydroxyl oxides of Fe, most probably from goethite and limonite. Dolomite is greater than calcite; quartz and aluminosilicates (clay minerals) are the main components of the soil. In the whole mineral suite, two different groups are distinguished. They are represented by



	(1)

	
primary, fresh, or partially decomposed ore minerals (Zn-Pb-Fe sulphides and their accessories);




	(2)

	
secondary phases formed in the soil environment;




	(3)

	
synthetic phases resulting from smelting processes.







5.1.1. Primary Phases


The first group is mainly composed of the most typical Zn-Pb-Fe ore minerals, including galena, sphalerite, and iron sulphides (pyrite/marcasite). In most cases, the primary minerals are overgrown by secondary phases, starting with slightly oxidised ones, close to the contact, and strongly changed in the outer zone. The average size for this last group does not exceed 200 µm in diameter.



Non-oxidised galena from the investigated topsoil is characterised by the typical chemical composition, where trace elements were also noted (Table 2). Some potentially toxic elements (at.%) as Se, Sb, and Cd are up to (wt%) 0.21, 0.76, and 0.28, respectively. Oxidation-affected galena grains are depleted in the same trace elements (Table 2). Anglesite and cerussite commonly crystallise on galena. This relationship is typical of all topsoil studied.



Among the studied samples and zinc sulphides, sphalerite occurs as isolated, often euhedral or massive grains or aggregates with dispersed very fine grained pyrite/marcasite zones (Figure 2A). The sphalerite grains/aggregates are up to 100 µm in size and are homogenous in chemistry. This phase is the most common primary phase in the sample from the Olkusz area. Only Fe and Pb substitution was noted in the sphalerite, up to 0.09 wt% and 0.15 wt%, respectively. The typical composition of sphalerite is shown in Table 2.



Iron sulphides mainly occur as fine-crystalline aggregates in which marcasite dominates over pyrite. The Fe sulphides are microporous, often accompanied by Ca sulphates (Figure 3D). In their microareas, Zn up to 0.11 wt% and Pb up to 0.13 wt% have been identified in EDS spectra (Table 2). Fine-crystalline Fe sulphides in topsoil enriched in synthetic phases from Zn-Pb metallurgy are characterised by arsenic up to 0.11 wt% (Table 2; Figure 2A,B and Figure 3D).



The studied topsoil contains barite grains. The crystals are platy, ranging from a few to 100 µm in size (Figure 2F and Figure 3C). Barite is associated with Zn-Pb carbonates and Zn-Pb-Fe sulphides (Figure 2F and Figure 3C). Isolated barite grains are present in the non-contaminated topsoil with Zn-Pb slag content. However, in aggregates derived from metallurgical processes, barite is commonly melted and associated with the Na-Ca glass (Figure 2F).




5.1.2. Secondary Phases


Secondary minerals formed due to the weathering of the primary ore phases are represented mainly by carbonates, sulphates, and, rarely, silicates. This group of minerals can be divided into two subgroups formed directly at the deposit site and into minerals formed at their surface (Figure 4A–D). Regardless of where they originate, these minerals are similar in chemical composition. The most common minerals in this group are cerussite, smithsonite, gypsum, anglesite, jarosite, pyromorphite, and hemimorphite. They are commonly associated with barite, goethite, and Mn-Fe oxides (Figure 4A,C).



The most common sulphates are Ca (gypsum) and Pb (anglesite). Ca sulphates form automorphic to hipauthomorphic crystals, overgrowing pyrite/marcasite zones (Figure 3D). Pb sulphide (anglesite) occurs in the form of dispersed, submicroscopic grains, which EPMA methods can identify. Anglesite forms colomorphic forms in the studied samples. It is homogenous in form, where Fe > Zn > Mn substitution is observed (Table 3).



The Fe and Mn (hydro)oxides form colomorphic forms or thin films overgrowing other phases. They are present in nearly all studied localities. Based on EDS, most of them are similar in composition to Fe (hydro)oxides and Mn-Fe oxides aggregates. Some of them revealed the presence of Pb, As, and Ba (Figure 3A,B; Table S3).



Pyromorphite (phosphate) was only found in the Bytom-Żabie Doły area. The crystals are short to long prismatic, up to 70 µm in length. Occasionally, amoeba-like forms were also noted. The chemical composition shows slight enrichments in As and Cl (see Table 3). In Ruda Śląska and Bytom-Bobrek, other minerals were found, and crystal morphology and analysis of EDS spectra indicate that it is probably mimetite (Figure 2C,D). Moreover, Si-Ca aggregates with metals, including As (Figure 2E), were observed. These aggregates are found in post-metallurgical products (slags).



In the Olkusz area, one unusual phase was found. It is selenide (?) with a high, up to 45.11 wt% content of Ag (see Table 4). It forms aggregates up to 200 µm in length which seems to be a pseudomorph. The chemical composition is shown in Table 4.






6. Discussion


6.1. The Natural Content of PHEs in Topsoil


The limit of the heavy metal concentration in ordinary soil is <1000 ppm. Based on this, almost all investigated samples are contaminated by PHEs. The average PHE (Zn, Pb, Cd, Tl) content is 36,732 ppm, and metalloids (As, Sb, Se) are 4747 ppm (see Table S1). Based on the presented heavy metal pollution definition, all investigated sites (samples) are highly polluted by heavy metals (excluding the B4(S) sample). The diversity of the mineral components of soils affected by Zn-Pb metallurgy is very high. Not only were minerals typical of Zn-Pb deposits identified, but also metal-bearing phases containing, among other elements, Cu and Sn, which are strongly associated with the contamination of the Upper Silesian region (Table S2). The samples show visible enrichment of Zn, As, Se, Cd, Sb, and Pb (Table 2, Table 4, and Table S1), which is higher than the other analysed heavy metals (Table S1). In all cases (excluding the sample used for normalisation), Pb dominates over the other elements.




6.2. Distribution of Selected PHEs in the Topsoil


Potentially harmful elements (i.e., Cd, Pb, Tl, Zn, As, Sb) found in soils developed on slags or post-mining waste may significantly increase bioavailability in synergy with humic and fulvic acid, root exudates, microbial metabolites, and nutrients [38]. The presence of active organic compounds complicates the geochemistry of these environments. Unstable, organometallic phases with Pb, Zn, Cd, and Mn are formed in mycorrhised rhizospheres contaminated with minerals from mining and Zn-Pb metallurgy [39,40]. The complex of ore minerals and mineral paragenesis identified in the studied soils is similar to the one described above (Table 2).



In zinc sulphides from the Olkusz region, Cd concentrations were 2700 ppm [41]. Harańczyk [30], in Zn sulphides from Bytom deposits, indicated Cd concentrations ranging from 1000 to 5000 ppm. Concentrations up to 10,000 ppm have been reported in sphalerites [24,32]. In the weathering Zn-Pb ore stages, Zn from Cd geochemical separation occurs. Cadmium, depending on environmental conditions, enters the structure of Zn carbonate (smithsonite), forming Cd carbonate (ottavite) or secondary sulphide (greenockite) [5,42,43]. Historical slags after Zn production in Świętochłowice (southern Poland) contain over 500 ppm of Cd. A significant part of Cd in metallurgical processes passes to the slag-building phases [11]. EPMA analyses show this element is also located in galena and anglesite (Table 2 and Table 3). Silesia-Kracow Zn-Pb ores are rich in iron sulphides (marcasite and pyrite), and the As contents in these minerals were very high and could reach up to 20,000 ppm [18]. Viets et al. (1996) [24], in Fe and Pb sulphides, report As concentrations up to 10,000 ppm. Mikulski et al. (2020) [35] determined the average As content in Fe sulphides with a high variability of 2237 ppm and the maximum at 26,950 ppm.



No silver minerals have been identified in the Silesia-Kracow Zn-Pb ore deposits. High concentrations of this metal occur in galena. However, Viets et al. (1996) [24] indicated significant (up to 300 ppm) Ag concentrations in a dark blende (ZnS) species. Ag contents in galena and sphalerites are similar and variable, ranging from 100 to 1000 ppm [35]. Contemporary research has not confirmed information from historical sources that the concentration of Ag in some galena from the Silesia-Kracow deposits reaches 1% (10,000 ppm). Keim et al. (2016) [44] indicated that Ag scattering occurs in weathering Ag-bearing galena. Cerussite and anglesite are mostly Ag free. Based on the above, the Ag released during weathering of argentiferous galena is likely to be removed as soluble ions/complexes or reprecipitated as distinct Ag phases. The dispersion of Ag under the conditions of hypergenesis may explain the lack of Ag minerals and the secondary depletion in this metal in waste from the mining and metallurgy of Zn-Pb ores. It is, therefore, important to identify submicroscopic mineral phases representing silver selenides (Table 4). Se and Ag were found in the examined soil samples (Table S1) and selected minerals. Selenium and Ag are elements mostly in galena. It is possible that under specific oxidation conditions, secondary Pb-Ag-Se phases could form. This association, during soil weathering, may be responsible for the secondary demobilisation of Se and S in oxidation processes of Ag-rich galena for such phases. The presence of pyromorphite is probably related to the secondary distribution of P and Cl. These elements indicate that Pb2+ ions activated in the environment are stabilised in the pyromorphites. Phosphorus contents in some samples are relatively high and reach up to 0.339% in R4 from Ruda Śląska and from 0.123 up to 0.218% in TP9 and TP10 samples from Bukowno (Table S1). The presence of pyromorphite proves a local stabilisation of Pb ions in soils.




6.3. Mineral Changes and PHE Migrations


The Fe sulphide aggregates present in the investigated soils can be easily dissolved and are a source of sulphate ions and Zn, Pb, As, and Sb ions. Acid waste drainage (AWD) can be stimulated under acidified soil conditions by organics or acid rainfall [36,37]. The high proportion of unstable Zn and Fe sulphides significantly increases the environmental risk of increasing the pool of bioavailable HMs. A more stable and environmentally non-hazardous mineral is Ba sulphate. Barite mineralisation is primarily a characteristic of the Silesia-Kracow Zn-Pb ores [5,24]. The presence of barite in associations with Zn and Pb carbonates and Fe oxides is associated with the enrichment processes of Zn-Pb ores in which unsuitable and heavy barite is separated into waste together with carbonates and Zn and Pb, Fe oxides, and clay minerals. Furthermore, the studied soils are contaminated with wastes deposited in the areas around mines and steel mills.



In soils from Ruda Śląska and Bytom-Bobrek, numerous mimetite crystals (1 to 20 µm in length) were identified (Figure 2C,D). This mineral is most often formed in the final stages of the transformation of Pb arsenates [45], commonly described as a secondary mineral in the oxidation zone of Pb–As deposits [46,47] and in the weathering of slags [48]. Arsenic and Pb minerals are relatively numerous but, in nature, are rare [49]. It is a relatively insoluble and thermodynamically stable mineral, particularly at a pH > 5 [50]. The mobility and bioavailability of As and Pb can be controlled by mimetite crystallisation [51,52,53]. Arsenic is mobilised into the environment by weathering As-rich Fe sulphides (Table 2). It does not always diffuse into the environment. The stability of mimetite decreases at low pH and in the presence of organic acids. Mimetite, together with isostructural vanadinite Pb5(VO4)3Cl and pyromorphite Pb5(PO4)3Cl, can crystallise in the oxidation zone of Pb-bearing ores [53,54]. Arsenic up to 1000 ppm is also concentrated in pyromorphite (Table 3). Moreover, pyromorphite and mimetite have similar thermodynamic properties [53]. Both mimetite and pyromorphite contain Cl. This element is dispersed in ore minerals from the Silesia-Kracow deposits, and therefore dechlorination is necessary for technological purification processes. Mimetite formation is possible when one of the components is present in the adsorbed form of goethite [52]. Si-Ca aggregates with Fe, Pb, Sn, Zn, and As were also frequently identified in the investigated soils (Figure 2E). The geochemical composition of these aggregates and the grain morphology seen in the BSE images (Figure 4C) indicate their metallurgical origin.



Soil pH has a significant influence on many (bio) chemical processes occurring in the soil [55,56,57]. The soil reaction affects the leachability of elements from mineral phases and determines the pool of bioavailable macro- (K, Ca, Mg, P, S) and microelements (Fe, Mn, Cu, Zn, Mo). They are necessary for the proper growth of plants and the functioning of microorganisms [58]. The pH range indicates the quality of soils and also suggests the possibility of their degradation, especially at low (<4.5) pH values [59]. The tested soil shows an alkaline reaction in the Silesia-Kracow Zn-Pb ore region in the galmanic areas. These soils are formed on Triassic carbonate formations (dolomites or limestones) and waste from the washing, flotation, or smelting of Zn-Pb-Ag ores. The mineral composition of Zn-Pb ores and waste remaining after enrichment has a decisive influence on the relatively high pH [18]. This has the advantage of hindering the leaching of heavy metals and their further transfer to plant tissues. Among the studied soils, the soil from Bytom-Bobrek is significant for its strongly alkaline reaction (pH > 10). Microscopic studies indicate the presence of significant amounts of waste from Zn smelters. Si-Ca aggregates with the metal characteristic of slags were also identified. Similar to coal combustion ash, smelter waste is characterised by a high pH [60,61]. The atmospheric deposition of combustion products from high and low emissions can also have a significant impact.



The most significant risk of plant uptake of large amounts of PHEs (i.e., Cd, Pb, Zn) and metalloids (As, Sb) is marked in the area of Ruda Śląska and Bytom-Żabie Doły. This is due to the relatively low pH of the soils. Identified high concentrations of PHEs pose a risk of the transfer of ions from these metals to water and living organisms. Some elements (Zn, Cd), with minor changes in soil chemistry, can be easily precipitated and/or adsorbed by mineral phases or organic matter [62]. Soils from the area of Ruda Śląska and Bytom-Żabie Doły have an acid reaction, which in Ruda Śląska can be associated with the presence of lead sulphides and Ca sulphates (Figure 2C,D), and in Bytom-Żabie Doły, with unstable Fe and Zn sulphides (Figure 2A,B), which in oxidation processes are a source of sulphate ions that can significantly reduce soil pH. The presence of Ca (gypsum) sulphates indicates sulphur leaching in the form of SO42− ions, which are buffered in the presence of Ca2+ ions in the form of sulphates. The mass oxidation of sulphides under conditions of Ca2+ ion deficit can lead to a significant reduction in pH and the formation of local acidic waste drainage conditions. These conditions promote further leaching of other HMs from the mineral phases in these soils/waste. In waste rich in metal sulphides (Fe, Zn, Cu) under temperate climate conditions, acid drainage develops, and severe environmental pollution occurs [63,64].





7. Conclusions


	
In Upper Silesia, high concentrations of Zn (above 10,000 ppm), Pb (above 10,000 ppm), and Cd (above 50 ppm) are found in topsoil around former Zn smelters (from the 19th and early 20th centuries). In some locations, concentrations of Cu (up to 9345 ppm) and Sn (up to 10,000 ppm) make it possible to identify sites of former alloy (e.g., bronze) and non-ferrous metal production.



	
The characteristic geochemical tracers for the studied soils are As, Sb, and Sr; the sources of As (from 1756 to more than 10,000 ppm) and Sb (from 106 to more than 4000 ppm) are Fe minerals. The final product of the geochemical transformations of As is mimetite. In contrast, Sr (125 to 4658 ppm) is mainly bound in Ca carbonates.



	
More than 120 years after the end of Zn-Pb smelters, soils still contain unstable Zn, Pb, and Fe sulphides, often rich in Cd, As, and Sb. Under favourable environmental conditions, these minerals can be a source of ions, Pb2+, Zn2+, Cd2+, Tl3+, and AsO33−, readily transferred to the aquatic and biotic environment. In addition, there is evidence of the periodic activation of ions Pb2+, Zn2+, Cd2+, and SO42− present in soils of oxidised phases such as anglesite (PbSO4), mimetite Pb5(AsO4)3Cl, pyromorphite (Pb5(PO4)3Cl), smithsonite (ZnCO3), hemimorphite (Zn4Si2O7(OH)2·H2O), jarosite (KFe3(SO4)2(OH)6), and gypsum (CaSO4·2H2O).



	
ICP-ES/MS studies of soils contaminated by metal ore metallurgy made it possible to assess the total HM content; using SEM/EDS studies, it was possible to assess the size, morphology, and chemistry of the microareas. Meanwhile, EPMA made it possible to study and identify phases rich in As, Se, Sb, and Ag, that is, those that affect the total content of these metals.
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Figure 1. Simplified geological map of the investigated area, including the Zn-Pb ores occurrences. Explanations: D—Devonian, C—Carboniferous, P—Permian, Tp—Lower Triassic, Tm—Middle Triassic, Tk—Upper Triassic (Keuper), 1—Zn-Pb-Ag “Fryderyk” mine in Tarnowskie Góry, 2—flushing heap of the “Fryderyk” mine in Tarnowskie Góry, 3—Zn smelter in Miasteczko Śląskie, 4—Zn-Pb ores in Marciszów, Poręba, Siewierz, Gołuchowice, 5—Zn-Pb ores in Zawiercie I and Zawiercie II, 6—Zn-Pb ore Rodaki-Rokitno Szlacheckie, 7—dump in Bytom-Bobrek, 8—Zn ”Bobrek” smelter, later a Fe smelter in Bytom, 9—dump in Bytom-Rozbark near the “Żabie Doły” reservoir, 10—Zn-Pb mine ”Biały Szarlej” and ZGH ”Orzeł Biały” in Piekary Śląskie, 11—Zn smelter “Paulina” in Sosnowiec, 12—Zn-Pb ores Chechło and Rudnica, 13—Zn-Pb mine “Pomorzany”, 14—metallurgical waste landfill, closed Zn smelters “Hugo”, “Franciszek”, and “Liebe-Hoffnung”, 15—Zn smelter ”Józefina” in Jaworzno-Niedzieliska, 16—Mining and metallurgical works “Bolesław” in Bukowno, 17—a heap of post-flotation waste in Bolesław, 18—Zn-Pb smelter “Jadwiga” in Trzebinia, later metallurgical plants “Giesche” and “Trzebinia”; Zn smelter “Artur”, 19—mine of Pb ores “Matylda” in Chrzanów. 
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Figure 2. Selected BSE images and EDS spectra of minerals from the galmanic topsoil from the Silesia region. Explanations: (A,B)–ŻD11 (Bytom-Żabie Doły) soil sample, EDS spectra of Zn sulphide; (C,D)—R1 (Ruda Śląska) soil sample; (E,F)—B2 (Bytom-Bobrek) soil sample, EDS spectrum of mineral phase with As. 






Figure 2. Selected BSE images and EDS spectra of minerals from the galmanic topsoil from the Silesia region. Explanations: (A,B)–ŻD11 (Bytom-Żabie Doły) soil sample, EDS spectra of Zn sulphide; (C,D)—R1 (Ruda Śląska) soil sample; (E,F)—B2 (Bytom-Bobrek) soil sample, EDS spectrum of mineral phase with As.



[image: Minerals 14 00475 g002]







[image: Minerals 14 00475 g003] 





Figure 3. Selected BSE images and EDS spectra of minerals from the galmanic topsoil from the Olkusz region. Explanations: (A–C)—TP1 (Bukowno) soil sample; (D)—TP3 (Bukowno) soil sample (slag). 
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Figure 4. Selected BSE images and EDS spectra of minerals from the galmanic topsoil from the Ruda Śląska and Olkusz regions. Explanations: (A,B)–R1 (Ruda Śląska) soil sample; EDS spectra of Pb carbonate; (C,D)—TP1 (Bukowno) soil sample; EDS spectra of Zn silicate. 
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Table 1. Minerals from the Zn-Pb-Ag ore deposits (Silesian-Cracow MVT). References: 1—[33]; 2—[1]; 3—[34]; 4—[12]; 5—[35]; 6—[36]; 7—[2]; 8—[37].
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Soil Areas Contaminated by Zn, Pb, Cd, As, Sb




	
Zn-Pb Ore Mining

	
Zn-Pb Ore Processing

	
Zn-Pb Smelting






	
Main gangue components

	
dolomite (CaMg[CO3]2) 2,3,5

calcite (CaCO3) 2,3,5

ankerite (Ca(Fe,Mg,Mn)(CO3)2) 2

quartz (SiO2) 3

clay minerals 2,3

	
quartz (SiO2) 1

dolomite (CaMg[CO3]2) 1,2

calcite (CaCO3) 1

ankerite (Ca(Fe,Mg,Mn)(CO3)2) 1

illite (KAl2(Si,Al)4O10(OH)2) 1

montmorillonite (Al2O3·SiO2·nH2O) 1

kaolinite (Al2(OH)4Si2O5) 1

	
quartz (SiO2) 4,7,8

cristobalite (SiO2) 4,8

trydymite (SiO2) 4

diopside (MgCaSi2O6) 8

plagioclase 8

feldspar (e.g. anorthite) 4

mica 8

pyroxene 4,7

calcite (CaCO3) 7,8




	
Primary metalliferous minerals

	
marcasite (FeS2) 3,5

pyrite (FeS2) 5

sphalerite ((Zn,Fe)S) 2,3,5

galena (PbS) 2,3,5

	
marcasite (FeS2) 1,6

pyrite (FeS2) 1,6

sphalerite ((Zn,Fe)S) 1

galena (PbS) 1,2

	
sphalerite ((Zn,Fe)S) 8

wurtzite ((Zn,Fe)S) 8




	
Secondary metalliferous minerals

	
hemimorphite (Zn4Si2O7(OH)2·H2O) 2,3

smithsonite (ZnCO3) 2,3

minrecordite (CaZn(CO3)2) 2

cerrusite (PbCO3) 2,5

barite (BaSO4) 2

anglesite (PbSO4) 2,5

gypsum (CaSO4·2H2O) 2

jarosite (KFe3(SO4)2(OH)6) 2

willemite (Zn2SiO4) 5

goethite (FeO(OH)) 2,3

magnetite (Fe3O4) 2

Mn oxide 3

Fe hydroxide 2

	
alluminosilicates 1,2

minrecordite (CaZn(CO3)2) 2

smithsonite (ZnCO3) 1,2

cerrusite (PbCO3) 1,2

Ca phosphates 2

Mn-Fe, Mn oxides 1,2

Fe oxides 2

goethite (FeO(OH)) 1,2

gypsum (CaSO4·2H2O) 1,6

anglesite (PbSO4) 1

bassanite (CaSO4·0.5H2O) 1,6

jarosite (KFe3[(OH)6/(SO4)2]) 1

epsomite (MgSO4·7H2O) 1,6

	
cerrusite (PbCO3) 2,7

barite (BaSO4) 2,8

gypsum (CaSO4·2H2O) 7

litharge (PbO) 2

alluminosilicates (e.g. mullite) 2

Pb phosphates 2

Pb arsenate 8

magnetite (Fe3O4) 4,8

hematite (Fe2O3) 7,8

goethite (FeO(OH)) 8

mullite (Al6Si2O13) 4,8

akermanite (Ca2Mg(Si2O)7) 7

melilite (Ca,Na)2(Al,Mg,Fe2+) 7

willemite (Zn2SiO4) 7

zircon (ZrSiO4) 8

Zn-Fe oxide/hydroxide 8

apatite (Ca5(PO4)3(F,Cl,OH)) 4

Fe oxide 7

franklinite (ZnFe3+2O4) 4

zincite ((Zn,Mn)O) 4

birnessite

((Na,Ca)0.5(Mn4+,Mn3+)2O4·1.5H2O) 8











 





Table 2. Representative electron microprobe analysis (EMPA) of sulphides from the investigated samples. Elemental content in wt%; b.d.l.—below detection limit; SD—standard deviation; n—number of analyses.
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Mineral/

Compound

	
Galena (n = 25)

	
Sphalerite (n = 19)

	
Pyrite/Marcasite (n = 34)




	
Min

	
Max

	
Average

	
SD

	
Min

	
Max

	
Average

	
SD

	
Min

	
Max

	
Average

	
SD






	
Fe

	
0.20

	
0.54

	
0.42

	
0.13

	
0.08

	
0.09

	
0.08

	
0.01

	
46.80

	
47.30

	
47.11

	
0.16




	
Ni

	
0.11

	
0.26

	
0.19

	
0.08

	
b.d.l.

	
b.d.l.




	
Cu

	
0.08

	
0.09

	
0.09

	
0.01

	
b.d.l.

	
b.d.l.




	
Zn

	
0.09

	
0.43

	
0.22

	
0.12

	
66.17

	
67.15

	
66.67

	
0.25

	
0.08

	
0.11

	
0.10

	
0.02




	
Se

	
0.10

	
0.21

	
0.16

	
0.06

	
b.d.l.

	
b.d.l.




	
Pb

	
79.90

	
86.71

	
84.92

	
1.64

	
0.10

	
0.15

	
0.12

	
0.02

	
0.10

	
0.13

	
0.12

	
0.02




	
Sb

	
0.21

	
0.76

	
0.36

	
0.19

	
b.d.l.

	
b.d.l.




	
Cd

	
0.12

	
0.28

	
0.20

	
0.07

	
b.d.l.

	
b.d.l.




	
As

	
b.d.l.

	
b.d.l.

	
0.06

	
0.11

	
0.08

	
0.02




	
S

	
11.88

	
13.84

	
13.47

	
0.45

	
32.47

	
33.13

	
32.71

	
0.16

	
52.94

	
54.02

	
53.61

	
0.28




	
Total

	

	

	
99.87

	

	

	

	
99.43

	

	

	

	
100.77

	











 





Table 3. Representative electron microprobe analysis (EMPA) of carbonates, sulphates, and phosphates from the investigated samples. Chemical constituents in wt%; b.d.l.—below detection limit; n.a.—not analysed; SD—standard deviation.
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Mineral/

Compound

	
Smithsonite (n = 13)

	
Barite (n = 9)

	
Anglesite (n = 15)

	
Pyromorphite (n = 12)

	
Mimetite (n = 1)




	
Min

	
Max

	
Avg

	
SD

	
Min

	
Max

	
Avg

	
SD

	
Min

	
Max

	
Avg

	
SD

	
Min

	
Max

	
Avg

	
SD






	
Cl

	
n.a.

	
n.a.

	
n.a.

	
2.49

	
2.74

	
2.65

	
0.08

	
2.26




	
Na2O

	
n.a.

	
0.09

	
0.13

	
0.11

	
0.02

	
n.a.

	
n.a.

	
n.a.




	
CaO

	
0.92

	
1.60

	
1.35

	
0.19

	
0.00

	
0.19

	
0.08

	
0.07

	
n.a.

	
0.22

	
0.61

	
0.40

	
0.14

	
0.31




	
MnO

	
0.10

	
0.13

	
0.10

	
0.02

	

	

	

	

	
0.00

	
0.06

	
0.02

	
0.02

	
b.d.l.

	
b.d.l.




	
SrO

	
b.d.l.

	
0.10

	
0.20

	
0.14

	
0.04

	
0.00

	
0.05

	
0.01

	
0.01

	
n.a.

	
n.a.




	
BaO

	
b.d.l.

	
65.91

	
68.35

	
67.59

	
0.99

	
0.00

	
0.26

	
0.06

	
0.08

	
n.a.

	




	
Fe2O3

	
n.a.

	
0.10

	
0.30

	
0.17

	
0.08

	

	

	

	

	
0.00

	
0.40

	
0.10

	
0.12

	
0.11




	
FeO

	
0.23

	
0.49

	
0.35

	
0.07

	
n.a.

	
n.a.

	
n.a.

	
n.a.




	
ZnO

	
59.32

	
62.91

	
61.47

	
1.14

	
n.a.

	
0.13

	
0.43

	
0.21

	
0.11

	
b.d.l.

	




	
As2O3

	
b.d.l.

	
b.d.l.

	

	
0.00

	
0.14

	
0.06

	
0.05

	
19.51




	
CdO

	
b.d.l.

	
b.d.l.

	
0.05

	
0.49

	
0.31

	
0.19

	
b.d.l.

	
b.d.l.




	
Sb2O3

	
b.d.l.

	
b.d.l.

	
0.10

	
0.10

	
0.10

	
0.00

	
b.d.l.

	
b.d.l.




	
PbO

	
0.10

	
0.25

	
0.18

	
0.06

	
b.d.l.

	
72.80

	
73.94

	
73.36

	
0.35

	
78.34

	
81.69

	
80.10

	
1.08

	
75.11




	
SiO2

	
0.13

	
0.26

	
0.20

	
0.05

	
n.a.

	
n.a.

	
0.00

	
0.97

	
0.33

	
0.33

	
0.69




	
Al2O3

	
n.a.

	
n.a.

	
n.a.

	
0.00

	
0.40

	
0.14

	
0.14

	
b.d.l.




	
P2O5

	
b.d.l.

	
n.a.

	
n.a.

	
14.97

	
15.55

	
15.29

	
0.18

	
0.34




	
SO3

	
0.07

	
0.07

	
0.07

	
0.00

	
32.85

	
34.76

	
33.51

	
0.76

	
26.26

	
27.36

	
26.65

	
0.27

	
n.a.

	
n.a.




	
CO2

	
35.35

	
38.51

	
36.82

	
0.95

	
n.a.

	
n.a.

	
n.a.

	
n.a.




	
Total

	

	

	
100.00

	

	

	

	
101.61

	

	

	

	
100.29

	

	

	

	
99.57

	

	
98.33











 





Table 4. Representative electron microprobe analysis (EMPA) of Se and Ag phases from the Olkusz area. Elemental content in wt%.
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Compound

	
an.1

	
an.2

	
an.3

	
an.4

	
an.5

	
an.6

	
an.7

	
an.8

	
an.9

	
an.10

	
an.11

	
an.12






	
Fe

	
0.32

	
0.36

	
0.26

	
0.41

	
0.17

	
0.53

	
0.30

	
0.25

	
0.27

	
1.21

	
1.30

	
1.85




	
Zn

	
0.22

	
0.17

	
b.d.l

	
0.20

	
b.d.l

	
0.15

	
0.19

	
b.d.l

	
b.d.l

	
0.10

	
0.18

	
0.20




	
Se

	
16.55

	
17.37

	
18.12

	
19.50

	
21.96

	
16.66

	
18.47

	
9.83

	
17.40

	
2.04

	
3.98

	
4.39




	
Pb

	
20.48

	
61.30

	
28.60

	
23.62

	
27.44

	
33.21

	
65.44

	
45.20

	
64.54

	
70.18

	
69.93

	
68.08




	
Ag

	
34.59

	
3.43

	
26.43

	
45.11

	
42.14

	
23.06

	
0.82

	
0.70

	
0.93

	
b.d.l

	
0.27

	
0.12




	
S

	
2.34

	
3.44

	
2.77

	
2.01

	
1.82

	
2.94

	
3.90

	
2.47

	
4.04

	
9.91

	
9.30

	
9.41




	
Total

	
74.50

	
86.09

	
76.17

	
90.85

	
93.56

	
76.55

	
89.15

	
58.44

	
87.18

	
83.50

	
84.97

	
84.08




	
Crystal chemical formulae recalculated on the basis of 2 Se2−

	
Crystal chemical formulae recalculated on the basis of sum (Se2− + S2−)1




	
Fe

	
0.06

	
0.02

	
0.01

	
0.02

	
0.01

	
0.03

	
0.02

	
0.02

	
0.01

	
0.06

	
0.07

	
0.09




	
Zn

	
0.04

	
0.01

	

	
0.01

	

	
0.01

	
0.01

	

	

	

	
0.01

	
0.01




	
Pb

	
0.94

	
0.90

	
0.44

	
0.37

	
0.40

	
0.53

	
0.89

	
1.08

	
0.90

	
1.01

	
0.99

	
0.94




	
Ag

	
2.06

	
0.10

	
0.78

	
1.35

	
1.17

	
0.71

	
0.02

	
0.03

	
0.02

	

	
0.01

	
0.00




	
S

	
1.05

	
0.33

	
0.27

	
0.20

	
0.17

	
0.30

	
0.34

	
0.38

	
0.36

	
0.92

	
0.85

	
0.84




	
Se

	
2.00

	
0.67

	
0.73

	
0.80

	
0.83

	
0.70

	
0.66

	
0.62

	
0.64

	
0.08

	
0.15

	
0.16
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