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Abstract

:

The study focuses on the reconstruction of the technological process in the 16th–17th century lead smelter in Sławków based on chemical and petrographic analyzes of slags. There are three main types of material at the landfill: glassy, crystalline, and weathered. Glassy slags are made of amorphous phase in which crystals of pyroxene, willemite, olivine, wüstite, and lead oxide appear. Crystalline slags are composed of wollastonite, rankinite, melilite, anorthite, quartz, and Fe oxides. Weathered slags have a composition similar to glassy slags, but they also contain secondary phases: anglesite and cerussite. Chemical analyzes confirmed that the smelter used sulphide ores, which were roasted, and the main addition to the charge was quartz sand. The smelting process took place in a brick-built furnace, under reducing conditions, with varied oxygen fugacity ranging from WM to MH buffer. The slag characteristics show a knowledge of the workers in the field of smelting methods. The addition of SiO2 allowed for the binding of elements that could contaminate the obtained lead, and at the same time, the low melting point of the material (1150 °C) and the melt viscosity (logη = 1.34 for 1150 °C) was maintained, enabling the effective separation of liquid lead.
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1. Introduction


Due to the ease of processing, a wide range of applications and the coexistence with silver, lead deposits have played an important role in historical times [1]. The oldest (from 7th–6th millennium BC) known center related to lead metallurgy is the Anatolian settlement of Catal Hüjük, where the remains of jewelry made of this metal have been preserved [2]. An impressive metallurgical complex from the Late Chalcolithic period (5th millennium BC) was discovered in a cave in the northern Negev desert (Israel) [3]. In this complex a biconical object made of pure metallic lead was found logged onto a wooden shaft [3]. In Europe, the oldest objects containing metallic lead are biconical vessels from Pietrele on the Lower Danube dated to ca. 4400–4300 BC [4]. In antiquity, lead compounds were commonly used, e.g., as dyes (red lead—Pb3O4; lead white—PbCO3) [2,5], cosmetics (e.g., mascara or lipstick in ancient Egypt (ZnS)) [1,2,5] and as alloy additives [6]. The ancient Romans began to use lead on an industrial scale, including for the construction of aqueducts [1,2]. In Rome, lead acetate was also widely used as a substance for improving the taste of wine [5,6], although this application of lead was invented by the Egyptians and the Greeks [7]. Later, lead began to be used for the production of shooting balls, printing inks, and toys (lead soldiers) [5]. Despite the knowledge about its harmfulness, lead is still a widely used metal nowadays. It is used in the production of sulfuric acid, in the construction industry, as well as in the production of batteries and nuclear reactors [5]. In the centers of the historical metallurgical industry, we can observe remnants of metallurgical activities in the form of slags. They are a research topic in Poland [8,9] and in other European countries [10,11,12,13,14].



Due to the presence of potentially toxic elements (PTEs) in slags, they are most often analyzed in terms of their impact on the environment [9,15,16]. Slag analysis also helps to understand the mechanism of the formation of mineral phases with an unusual chemical composition [17]. They are also used to understand geological processes, as they can be treated as analogs of natural rocks (e.g., paralavas, melilitolites) which are formed under similar pressure and temperature conditions [18]. Their commercial use is also widely researched [17,19,20]. Slags are often the only tool for the reconstruction of historical metallurgical processes [10,12,21].



During such reconstructions, the important sources of information are historical documents and production remains. Based on descriptions contained in such works as De Re Metallica, the methods and devices used for the production of metals can be reconstructed [22]. Production remains such as slags are significant because, in the absence of historical documents on their basis, it is possible to reconstruct the smelting conditions [10,12,13,23,24,25,26,27,28]. By analyzing their chemical and phase composition, we can recreate the conditions in the historical furnaces. One of them is temperature during smelting process. Geochemical, petrological and experimental methods can be used to approximate it. Numerous slag studies determined the smelting temperature based on phase diagrams [10,18,23,25,27], geothermometers [21,29,30], or laboratory experiments [8,18,31]. Other method require the construction of furnaces, similar to those used in historical times [11,12]. During smelting experiments in such, it is possible to measure the actual temperature inside the furnace [12]. It also allows the observation of the reactions taking place during the smelting [11,12]. Another factor that should be considered in the studies of historical smelting process is the melt viscosity [10,17,27,31,32]. Low melt viscosity facilitated the process of separating of the metallic phase from the slag, which makes the metallurgical process more effective [31]. Geochemical and petrological studies can also approximate the furnace atmosphere [31] and addition in the smelting process [8,24,32,33,34]. The charcoal fragments occasionally occurring in historical slags can be used to determine the type of wood used [12,28], and also by dendrochronological [35] and radiocarbon [12,28,35] methods to determine their age.



Little is known about the slag and smelting processes of the early modern period. The existing studies focus mainly on medieval (e.g., [11,12,14,24]) or contemporary times (e.g., [16,21,26]). It creates an almost 300-year (1500–1800) gap in the research on slags and metallurgical processes. This study aims to fill this gap by recreating the historic metallurgical process in the 16th–17th century lead smelter in Sławków. Process reconstruction is based on mineralogical and geochemical studies, taking into account the temperature in the furnace, the viscosity of the metallurgical melt, and the type of additives added to the ore. This research will allow for a better understanding of metal production in this period in Poland and Europe.




2. Location and Ore Exploitation


Sławków is one of the oldest centers related to lead metallurgy in Poland. It is located in southern Poland (Figure 1), between Dąbrowa Górnicza and Sosnowiec in the west and Olkusz in the east. The town was an important economic center in the Middle Ages. Apart from mining and metallurgy, Sławków was an important trade center, situated on the route connecting the east and west of Europe [36]. In the Middle Ages, the administration of industry in the Sławków region was carried out by the Archbishop of Cracow [9]. We can be certain that Ag-Pb ores were exploited and processed from the 15th to the 19th century, but it is assumed that a metallurgical industry existed in the Sławków region much earlier [9,37]. The ore mineralization in this area is associated with Mississippi Valley type deposits. These are low-temperature epigenetic deposits occurring in the Middle Triassic dolomites [38]. Primary ore mineralization consists mainly of galena (PbS), sphalerite and wurtzite (ZnS), pyrite and marcasite (FeS2) [38]. However, due to weathering processes, the ore minerals should also include smithsonite (ZnCO3), monheimite (FeZnCO3), hydrozincite (Zn[(OH)3CO3]2), cerussite (PbCO3), Fe-oxides, and hemimorphite (Zn4(Si2O7)(OH)2·H2O) [39]. Initially, exploitation was limited to shallow deposits. After the resources above the groundwater table were exhausted, attempts were made to deepen and drain the mines. However, due to the lack of appropriate technology, these activities were limited [9]. Lead smelting in Sławków was carried out in the smelter located on Quaternary sands and muds [9]. It was placed in the south-eastern part of the city, near the left bank of the Przemsza River (Figure 1). Historical information [40] describes the existence of two independent “Old” and “New” smelters in this area. Both functioned in the 17th century, and at least the old smelter also in the 16th century [40]. Currently, there are no traces of the smelters’ buildings in the area. Their location can only be identified by elevated terrain and slags appearing on the surface.




3. Materials and Methods


3.1. Sampling


Forty-two slag and eleven brick samples were collected from the surface and in excavations related to the bicycle path carried out in the historical landfill. Based on the macroscopic differentiation and the degree of weathering, three main types of slags were distinguished, from which representative fragments were subjected to preparation and geochemical and petrological analyses. Two brick samples were selected for preparations and SEM-EDS analyses to confirm their relationship to the smelting process.




3.2. Furnace Experiments


Experiments were performed in PLF 160/5 chamber furnace (Protherm, Ankara, Turkey) with a PC 442/18 controller, SiC heaters, and a thermocouple S with a maximum working temperature of 1550 °C. Samples were melted in alumina pots. To determine the melting temperature of the slag samples we performed successive experiments with rising temperatures and fast cooling until a complete melting of the sample (ca. 1 cm3) had occurred.




3.3. Geochemical and Petrological Analyses


For quantitative and qualitative phase composition of samples, samples were examined using the Olympus BX-51 (Tokyo, Japan) polarizing microscope, scanning electron microscope (SEM; Thermo Fisher Scientific Phenom XL, Waltham, MA, USA), equipped with an energy-dispersive spectrometer (EDS) at the Faculty of Natural Sciences, University of Silesia and Electron probe micro-analyzer (EPMA) CAMECA SX 100 (Gennevilliers, France) at the Inter-Institutional Laboratory of Microanalysis of Minerals and Synthetic Materials, University of Warsaw. EPMA analyses were performed at 15 keV accelerating voltage, a 10–20.1 nA beam current, and a beam diameter of up to 5 µm. Standards included: Al—KAlSi3O8; As—GaAs; Ba—BaSO4; Ca—CaSiO3; Fe—Fe2O3; K—KAlSi3O8; Mg—MgCaSi2O6; Mn—MnCO3; Na—NaAlSi3O8; P—Ca5(PO4)3(F,Cl,OH); Pb—PbS, PbCrO4; S—BaSO4, CuFeS2, ZnS; Si—CaSiO3; Ti—TiO2; V—V; Zn—ZnS.



X-ray powder diffraction data were obtained using an X’PERT PRO—PW 3040/60 diffractometer (PANalytical Malvern, UK; CoKα1 source radiation, Fe-filter to reduce the Kβ radiation, and X’Celerator detector), at the Faculty of Natural Sciences, the University of Silesia in Katowice. Quantitative data processing was performed using the X’PERT High Score Plus software using the latest PDF4+ database and applying the Rietveld method. The Rietveld method applies the least-squares approach to match the theoretical profile line with a measured peak intensity of a powder sample, thus minimizing the residual function, and refining the crystal structure of the compound.



Considering insignificant differences of glassy slag in SEM and EPMA analyses for the bulk chemical compositions we used large (ca. 7.5 kg) and averaged sample of this slag type to better reflect their mean composition. It was supplemented by two samples of crystalline and weathered slags and analysed by a combination of X-ray fluorescence (XRF) spectrometry and inductively coupled plasma mass spectrometry (ICP-MS) for a broader spectrum of major, minor, and trace elements. Analyses were performed by the Bureau Veritas Minerals Laboratories. Sample preparation consisted of LiBO2 fusion for XRF and lithium tetraborate decomposition and aqua regia digestion for ICP-MS. Loss on ignition was determined before XRF at 1000 °C.




3.4. Software


The furnace design was developed using Autodesk AutoCAD 2021 (San Rafael, CA, USA) and Adobe Photoshop 2021 software (San Jose, CA, USA).





4. Results


4.1. Slag Types at Sławków Landfill


Based on macroscopic observations it is possible to distinguish three main types of slags occurring at the landfill (Figure 2): (i) glassy slag with commonly incorporated grains of sand; (ii) crystalline slags; (iii) slags showing signs of weathering processes. Glassy slag is most common (33 samples from 42 gathered). It is black and gray with a yellow coating and is characterized by flow structures (Figure 2a) and incorporated grains of sand (Figure 2b). Crystalline slag is less common (five among 42 samples). This type of slag is gray, porous and in the section, partly melted grains are visible (Figure 2c). Weathered slags are uncommon at the landfill (four among 42 samples). They are porous, yellow to brow, with coatings of secondary mineralization (Figure 2d).




4.2. Phase Composition and Chemistry of Phases


4.2.1. Glassy Slag


According to the XRD data (Figure 3) the glassy slag is dominated (42 vol.%) by petedunnite (Ca(Zn,Mn2+,Mg,Fe2+)Si2O6), accompanied by the willemite (31 vol.%; Zn2SiO4), fayalite (16 vol.%; Fe2SiO4), quartz (5 vol.%; SiO2), galena (3 vol.%; PbS) and wüstite (3 vol.%; FeO). The diffractogram shows the hump characteristic for samples containing amorphous phases (Figure 3). Within the glassy slag, we observed areas that are composed of an amorphous phase with only singular crystallites (Figure 4a,d) and more crystalline zones (Figure 4b,c). Considering the phase dependencies in glassy slag we can determine that crystallization was started by the star-shaped pyroxene up to 100 μm, followed by dendritic crystals of willemite (Figure 4a,d). With an increasing level of crystallinity of zone, pyroxene gains subhedral morphology with crystals up to 200 μm (Figure 4a–c), while willemite forms laths up to 200 μm in length (Figure 4a–c). Occasionally they are accompanied by olivine up to 20 μm across (Figure 4c).



Based on the EPMA data we can distinguish two generations of pyroxenes within glassy slag. The proportion of Ca:Mg:Fe makes both generations augite, although the first is Mg-enriched (Wo32En57Fs11), while the second Ca and Fe-enriched (Wo44En19Fs37) (Table 1). In opposition to Mg-rich augite, Fe-augite concentrates also Zn (up to 7.34 wt.% of ZnO; Table 1) moving its composition closer to the petedunnite. Willemite in glassy slag is characterized by the significant addition of Fe (up to 18.29 wt.% of FeO) and lower concentrations of Mg, Mn, and P (Table 1). Olivine has close to ideal, forsterite dominated (Fo84) composition (Table 1). Lead oxide phases are enriched in minor amounts of Zn (up to 0.40 wt.% of ZnO) and Fe (0.37 wt.% of FeO) (Table 1). Amorphous phase in glassy slag has a diverse composition consisting mainly of Pb (8.88–39.51 wt.% of PbO), Si (30.89–38.55 wt.% of SiO2), Fe (11.46–21.27 wt.% of Fe2O3), Zn (4.92–12.61 wt.% of ZnO) and Ca (3.19–11.15 wt.% of CaO) (Table 1).



Besides glass concentrates numerous (Al, Mg, K, P, Na, S, Mn, and Ti) of other elements in lower amounts (Table 1). Differences in the glass composition are due to the advancement of the crystallization process. Primitive glass in areas with none or rare crystallites is enriched in Si, Fe, Zn, Mg, and Ca (Table 1). Crystallization of phases containing these elements (pyroxene, olivine, willemite) leads to the enrichment of residual glass in Pb and K which are incompatible with crystallizing phases.




4.2.2. Crystalline Slag


According to the XRD data (Figure 3), the crystalline slag consists of åkermanite (43 vol.%; Ca2Mg(Si2O7)), SiO2 polymorphs (27 vol.% in total; 14 vol.% of quartz; 11 vol.% of tridymite; 2 vol.% of cristobalite), wollastonite (20 vol.%; CaSiO3), and microcline (10 vol.%; KAlSi3O8). The petrographic image of crystalline slag is largely determined by the occurrence of quartz grains up to a few hundred of μm across. Their surface is locally covered by a thin (few μm) layer of glass (Figure 4e) resulting from quartz melting and recrystallization and exchange of cations with melt. Further from the surface of quartz grains wollastonite layer (up to 30 μm thick) crystallizes followed by anhedral melilite building the slag matrix (Figure 4e). Spaces in slag between quartz grains are filled with overgrown anhedral crystals (up to 60 μm across) of wollastonite and melilite accompanied by feldspars, glass, and occasionally by rankinite (Ca3Si2O7, Figure 4f). Rarely segregations rich in anhedral spinel and hematite up to 100 μm occur in this slag type (Figure 4g).



Wollastonite occurs as crystals with an almost pure chemical composition (Table 2) or with numerous substitutions among which Fe (11.17 wt.% of FeO); Zn (2.31 wt.% of ZnO); Mg (1.57 wt.% of MgO) and K (1.02 wt.% of K2O) (Table 2) are most significant. Analyzed melilites belong to the complex solid solution of åkermanite (Ca2Mg(Si2O7))—gehlenite (Ca2Al(AlSiO7))—hardystonite (Ca2Zn(Si2O7))—ferri-gehlenite (Ca2Fe3+(AlSiO7)) (Table 2). As such, they concentrate wide spectrum of elements: Al (1.36–27.43 wt.% of Al2O3), Fe (6.25–9.28 wt.% of Fe2O3), Zn (1.15–11.92 wt.% of ZnO), and Mg (0.63–2.42 wt.% of MgO) (Table 2). Rankinite has a composition close to ideal: Ca2.96Fe0.03Si2O7 (Table 2). Plagioclase is represented by the Ca-rich endmember (An93) enriched in Fe (1.04 wt.% of FeO), Zn (0.45 wt.% of ZnO), and Pb (0.22 wt.% of PbO) (Table 2). K-feldspar contains only minor amounts of Fe (0.62 wt.% of FeO) (Table 2). Due to numerous elements in its structure spinel can be classified as magnetite (Fe2+Fe3+2O4)—gahnite (ZnAl2O4)—franklinite (Zn2+Fe3+2O4)—hercynite (Fe2+Al2O4)—chromite (Fe2+Cr3+2O4)—coulsonite (Fe2+V3+2O4) solid solution (Table 2). Hematite (ideally Fe2O3) additionally concentrates Ti (0.52–7.93 wt.% of TiO2), Al (3.28–11.57 wt.% of Al2O3), V (0.00–1.92 wt.% of V2O3), Mn (0.65–0.77 wt.% of MnO), Zn (0.99–6.60 wt.% of ZnO), Mg (0.00–2.50 wt.% of MgO), and Ca (0.62–1.12 wt.% of CaO) (Table 2). Compared with amorphous phases from glassy slag, here they are enriched in Si (mean 73.17 vs. 34.72 wt.% of SiO2), Al (mean 10.10 vs. 2.49 wt.% of Al2O3), and K (mean 4.06 vs. 1.87 wt.% of K2O)(Table 2). At the same time they are impoverished in Fe (mean 6.05 vs. 16.37 wt.% of Fe2O3), Zn (mean 2.66 vs. 8.76 wt.% of ZnO), Pb (mean 1.20 vs. 24.20 wt.% of PbO), and Ca (mean 1.51 vs. 7.17 wt.% of CaO) (Table 2).




4.2.3. Weathered Slags


According to XRD data weathered slags are composed of a mixture of ore minerals, primary slag-building, and secondary phases. Ore minerals are represented by sphalerite and wurtzite (2.5 vol.%), and galena (1 vol.%) (Figure 3). The following primary phases were distinguished: fayalite (25.5 vol.%), K-feldspars (20 vol.%), and petedunnite (15 vol.%), and cristobalite (2 vol.%) (Figure 3). Secondary phases are represented by the cerussite (PbCO3; 6.5 vol.%). Willemite (27.5 vol.%) (Figure 3) may be the result of both the smelting process and weathering of the slags.



SEM-EDS confirmed the presence of all mineral groups distinguished in XRD (Figure 5). Ore minerals are represented by the sphalerite/wurtzite, which forms partly melted crystals up to 100 μm across, surrounded by the glass with a composition similar to the primary one from glassy slag as it is rich in Si, Ca, Zn, Pb, Fe, K, Al, and Ba (Figure 5a).



Quartz (or its polymorphs) form small grain (up to 20 μm) dispersed in the PbO phase (Figure 5b). As a result of the weathering of PbO, anglesite (PbSO4) forms as layers around the PbO core (Figure 5c). It co-occurs with secondary willemite forming irregular lath/needle aggregates, which in opposition to the primary willemite, lacks in Fe (Figure 5c). Olivine forms anhedral crystals to a few dozens of μm (Figure 5d). Cerussite is common among secondary minerals, and it forms highly irregular layered aggregates up to 50 μm (Figure 5d; due to the small width of singular layers cerussite EDS contains elements from neighbor phases).





4.3. Chemical Composition of Slags


Glassy slag is mainly composed of the Si (34.58 wt.% of SiO2), Fe (21.65 wt.% of Fe2O3), Ca (11.19 wt.% of CaO), Mg (3.39 wt.% of MgO), Al (1.81 wt.% of Al2O3) and K (1.19 wt.% of K2O) (Table 3). It also contains extremely high amounts of Pb (above the detection limit of the method which was 10 wt.%) and Zn (13.25 wt.%) (Table 3). Among trace elements five concentrates above 100 ppm: As, Ba, Cu, Sr, and Sb (Table 3). The chemistry of the glassy slag almost perfectly fits the composition of the primary glass occurring within this slag type (Table 1). Crystalline in comparison with glassy slag is enriched in Si (46.50 wt.% of SiO2), Ca (30.39 wt.% of CaO) and Al (3.50 wt.% of Al2O3) (Table 3), but is impoverished in Fe (9.81 wt.% of Fe2O3), Mg (0.99 wt.% of MgO), Pb (1.07 wt.%), Zn (2.83 wt.%) (Table 3). Weathered slag has the lowest content of Si (26.18 wt.% of SiO2), Ca (4.48 wt.% of CaO), Al (1.17 wt.% of Al2O3), K (0.28 wt.% of K2O) (Table 3), but highest of Fe (22.83 wt.% of Fe2O3), Mg, (4.31 wt.% of MgO), Zn (21.50 wt.%) (Table 3) and lead, which similarly to glassy slag reached detection limit of the method (10 wt.%) (Table 3).




4.4. Melting Point of Slags


As a consequence of heating, slags have undergone the following changes: (i) after heating in temperatures of up to 1000 °C, the colour of the slag changed to rusty-red, and the morphology of the sample became more oval (Figure 6b); (ii) heating up to 1100 °C caused melting of the sample in the entire volume, but the result is not fully unified; (Figure 6c); (iii) after heating in the temperature of up to 1150 °C, the slag is completely melted and unified (Figure 6d).





5. Discussion


5.1. Furnace Construction


Based on historical sources [22] and archaeological research [43] it is known that lead smelting in Sławków was divided into several stages. The first step in preparing the ore for further processing was enrichment. For this purpose, after the rocks were brought to the surface, they were crushed. Crushed ore was washed. Rinsing led to the separation of heavy minerals (containing lead) in specially prepared troughs [22,43]. During the archaeological research in the vicinity of Olkusz, the presence of this type of installation was found [43]. Lead ore might have been roasted by setting fire to a pile of wood with crushed ore [22]. This activity allowed the workers to get rid of sulfur and other unnecessary ingredients. As a result of roasting, sulfide minerals were oxidized, which in the later stages facilitated the smelting process. Historical data from Sławków [40] describes the existence of roasters in a neighbor of the smelter, thus we can assume that this process was used in Sławków. Smelting was carried out in a brick blast furnace. This was confirmed by the presence of bricks irregularly covered by the glass (Figure 7a) with a composition of glassy slag (Figure 7b,c). From the descriptions contained in the De Re Metallica [22], and other data [40] we attempted reconstruction of the smelter construction (Figure 8). Most often lead smelting installations consisted of six furnaces arranged in a sequence [22] while in Sławków there were only two [40] (Figure 8). In the room behind the blast furnaces, there were four bellows (powered by water from the Przemsza River) [40]. The bellows’ nozzles were introduced into the furnace through an opening in the rear wall. In turn, the raw materials for production (e.g., ore, charcoal) were stored in rooms located in front of the furnaces. Before melting, the furnace had to be properly prepared. For this purpose, the internal walls and settling tanks were covered with a layer of a mixture of charcoal and clay. After preparation, the furnace was filled with charcoal. Then the ore was added [22]. During heating, lead and slag flowed to the bottom of the furnace. At the bottom, there was a settling tank (internal) in which the liquid lead and slag accumulated. Due to the difference in density, liquid lead accumulated at the bottom of the settler, followed by a layer of slag. After filling the internal settling tank, slag flowed through the drain hole to the settling tank in front of the furnace. The outflowing slag was removed by workers and tossed on the ground which contained sand (Figure 2b) [9]. Lead smelting was often carried out for several days. This was possible because the tapping holes were not closed, and the molten slag and lead could continuously flow out of the furnace [22].




5.2. Temperature Estimates


We decided to use an experimental approach to estimate the temperature during smelting in Sławków. Bearing in mind the fact that the slag is composed of elements almost entirely in the oxidized form (Table 1), this method should ensure precise estimations of temperature conditions during the historical smelting process, regardless of oxidation that might occur during experiments. Due to the diversified chemical composition, which includes eight main elements (Si, Fe, Zn, Pb, Ca, Al, K; Table 3), the application of popularly used [10,12,21,44] phase diagrams would be burdened with a significant error due to the depreciation of the liquidus by the elements not included. The phase composition (Figure 3) and the non-equilibrium crystallization of the material make it impossible to use geothermometers [21,44]. The conducted experiments indicate that the temperature during the metallurgical process was at least 1150 °C (Figure 6). At this temperature, the slag sample was entirely melted and unified, with the solidus for this material in the range of 900–1000 °C (Figure 6). On the base of experiments, in the 12th century, Ag-Pb furnace from Łosień (Polska) temperatures could be as high as 1450–1550 °C [8]. In 13th–14th century Cu-Pb-Ag slags from Massa Marittima (Italy), the estimated solidification temperatures were 1150–1300 °C [30]. In the case of material from Bohutín (14th century Ag-Pb slags, Czech Republic), the estimated temperature of melting based on phase diagrams was around 800–1200 °C [10]. The temperature during smelting process of Ag in the 14th–15th century in Kutná Hora was estimated at 1150–1300 °C [32]. In high-medieval Ag-Pb slags from Wiesloch (Germany), based on experiments, liquidus was at ca. 1100 °C [12]. The obtained temperature for the metallurgical process in Sławków coincides with the mentioned locations. Moreover, the reduction of furnace temperature over the centuries can be observed. This phenomenon is probably due to advancements in the metallurgical process and deepening knowledge about metal smelting. The later (19th century and later) smelting of MVT ores in Poland was carried out at higher temperatures up to 1350 °C [21], which, however, resulted from a different technological process and, above all, the recovery of Zn and not Pb.




5.3. Ores and Additions


The smelter in Sławków used the MVT deposits occurring in this area. As mentioned ore mineralization consists mainly of sulphides (galena, sphalerite, wurtzite, pyrite, and marcasite) and carbonates/silicates (smithsonite, monheimite, hydrozincite, cerussite, hemimorphite) as calamine, hosted in Middle Triassic dolomites [38,39]. Considering that the shallow deposits of calamine were probably exhausted by the 16th century, the activity of the smelter had to be based on sulphides. Confirmation of this fact is the existence of roasting furnaces [40] at the smelter for the oxidation of sulphide ores. The low content of sulphur (Table 3) in all slag types proves the high efficiency of the process. In crystalline and weathered slag, we found the presence of minor amounts of galena, sphalerite, and wurtzite (Figure 3), which additionally confirms the use of sulphide ores. Considering the phase (Figure 3) and chemical composition (Table 3), and the fact that used ores do not contain large amounts of silicates [38,39], the main addition in the process had to be SiO2 concentrating phases. Its addition is responsible for separating and binding impurities formed during smelting from the obtained lead. Considering the location of the smelter near the river (Figure 1), river sand was an easily accessible source of this element, which was also indicated by the presence of fused quartz grains in the crystalline slag (Figure 4e). The use of sand in the historical lead recovery process has already been described in Łosień (Poland), Prague, and Kutná Hora (Czech Republic) [8,24,32]. The high iron content (up to 22.83 wt.% Fe2O3; Table 3) resulted from its common occurrence in the ore in the form of sulphides, mainly pyrite and marcasite [38,39]. Due to their overgrowth with galena in the deposits, it could not be effectively removed. This fact did not have an impact on the lead yield because Fe was bound in the oxide and silicate phases (Table 1 and Table 2) that prevented the contamination of the lead obtained. Crystalline slag has a significantly different chemical composition from the glassy one (Table 3). It contains increased levels of SiO2 (46.50 vs. 34.58 wt.%), CaO (30.39 vs. 11.19 wt.%), and Al2O3 (3.50 vs. 1.81 wt.%), and it is depleted in the elements building ore mineralization, i.e., Pb, Zn, and Fe (Table 3). The phase composition is also dominated by minerals characteristic of high-calcium rocks, e.g., wollastonite, rankinite, melilite (Figure 3, Table 3). The existence of this type of slag may be associated with errors during smelting: not thorough cleaning of the ore from dolomite (increasing CaO amount, and decreasing the concentration of ore elements (Table 1) and too high sand addition (increasing the SiO2 content; Table 3). Slags with similar phase composition were described in Na Slupi site, Prague (Czech Republic) [24], but they were considered a product of Ag production using the cupellation process. Existing historic data [40] does not mention Ag production in Sławków smelters thus until new information becomes available, we insist on the thesis of poor charge preparation. Moreover, the rare character of crystalline slag indicates the periodic occurrence of similar episodes during the existence of the smelter.




5.4. Atmosphere


The metallurgical process must have taken place under reducing conditions as they were necessary to obtain the metallic lead. However, the presence of zinc in the silicate and oxide phases indicates a significant variation in the oxygen fugacity within the metallurgical furnace. In reducing conditions and at temperatures above 907 °C [44], zinc vaporizes, and in this form, it migrates to the upper part of the furnace by convection. Under stabile reducing conditions, it would be completely removed from it. The high content of zinc in the slag (up to 13 wt.% In the glass slag; Table 3) indicates its secondary oxidation to ZnO with a boiling point of 2360 °C [44], which is significantly above the values obtainable in a similar process. Oxidation of Zn could have taken place in the upper parts of the furnace where the influence of C and CO is limited, or near the bellows supplying oxygen for the combustion of charcoal. In the oxidized form, zinc could react with the melt and enter the structure of almost all phases forming the studied slags (Table 1 and Table 2). Increased Zn contents are typical for slags after Ag and Pb production [17,31,32]. Even higher Zn contents (up to 23 wt.% ZnO) were described in Wiesloch (Germany) [12], where, despite the different structure of the furnace, its concentration was explained based on the same thermodynamic relations. The coexistence of wüstite (Figure 3), hematite, and spinel (Table 2) within the analyzed slags additionally emphasizes large fluctuations in oxygen fugacity (from −12 log f O2 for wüstite-magnetite oxygen buffer to −4.5 log f O2 for magnetite-hematite oxygen buffer at a temperature of 1150 °C, the pressure of 1 bar [45]). The presence of these phases was found and similarly interpreted also in slags from other locations, e.g., Bohutín (Czech Republic) [10], Wiesloch (Germany) [12] and Massa Marittima (Italy) [31].




5.5. Viscosity


The melts viscosities have been widely studied in slag researches. It is due to the impact of melt viscosity on the segregation of components, the speed of crystallization, or the recovery of metals in the metallurgical process. The commonly used [10,46,47] method of calculating the melt viscosity index (v.i.) in archaeological research was developed by Bachmann [48]. The method base on the proportion of polymerizing to depolymerizing components in the silicate melt (values in wt.%):


v.i. = (CaO + MgO + MnO + FeO)/(SiO2 + Al2O3)











Lower values of v.i. indicate a higher melt viscosity. In the case of the studied slags, their viscosity index ranges from 0.83 (crystalline slag) to 1.00 (glassy slag). These values are within the range proposed by Bachmann [48], according to which the values of v.i. are within 0.5–1. The glassy slag is characterized by a lower viscosity, which should have resulted in easier separation of the lead from it. This confirms that the smelting process that resulted in the formation of crystalline slag was less efficient. Values of v.i. for other locations often exceed the limits proposed by Bachmann [48]: for Mass Marittima (Italy), it ranges from 0.79 to 3.74 [31], and for Bohutín (Czech Republic) from 0.08 to 1.58 [10]. Due to the high content of elements not included in the original Bachmann equation, a corrected formula has been proposed [10] that takes into account the high amount of lead and zinc:


v.i. = (CaO + MgO + MnO + FeO + PbO + ZnO)/(SiO2 + Al2O3)











In this case, v.i. values of the slags from Sławków are elevated, especially in the case of glassy slag where it reaches 1.75. This indicates the importance of considering the influence of other elements in lowering the melt viscosity. A similar change was observed by Ettler et al. [10]. In the case of the Bohutín slags, where slags v.i. increased to 0.57–2.25.



Another method of calculating the viscosity was proposed by Giordano et al. [49]. This model is based on the chemical composition in mol% and calculates the viscosity values (Pa s) at the indicated temperatures according to the formula:


log10η = b1 + (b2 · b3)/(b3 + SM) + b4








where b1–b4 are temperature-dependent parameters derived from the model, and SM is structure modifier calculated as Σ mol% (Na2O + K2O + CaO + MgO + MnO + FeOtot/2). In our study, we followed the modification proposed by Ettler et al. [10] including PbO and ZnO in the calculations. Details of the model can be found in the original publication by Giordano et al. [49]. For a temperature of 1150 °C and composition of Sławków slags, their viscosity is log η = 1.34 Pa s for glassy slag and 1.48 Pa s for crystalline slag. At the temperature of 630 °C (model [49] has been designed for the temperature range 630–2000 °C) the log η value increases to 11.71 Pa s for glassy slag and 11.88 Pa s for crystalline slag, showing rising viscosity as the melt cools down. The difference between these two types of material is consistent with the previous calculation methods. The viscosity of the slags in Bohutín was significantly higher (average log η = 2.20 Pa s for 1200 °C), which results from the much higher concentration of SiO2 found in them [10].





6. Conclusions


The conducted research has allowed for the reconstruction of the lead smelting process in Sławków in the 16th–17th centuries. It confirms that the furnaces existing in the smelter had a brick structure, as evidenced by the finding of their glass-covered fragments with a glass composition corresponding to the slag from the location. In conjunction with literature studies, it was determined that the process based on the sulphide ores, which were roasted before the actual smelting. The furnace charge consisted of roasted ore, charcoal, and quartz sand. The addition of SiO2 served to bind impurities in the form of glassy slag. During the smelting process, reducing conditions enabling to obtain metallic Pb prevailed, however, in the studied slags there were found phases (co-occurrence of wüstite, magnetite, and hematite) and elements indicating differentiated oxygen fugacity in the furnace. It probably resulted from the greater availability of oxygen in the highest part of the furnace and the vicinity of its supply with bellows. The characteristics of the slag show that the employees of the smelter were knowledgeable about the conditions during smelting. Despite the addition of SiO2, the low melt viscosity was maintained (logη = 1.34 for 1150 °C), which facilitated the separation of metallic lead by density. Moreover, the melting point of the system was as low as 1150 °C. The obtained results in comparison with the data presented for earlier periods (early to late Middle Ages) illustrate the growing knowledge about lead smelting techniques, in particular in terms of the importance of additives on the course of the liquidus of the system and the effectiveness of metal separation from the melt.
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Figure 1. Location of the historical smelter in Sławków (based on data from [41,42]). 
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Figure 2. Macroscopic images of slag types distinguished at Sławków landfill: (a) glassy slag; (b) glassy slag with incorporated sand grains; (c) crystalline slag; (d) slag with signs of weathering processes. 
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Figure 3. X-ray diffraction patterns of investigated slag samples. Abbreviations: Ak—åkermanite; Cer—cerussite; Crs—cristobalite; Fa—fayalite; Gn—galena; Lct—leucite; Mc—microcline; Or—orthoclase; Ptd—petedunnite; Qz—quartz; Sp—sphalerite; Trd—tridymite; Wlm—willemite; Wo—wollastonite; Wu—wurcite; Wus—wüstite. 
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Figure 4. BSE images of slags from Sławków: (a) glass slag with the visible front of crystallization; (b,c) more crystalline part of glassy slag; (d) amorphous phase dominated part of glassy slag; (e–g) different textures and assemblages of crystalline slag. Abbreviations: gls—glass; hem—hematite; mll – melilite; ol—olivine; px—pyroxene; qz – quartz; wlm—willemite; wo — wollastonite. 
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Figure 5. BSE images and EDS spectra of weathered slags. Abbreviations: ang—anglesite; cer—cerussite; gls—glass; ol—olivine; PbO—litharge or massicot; SiO2—quartz, tridymite or cristobalite; sp—sphalerite; wlm—willemite. 
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Figure 6. Macro photographs of glassy slag from Sławków after heating experiments in varied temperatures. 
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Figure 7. (a) macroscopic images of bricks covered with glass, (b) BSE image of glass covering the bricks, (c) EDS spectra of glass covering the brick. Abbreviation: gls—glass. 
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Figure 8. (a) reconstruction of the smelter at its original location in Sławków based on [9,22,40] (b–d) designs of the furnace in Sławków from different angles of view based on [22,40] and data from this study. The full, three-dimensional version of the project is available for download as Supplementary Figure S1. 
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Table 1. Representative chemical composition of the phases building glassy slags (EPMA; wt.%). Abbreviations: glsp—primitive glass; glsr—residual glass; ol—olivine; PbO—litharge or massicot; px—pyroxene; wlm—willemite; bd—below detection limit; na—not analyzed; a.p.f.u. (atoms per formula unit)—recalculation of the composition of the oxides to illustrate the number of particular atoms in the mineral formula.
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Glassy Slag




	

	
px

	
px

	
wlm

	
ol

	
PbO

	
glsp

	
glsr






	
SiO2

	
53.90

	
45.40

	
27.34

	
39.56

	
0.17

	
38.55

	
30.89




	
TiO2

	
bd

	
0.12

	
na

	
bd

	
bd

	
0.17

	
0.11




	
Al2O3

	
1.24

	
2.08

	
bd

	
bd

	
bd

	
2.27

	
2.71




	
As2O3

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
0.17




	
Fe2O3

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
21.27

	
11.46




	
FeO

	
7.31

	
19.28

	
18.29

	
15.10

	
0.37

	
0.00

	
0.00




	
MnO

	
0.12

	
0.29

	
0.23

	
bd

	
bd

	
0.21

	
0.17




	
ZnO

	
bd

	
7.34

	
50.10

	
bd

	
0.40

	
12.61

	
4.92




	
PbO

	
na

	
0.28

	
bd

	
na

	
98.18

	
8.88

	
39.51




	
BaO

	
na

	
na

	
na

	
na

	
na

	
bd

	
0.56




	
MgO

	
21.00

	
5.46

	
2.34

	
44.48

	
bd

	
3.07

	
0.12




	
CaO

	
16.14

	
17.67

	
0.12

	
0.50

	
bd

	
11.15

	
3.19




	
K2O

	
bd

	
bd

	
na

	
bd

	
bd

	
1.20

	
2.53




	
Na2O

	
bd

	
0.35

	
na

	
bd

	
bd

	
0.56

	
0.45




	
P2O5

	
na

	
0.57

	
0.22

	
na

	
bd

	
0.74

	
0.77




	
SO3

	
na

	
na

	
na

	
na

	
na

	
0.43

	
0.27




	
Total

	
99.71

	
98.84

	
98.64

	
99.64

	
99.12

	
101.11

	
97.83




	
a.p.f.u. (atoms per formula unit)




	
Si

	
1.96

	
1.88

	
0.98

	
1.00

	

	

	




	
Ti4+

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Al

	
0.05

	
0.10

	
0.00

	
0.00

	

	

	




	
As3+

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Fe3+

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Fe2+

	
0.22

	
0.67

	
0.55

	
0.32

	

	

	




	
Mn

	
0.00

	
0.01

	
0.01

	
0.00

	

	

	




	
Zn

	
0.00

	
0.22

	
1.33

	
0.00

	

	

	




	
Pb

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Ba

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Mg

	
1.14

	
0.34

	
0.13

	
1.67

	

	

	




	
Ca

	
0.63

	
0.78

	
0.00

	
0.01

	

	

	




	
K

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
Na

	
0.00

	
0.03

	
0.00

	
0.00

	

	

	




	
P5+

	
0.00

	
0.02

	
0.01

	
0.00

	

	

	




	
S6+

	
0.00

	
0.00

	
0.00

	
0.00

	

	

	




	
O2-

	
6.00

	
6.00

	
4.00

	
4.00
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Table 2. Representative chemical composition of the phases building crystalline slags (EPMA; wt.%). Abbreviations: gls—glass; hem—hematite; kfs—K-feldspar; mll—melilite; pl—plagioclase; rnk—rankinite; spl—spinel; wo—wollastonite; bd—below detection limit; na—not analyzed; a.p.f.u. (atoms per formula unit)—recalculation of the composition of the oxides to illustrate the number of particular atoms in the mineral formula.
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Crystalline Slag




	

	
wo

	
wo

	
mll

	
mll

	
mll

	
rnk

	
pl

	
kfs

	
spl

	
hem

	
hem

	
gls

	
gls

	
gls






	
SiO2

	
53.50

	
50.85

	
39.28

	
37.74

	
23.14

	
41.04

	
43.61

	
60.31

	
na

	
na

	
na

	
77.48

	
67.45

	
74.59




	
TiO2

	
bd

	
0.10

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
7.74

	
7.93

	
0.52

	
0.17

	
bd

	
0.11




	
Al2O3

	
0.83

	
0.11

	
1.36

	
3.16

	
27.43

	
bd

	
33.03

	
24.09

	
13.24

	
3.28

	
11.57

	
4.38

	
24.69

	
1.22




	
FeO

	
11.17

	
0.43

	
-

	
-

	
-

	
0.67

	
1.04

	
0.62

	
27.68

	
-

	
-

	
-

	
-

	
-




	
Fe2O3calc

	
-

	
-

	
9.28

	
8.33

	
6.25

	
-

	
-

	
-

	
24.45

	
83.96

	
76.46

	
6.38

	
0.62

	
11.14




	
Cr2O3

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
10.91

	
0.10

	
bd

	
bd

	
bd

	
bd




	
V2O3

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
bd

	
2.76

	
1.92

	
bd

	
bd

	
bd

	
bd




	
MnO

	
0.27

	
bd

	
bd

	
0.17

	
bd

	
bd

	
bd

	
bd

	
0.19

	
0.65

	
0.77

	
bd

	
bd

	
0.23




	
ZnO

	
2.31

	
bd

	
11.92

	
8.90

	
1.15

	
0.13

	
0.45

	
bd

	
10.95

	
0.99

	
6.60

	
3.74

	
0.14

	
4.10




	
PbO

	
0.20

	
bd

	
0.60

	
bd

	
bd

	
0.11

	
0.22

	
bd

	
na

	
na

	
na

	
1.55

	
bd

	
0.84




	
MgO

	
1.57

	
bd

	
0.68

	
2.42

	
0.63

	
bd

	
bd

	
bd

	
0.26

	
bd

	
2.50

	
0.20

	
bd

	
0.24




	
CaO

	
27.72

	
47.40

	
35.43

	
36.98

	
39.41

	
56.82

	
18.14

	
0.89

	
1.16

	
1.12

	
0.62

	
1.67

	
0.24

	
2.62




	
K2O

	
1.02

	
bd

	
0.17

	
0.23

	
bd

	
bd

	
0.42

	
13.18

	
na

	
na

	
na

	
2.80

	
6.15

	
3.24




	
Na2O

	
0.10

	
bd

	
0.73

	
0.33

	
bd

	
bd

	
0.43

	
bd

	
na

	
na

	
na

	
0.30

	
0.14

	
0.31




	
Total

	
98.69

	
98.89

	
99.45

	
98.26

	
98.01

	
98.77

	
97.34

	
99.09

	
99.34

	
99.95

	
99.04

	
98.67

	
99.43

	
98.64




	
a.p.f.u. (atoms per formula unit)




	
Si

	
3.15

	
2.99

	
2.01

	
1.92

	
1.11

	
2.00

	
2.09

	
2.79

	
na

	
na

	
na

	

	

	




	
Ti4+

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.21

	
0.15

	
0.01

	

	

	




	
Al

	
0.06

	
0.01

	
0.08

	
0.19

	
1.55

	
0.00

	
1.86

	
1.31

	
0.56

	
0.10

	
0.35

	

	

	




	
Fe2+

	
0.55

	
0.02

	
0.00

	
0.00

	
0.00

	
0.03

	
0.04

	
0.02

	
0.83

	
0.00

	
0.00

	

	

	




	
Fe3+

	
0.00

	
0.00

	
0.36

	
0.32

	
0.22

	
0.00

	
0.00

	
0.00

	
0.66

	
1.61

	
1.47

	

	

	




	
Cr3+

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.31

	
0.00

	
0.00

	

	

	




	
V3+

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.08

	
0.04

	
0.00

	

	

	




	
Mn

	
0.01

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.02

	

	

	




	
Zn

	
0.10

	
0.00

	
0.45

	
0.33

	
0.04

	
0.00

	
0.02

	
0.00

	
0.29

	
0.02

	
0.12

	

	

	




	
Pb

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
na

	
na

	
na

	

	

	




	
Mg

	
0.14

	
0.00

	
0.05

	
0.18

	
0.05

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.10

	

	

	




	
Ca

	
1.75

	
2.98

	
1.94

	
2.01

	
2.03

	
2.96

	
0.93

	
0.04

	
0.04

	
0.03

	
0.02

	

	

	




	
K

	
0.08

	
0.00

	
0.01

	
0.02

	
0.00

	
0.00

	
0.03

	
0.78

	
na

	
na

	
na

	

	

	




	
Na

	
0.01

	
0.00

	
0.07

	
0.03

	
0.00

	
0.00

	
0.04

	
0.00

	
na

	
na

	
na

	

	

	




	
O2-

	
9.00

	
9.00

	
7.00

	
7.00

	
7.00

	
7.00

	
8.00

	
8.00

	
4.00

	
3.00

	
3.00
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Table 3. Chemical composition of the slags from Sławków.






Table 3. Chemical composition of the slags from Sławków.












	
	
	Glassy Slag
	Crystalline Slag
	Weathered Slag





	SiO2
	wt.%
	34.58
	46.50
	26.18



	TiO2
	wt.%
	0.11
	0.15
	0.10



	Al2O3
	wt.%
	1.81
	3.50
	1.17



	Fe2O3
	wt.%
	21.65
	9.81
	22.83



	MnO
	wt.%
	0.20
	0.18
	0.25



	MgO
	wt.%
	3.39
	0.99
	4.31



	CaO
	wt.%
	11.19
	30.39
	4.48



	K2O
	wt.%
	1.19
	1.69
	0.28



	Na2O
	wt.%
	0.11
	0.11
	0.04



	P2O5
	wt.%
	0.74
	0.22
	0.21



	TOT/C
	wt.%
	0.08
	0.43
	0.30



	TOT/S
	wt.%
	0.62
	0.15
	0.90



	LOI
	wt.%
	−1.40
	2.00
	0.00



	Ag
	ppm
	2
	6
	10



	As
	ppm
	330
	83
	303



	Ba
	ppm
	1424
	273
	672



	Cr
	ppm
	48
	67
	208



	Cu
	ppm
	108
	25
	87



	Pb
	ppm
	>100,000
	10,707
	>100,000



	Sr
	ppm
	384
	109
	120



	Sb
	ppm
	415
	6
	101



	V
	ppm
	52
	137
	18



	Zn
	ppm
	132,504
	28,276
	214,973



	Zr
	ppm
	73
	73
	151
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