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Abstract: Since the 12th century in the Silesian-Cracovian area, lead, litharge, and silver have been
produced by the pyrometallurgical processing of Pb-Ag-Zn ore. Slags and soils contaminated with
heavy metals (Zn, Pb, Cd, Fe, Mn, As) were the subject of this research. Samples were collected
during archaeological works in the area of early medieval metallurgical settlement. The main goals of
the analyses (Scanning Electron Miscroscopy-Energy Dispersive Spectroscopy (SEM-EDS), Electron
Probe Microanalyzer (EPMA), X-ray diffraction (XRD), Atomic Absorption Spectroscopy (AAS)) were
the determination of the mineralogical composition of furnace batches and smelting temperatures
and conditions. In soils, the anthropogenic phases enriched in Pb, Zn, Fe, Mn, P, and primary
minerals like goethite, ferrihydrite, sphalerite, galena, smithsonite, minrecordite, cerussite, gypsum,
anglesite, jarosite, and hemimorphite were identified. The soil from former metallurgical settlements
contained up to 1106 mg·kg−1 Pb, 782 mg·kg−1 Zn, 4.7 mg·kg−1 Cd in the fine fraction. Much higher
heavy metal concentrations were observed in the waste products of ore rinsing, up to 49,282 mg·kg−1

Pb, 64,408 mg·kg−1 Zn, and 287 mg·kg−1 Cd. The medieval smelting industry and Pb-Ag-Zn ore
processing are marked by highly anomalous geochemical pollution (Pb, Zn, Cd, Fe, Mn, Ba) in the
topsoil. The methods of mineralogical investigation, such as SEM-EDS or EMPA, can be used to
identify mineralogical phases formed during metallurgical processes or ore processing. Based on
these methods, the characteristic primary assemblage and synthetic phases were identified in the area
polluted by medieval metallurgy and mining of Pb-Ag-Zn ores, including MVT (Mississippi Valley
Type) deposits. The minerals distinguished in slags and the structural features of metal-bearing
aggregates allow us to conclude that batches have included mostly oxidised minerals (PbCO3, ZnCO3,
CaZn(CO3)2, FeOOH), sulfides (PbS and ZnS) and quartz (SiO2). The laboratory experiment of
high-temperature heating of the examined slags showed that smelting temperatures used in the
second half of 13th century were very high and could have reached up to 1550 ◦C. The results indicate,
that geochemical and mineralogical methods can be used to obtain important information from
archaeological sites, even after archaeological work has long ceased.

Keywords: Pb-rich slags; soil contamination; historical Zn-Pb mining; secondary Zn-Pb minerals

1. Introduction

In medieval Europe, the development of countries and power centres was often connected with
the sourcing and utilization of mineral resources. Non-ferrous minerals played an important role.
The proximity of iron, gold, silver, lead, copper and tin deposits has promoted the development of
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mining and metallurgy centres since Roman times. In the period between the 10th and 12th centuries,
iron, lead, tin, silver, and gold had become more important for the development of civilization in
Central and Eastern European countries. Since the beginning of the 10th century in medieval Europe,
in areas where ores of Ag-Pb, Au, As-Au, Cu, Sn and Fe occurr, mining centres have appeared, such as
at the Ore Mountains (Erzgebirge), Harz Mountains, and Sudetes.

One of Europe’s largest Zn-Pb, MVT (Mississippi Valley) type ore deposits can be found in the
Silesian-Cracow area (southern Poland) [1]. Shallow deposits are represented by supergene type Zn-Pb
of ores [2]. The deposit’s location has been advantageous for the development of the silver and lead
mining in the 12th century, which is confirmed by historical sources and archaeological research [3].
In the vicinity of the mining sites, lead and silver metallurgy centres arose. It can be assumed that the
metallic deposit exploitation begun taking place in the 10th and 11th centuries, due to the fact that
at the same time mining settlements and cities, such as Bytom, Olkusz or Tarnowskie Góry begun.
The beginnings of these cities were associated with mining. The metallurgical settlements, places of
processing, and rinsing of Pb-Ag ore and multiple artefacts, for the production of which lead, litharge or
silver has been used, were found in the area of Olkusz, Siewierz, and Łosień (near Dabrowa Gornicza)
(Figure 1) [4,5].

In one of these localities, between 2003 and 2007, archaeological research was carried out.
Subsequently, the surface was levelled, restored to the previous condition, and returned to the owner.
It has been assumed that, due to several years of archaeological investigation and the subsequent
backfilling of the sediment layer on the excavation site, it would be possible to analyse the surface
material for mineral grains originating in furnace batch materials, slags, or even the final products of
the metallurgical processes undertaken there.

The geochemical investigation of metallurgical slags can be the source of important data for
archaeometallurgy, knowledge of historical environmental pollution and regional geology [6–9].
The historical metallurgical slags are good materials for providing information on former metal
smelting methods and their contemporary mining ore quality [10–14]. The examination of slags can
provide significant information about chemical transformation rates and the metal stability associated
therein [15–20]. Multiple geochemical investigations show that, historically, lead production has had
an impact on environmental pollution since the Roman times, e.g., in England [21], Sweden [22], and
Spain [23]. Metal transfer from the waste to the environment can occur even for several hundred years
after the end of metallurgy or mining [24,25].

Medieval lead and silver metallurgy is studied using mineralogical investigations of slags in
France [26], Czech Republic [11,27], Germany [10], Italy [28]. There is relatively little data about
medieval Pb-Ag early metallurgy in the Silesian-Cracow region (Southern Poland). Information
about the exploitation scale, enrichment methods and Pb and Ag production technologies is mostly
unavailable. On the other hand, the investigations of early-medieval metallurgical products and
artefacts made from lead, which were found in different parts of Europe, show that the source for their
production was galena from Silesian-Cracov ores [11].

The main goal of this research was proving if scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS), electron-probe microanalyser (EPMA), or X-ray diffraction (XRD) results
obtained from material collected at previously investigated archaeological sites could be useful for
analysing the input material type, metallurgical methods, and degree of environmental pollution.
The identification of mineralogical and chemical composition of medieval lead and silver metallurgy
products and wastes should provide important information about the methods of obtaining metals
and their compounds (e.g., litharge). An important aspect of this research is the degree to which soil is
polluted by Pb, Zn, Cd, and Tl in the area of medieval metallurgical settlements, and the recognition of
geochemical metal-bearing mineral activity.
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Carboniferous—USCB border, P1—Lower Perm, T1—Lower Triassic, T2—Middle Triassic, T3—Upper
Triassic, Tobd—Ore-bearing dolomites with Zn-Pb-Ag mineralization.

2. Study Site, Geological and Archeological Data

2.1. Study Site

The research site lies in Southern Poland, in the Silesian-Cracow area, where Zn-Pb ores of
Missisippi ValleyType (MVT) occur [29,30]. The research area was an archaeological site in Łosień (near
Dąbrowa Górnicza), where forges for lead and silver smelting, ceramics and other artefacts (e.g.,coins)
dated at 1165-1180 were found (Figure 1). The second research area is the mining grounds and former
Zn-Pb-Ad ore mud in Kawa (near Dąbrowa Górnicza), which lies at the ore deposit outcrop.

2.2. Geological Setting

The Zn-Pb and Pb-Ag ores are found in epigenetic metalliferous dolomite from the Middle Triassic.
The ore-bearing horizons are shallow, and they outcrop at the surface [30,31]. Triassic limestones,
dolomites, and silts form the surface morphology, and locally they are covered by residual rock, waste
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sediment, and Pleistocene fluvioglacial sands. On carbonate formations, Rendzina-type soils are
developed, while on sands, podzols occur.

2.3. Archeological Data

In the area of small morphological thresholds, shallow (up to 1 m) archaeological work was
carried out in 2004–2007 (Figure 1). The works were successful, with six lead and silver smelting
furnace localities discovered, several dozen silver spots, with a total weight of 1.5 kg, and numerous
fragments of clay vessels found. The most spectacular discovery was a clay pot with over 1100 silver
coins, dated at 1165–1180 [32]. These were probably the remnants of an early-medieval metallurgical
settlement, which had been hastily abandoned. The second examined area (Dąbrowa Górnicza-Kawa)
is four kilometers away, and shallow Zn-Pb-Ag deposits are present there. Lead ore used at a medieval
smelter could have come from these deposits. At this site, fragments of Zn-Pb ores from 19th century
were found.

3. Materials and Methods

3.1. Sampling

Five 1-kg samples were collected from 0−0.05 m of topsoil in two locations. The samples come from
surface, formed during backfilling and levelling the area after archaeological work in the discovered
smelting furnace at the Łosień site (Samples named LO). Samples from Kawa (marked as KA) were
collected in the area where historical Zn-Pb ores exploitation and ore washing was taking place. Soil
components were separated into grain size fractions >63 µm, 40–63 µm and <40 µm. The sampling
area was marked on the map (Figure 1).

3.2. Petrology and Geochemistry

The contaminated soil and fragments of slag were hand-picked and mounted in resin for scanning
electron microscope-energy dispersive spectroscopy (SEM-EDS) studies. These studies were carried out
using an environmental scanning electron microscope Philips XL 30 with EDAX analyser. Back scattered
electron (BSE) images were obtained using a Centaurus attachment with a detector resolution of 0.3 Z.
The accelerating voltage was 15 kV. Analyses were performed in environmental- and low-pressure
(0.3 Torr) modes. EDS spectra analyses were obtained using Phillips software.

Electron probe micro-analyses (EPMA) were performed using a CAMECA SX 100 electron
microprobe (Inter-Institutional Laboratory of Microanalysis of Minerals and Synthetic Materials,
University of Warsaw, CAMECA, Gennevilliers, France). 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, Ca–CaSiO3, Fe–Fe2O3, K–KAlSi3O8, Mg–MgCaSi2O6, Mn–MnCO3,
P–Ca5(PO4)3(F, Cl, OH), Pb–PbS, PbCrO4, S–BaSO4, CuFeS2, ZnS, Si–CaSiO3, Zn–ZnS.

X-ray powder diffraction data were obtained using a PANalytical X’PERT PRO–PW
3040/60 diffractometer (Malvern Panalytical Ltd, Malvern, UK) (CuKα1 source radiation, Ni-filter to
reduce the Kβ radiation, and X’Celerator detector), at the Faculty of Earth Sciences, University of
Silesia (Katowice, Poland). Quantitative data processing was performed by means of the X’PERT High
Score Plus software using the latest PDF4+ database.

Heavy metal contents (Zn, Pb, Fe, Mn, Cd, and Tl) were analysed by atomic absorption spectroscopy
(AAS) using a SOLAAR spectrometer (M6 v. Thermo Scientific, USA). All BSE, EDS, and AAS analyses
were carried out in the laboratories of the Faculty of Earth Sciences, University of Silesia, Sosnowiec.

3.3. Experiments

Slags are the waste material resulting from the necessity of binding possible impurities within,
most commonly, silicate melt. As such, they are completely molten during the smelting process,
and thus heating experiments leading to remelting slag samples can be used to approximate the
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minimum temperature during the smelting process. Experiments were performed in the chamber
furnace PLF 160/5 with PC 442/18 controller (manufacturer Protherm Furnaces, Ankara, Turkey), SiC
heaters and Thermocouple S with a maximum working temperature of 1550 ◦C. Samples were melted
and crystallized in alumina pots and oxidizing conditions. 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 (1 cm3) occurred.

4. Results

4.1. Soil Phase Composition

4.1.1. XRD Studies

The areas contaminated by historical Pb-Ag and Zn-Pb-Fe ore processing are characterised by a
unique mineral assemblage (Table 1).

Table 1. Mineral phases detected by selective XRD analysis.

Phase Site

Pb-Ag Smelting, (12th Century)
Łosień (LO)

Zn–Pb Washing Historical
Wastes Kawa (KA)

Zn-Pb Mining, Historical Wastes
Kawa (KA)

Barren phase illite, quartz, calcite, dolomite dolomite, ankerite, calcite, illite,
quartz, K-feldspar,

dolomite, calcite, quartz, ankerite,
K, Na- feldspar, illite, kaolinite

Major
metalliferous

phase
litharge, cerussite, goethite cerussite, smithsonite,

goethite, galena

goethite, ferrihydrite, sphalerite,
galena, smithsonite, minrecordite,

cerussite, barite

Minor phase
magnetite, barite, SiO2, glassy

silica, pyromorphite, metallic Pb,
Pb slag, Ti oxide, mullite

Ca phosphate, Fe-Mn oxide,
Mn oxide

gypsum, anglesite, jarosite,
hemimorphite, magnetite

At the early-medieval lead and silver smelting site, Pb-bearing minerals represented by carbonates
(cerussite, PbCO3) and oxides (litharge, PbO) occur. Metallic Pb, barite (BaSO4), silicate glass, and slags
with Pb and PbO were also identified. The synthetic aluminosilicates (e.g., mullite 3Al2O3·2SiO2) and
Pb phosphates with chemical composition close to the pyromorphite (Pb5(PO4)3Cl) were recognized
as well.

The areas where the Zn-Pb ore washing process took place, are characterized by the occurrence
of oxidized Zn, Pb and Fe carbonated minerals (Table 1). Smithsonite (ZnCO3) and cerussite with
co-occurring Fe-oxides (goethite, Fe3+O(OH)) are dominant. The Mn-Fe and Mn oxides and Ca
phosphates are much less common.

In areas of the historical Zn-Pb-Ag ore mining, dolomite and calcite with significant ankerite and
clay mineral additives are the main minerals. The metal-bearing minerals are represented by goethite
and Fe hydroxides, mostly. Sphalerite, galena, carbonate minerals such as smithsonite, cerussite, and
minrecordite (Ca,Zn(CO3)2) were identified as well. Barite is present in the assemblage with Zn and Pb
sulfides. Hemimorphite Zn4Si2O7(OH)2·(H2O), magnetite Fe3O4 and sulfates: gypsum (CaSO4·2H2O),
anglesite (PbSO4) and jarosite (KFe3+

3(SO4)2(OH)6) are present in much less significant quantities.

4.1.2. SEM-EDS Studies

Areas of medieval smelter operation (Łosień)

In topsoil, mineralogical composition from medieval Pb-Ag smelting industry sites, submicroscopic-
size phases containing heavy metals such as: Pb, Zn, Fe, Mn, Cd, Ba occur. In fine-grained fractions,
polymineralic, lead-rich aggregates are present (Figure 2a−c). The EDS microanalyses show that these
are Pb oxides together with Ca aluminosilicates (Figure 2a). They form dense, slightly cracked grains



Minerals 2020, 10, 28 6 of 16

with sharp edges up to 150 µm in size. Grains of fine-crystalline Pb carbonate (up to 50 µm in size) were
identified as well. At the irregular surface, Zn aluminosilicates are present (Figure 2b).
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medieval Ag-Pb smelting operations. (a) Aggregates Pb-oxides and aluminosilicates. (b) Microporous
grain Pb carbonate. (c) polymineral aggregate with Fe and Mn oxide, Pb-phosphate and Fe-Mn-oxide.
(d) Barite transformed by melting. (e) Barite in crystal form.

Soils contaminated by the medieval smelting industry are characterized by the presence of
polymineralic aggregates with complicated chemical formulas. Such aggregates are formed by small
(up to 10 µm in size) isometric (sometimes spherical) grains (Figure 2c). The EDS analyses show that in
their chemical composition is Pb, Fe, Mn, P, Ca, Al and Si (Figure 3a−c). The associations of Mn-Fe
oxides and synthetic spherical forms composed of aluminosilicate glass are a distinguishing feature
(Figure 2c). In its composition, minerals which due to Pb and P bands in the EDS spectrum, can be
classified as Pb phosphates, are present (Figure 3b). Among polymineralic aggregates, grains with Pb,
Zn, Mn, Fe, Si, Ca, Mn, and Al in chemical composition occur (Figure 3c). They are common, and the
diverse chemical formulas indicate that they are not stable phases. Submicroscopic-size (up to 50 µm
in) Ba sulphate grains (Figure 2d,e), occur in association with oxides and Pb carbonates. Crystalline
grains of the sulphate can be found (Figure 2e). Barite also occurs as isometric, spherical aggregates
with traces of melting at its surface, which is typical for metallurgical pyrolysis processes (Figure 2d).
Of particular interest are aggregates with chemical composition and structural features, indicating that
they were formed due to high-temperature smelting processes. These are slags produced by medieval
smelting industry. These aggregates reach several to several hundred microns in size (Figure 4a). The
needle type structures and tabular inclusions (needle form) in mass are characteristic. Needle and
tabular forms are built of unstable phases, represented by Ca silicates and aluminosilicates, with Pb,
Zn and Fe in their chemical composition. The slag matrix is composed of Pb oxides (litharge) and
Ca and Mg (alumino) silicates. In slags, the metallic Pb can be found (Figure 4b). It forms spherical
nodules with a thin layer of Pb carbonates on the surface.
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Areas of historical Zn-Pb-Ag ore processing (Kawa)

In soils collected from historical locations of oxidized Zn-Pb ore processing (e.g., muds) (from
supergene type Zn-Pb ores) in the surface layers, numerous mineral grains including Pb, Zn, Fe, and
Ba in their chemical composition can be identified. Galena and cerussite are the main Pb minerals.
Cerussite grains are often covered by Mn oxides (Figure 4c). Next to it is fine-grained Zn and Zn-Mn
carbonates, smithsonite and minrecordite are present. Zinc was identified in smithsonite mostly
(Figures 3d and 4d). The primary Zn sulphide was not detected. Zinc was found in submicroscopic
aggregates formed by aluminosilicates, dolomites, Pb carbonates and Mn and Fe oxides (Figure 3f).
Fine-grained (up to 10 µm in size) aggregates composed of grains represented by characteristic
assemblage: galena-cerussite-smithsonite-goethite-Mn oxides.

4.2. Slags Phase Chemistry

In the examined slag samples, it was possible to directly analyse changes that the ore minerals
(Figure 5a) and smelting process products (Figure 5b) have undergone. In slags, the ore minerals
represented by galena (PbS, Table 2) with a chemical composition close to the ideal formula are
preserved. It occurs as relics up to 50 µm in size in the metallic lead grains, up to 500 µm in size
(Figure 5a and Table 2). On the border with pores, this phase is replaced by litharge (PbO, Table 2).
They are accompanied by phases resulting from the smelting process and represented by Ca and Pb
silicates, as well as aluminosilicates and glass. Among them are tabular melilite, up to 300 µm in
size, was distinguished (Figure 5a). Chemically, it belongs to the åkermanite (Ca2MgSi2O7)–gehlenite
(Ca2Al(AlSi)O7) solid solution series whereby the magnesium member is dominating (åk71, Table 3).
Moreover, it accumulates Pb (6.34–8.61 wt.% of PbO; Table 3) and Zn (5.54–6.24 wt.% of ZnO; Table 3).
The second of the identified phases is probably the lead analogue of larnite (ideally Ca2SiO4). In the
examined slags it forms needle-like, dendritic crystals up to 300 µm in length or it crystallizes on
the melilite surface as tabular crystals up to 200 µm in length (Figure 5a). It concentrates lead
(53.53–55.82 wt.% of PbO), so its chemical formula can be presented as Ca1.02-1.30Pb0.73-0.89Si0.96-1.00O4

(Table 3). Together with these crystals, two types of residual glass occur. Its chemical composition
depends of minerals occurring in the vicinity. Type I glass fills large (up to 500 µm in size) spaces
between melilite crystals and co-occurs with dendritic Pb-larnite, while type II forms small (up to
20 µm in size) concentrations among tabular melilite and the accompanying Pb-larnite (Figure 5a).
Chemically, both types are dominated by Pb (46.72–63.23 wt% of PbO), Si (20.04–25.75 wt.% of SiO2),
Ca (6.03–14.31 wt.% of CaO), Al (3.60–4.38 wt.% of Al2O3) and Fe (2.04–2.61 wt.% of FeO) (Table 3).
Type I is characterized by a higher content of Ca, Si, Zn, and Mg, while type II is more concentrate with
Pb and Al (Table 3).
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Table 2. Electronprobe micoanalyses of phases-building aggregates of relict ore minerals after a smelting
process (in wt.%).

Phase Analysis No. Pb S O Total

Gn 1 86.58 13.57 nd 100.20
Gn 2 86.97 13.39 nd 100.48
Gn 3 86.05 13.54 nd 99.68
Gn 4 87.14 13.47 nd 100.64
Gn 5 87.74 13.45 nd 101.20
Gn 6 87.93 13.38 nd 101.35
Gn 7 86.45 13.26 nd 99.72
Gn 8 86.63 13.44 nd 100.09
Gn 9 87.58 13.37 nd 100.96
Gn 10 87.52 13.86 nd 101.45
Lit 11 93.40 nd 7.21 100.61
Lit 12 93.74 nd 7.23 100.98
Lit 13 93.71 nd 7.23 100.95
Lit 14 94.86 nd 7.32 102.18
Lit 15 94.71 nd 7.31 102.02
Lit 16 94.00 nd 7.25 101.26
Lit 17 93.08 nd 7.18 100.27
Lit 18 93.13 nd 7.19 100.32
Lit 19 92.35 nd 7.13 99.48
Lit 20 92.56 nd 7.14 99.70

met. Pb 21 100.66 nd nd 100.66
met. Pb 22 99.86 nd nd 99.86
met. Pb 23 100.97 nd nd 100.97
met. Pb 24 100.93 nd nd 100.93
met. Pb 25 100.05 nd nd 100.05

Abbreviations: gn—galena; lit—litharge; met. Pb—metallic lead; nd—not detected.
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Table 3. EPMA analyses of silicates, alumosilicates, and glass building investigated slags (wt.%).

Phase mel mel mel mel mel gls gls gls gls Pb-lar Pb-lar Pb-lar Pb-lar Pb-lar Pb-lar gls gls gls gls gls

Analysis
no 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

SO3 b.d. b.d.. 0.04 b.d.. b.d.. 0.06 0.07 0.02 0.04 b.d. b.d. b.d. b.d. b.d. b.d. 0.12 0.04 0.03 0.01 0.17
P2O5 0.13 0.03 0.10 0.12 0.07 0.46 0.57 0.75 0.50 1.66 1.67 1.89 1.15 2.73 1.24 0.32 0.30 0.26 0.43 0.22
SiO2 36.71 37.11 38.36 37.16 37.65 23.53 24.17 24.99 25.75 18.17 18.88 18.92 19.67 18.13 18.13 20.65 22.64 23.28 20.60 20.40

Al2O3 4.50 4.47 3.49 4.56 4.07 3.67 3.83 3.60 3.92 0.01 b.d. 0.02 0.59 0.41 0.62 4.38 4.22 4.11 3.75 4.30
CaO 32.95 33.50 34.42 33.59 33.85 12.25 12.45 14.31 13.85 21.33 23.28 23.79 21.09 20.60 17.34 6.85 9.40 9.28 8.17 6.03
PbO 8.61 6.82 6.34 8.04 6.55 52.00 50.51 47.51 46.72 58.25 54.62 53.53 55.59 55.82 60.40 61.72 55.39 56.59 62.86 63.23
MgO 5.77 5.67 6.68 5.99 5.88 1.38 1.56 1.81 1.97 0.02 0.12 0.13 0.26 0.19 0.07 0.08 1.16 0.74 0.15 0.11
FeO 1.98 2.20 1.53 1.76 2.09 2.26 2.54 2.40 2.36 0.24 0.26 0.22 0.37 0.60 0.44 2.61 2.59 2.25 2.04 2.15
MnO 0.27 0.39 0.25 0.32 0.33 0.24 0.23 0.37 0.21 0.09 0.03 0.07 0.05 0.14 n.d. 0.20 0.27 0.23 0.12 0.16
ZnO 5.54 6.24 5.96 5.91 5.89 1.22 1.36 1.52 1.84 0.07 0.02 0.18 0.33 0.26 n.d. 0.22 1.07 0.42 0.14 0.24
K2O 0.33 0.72 0.59 0.30 0.79 0.48 0.59 0.49 0.58 0.22 0.22 0.23 0.21 0.31 0.25 0.68 0.59 0.58 0.61 0.63
Ag b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

Total 96.79 97.15 97.76 97.75 97.17 97.55 97.88 97.77 97.74 100.06 99.10 98.98 99.31 99.19 98.49 97.83 97.67 97.77 98.88 97.64

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

SO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SiO2 1.92 1.92 1.95 1.92 1.94 0.96 0.97 0.96 1.00 0.96 1.00

Al2O3 0.28 0.27 0.21 0.28 0.25 0.00 0.00 0.00 0.04 0.03 0.04
CaO 1.85 1.85 1.87 1.86 1.86 1.21 1.28 1.30 1.14 1.17 1.02
PbO 0.12 0.09 0.09 0.11 0.09 0.83 0.75 0.73 0.76 0.80 0.89
MgO 0.45 0.44 0.51 0.46 0.45 0.00 0.01 0.01 0.02 0.02 0.01
FeO 0.09 0.10 0.07 0.08 0.09 0.01 0.01 0.01 0.02 0.03 0.02
MnO 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
ZnO 0.21 0.24 0.22 0.23 0.22 0.00 0.00 0.01 0.01 0.01 0.00
K2O 0.02 0.05 0.04 0.02 0.05 0.01 0.01 0.01 0.01 0.02 0.02
Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 4.95 4.97 4.96 4.96 4.97 3.04 3.04 3.04 2.99 3.04 2.99

Abbreviations: gls—glass; mel—melilite; Pb-larn—lead analogue of larnite; b.d.—below detection limit4.3. Slag Melting Point.
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As a consequence of heating, slags have undergone the following changes: (i) after heating in
temperatures of up to 1150 ◦C, the colour of the slags changed to rusty-red; the morphology of slag did
not change (Figure 6b); (ii) heating up to between 1250 ◦C and 1350 ◦C, caused changes of slag surface
morphology to more oval as a result of local eutectics occurrences (Figure 6c,d); (ii) after heating in the
temperature of up to 1450 ◦C, partial melting of the sample with separation of the liquid took place,
while some part of the sample had not been melted (Figure 6e); (iii) after heating up to 1550 ◦C, the
slag sample was completely melted (Figure 6f).
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4.3. Heavy Metals in Topsoil from Historical Processing Areas

Atomic Absorption Spectroscopy (AAS) analyses of topsoil individual fractions (LO samples)
shows that after finishing archaeological works and levelling the ground, in the soil surface layer, a
higher concentration of Pb and Fe is clearly distinguishable (Table 4). Submicroscopic grains enriched
in Pb and Fe are concentrating in the smallest fractions: 0.09−0.045 mm and <0.045 mm. The level
of Zn concentration is noticeably lower. The content of Cd in the smallest fractions reaches up to
4.7 mg·kg−1 (Table 4). In the area of former Zn-Pb-Ag ore mud the level of Zn, Pb, Fe, Mn and Cd
concentration is extremely high in all of the top-soil fractions j (KA samples). Cd up to 287 mg·kg−1,
Zn up to 64,408 mg·kg−1, and Pb up to 49,282 mg·kg−1 (Table 4) contents are especially high.
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Table 4. Metals concentration in topsoil fraction from historical smelting (Łosień—LO) and processing
operation (Kawa—KA). Five samples were collected in each location (see: Sampling).

Samples Fraction
mm

Zn Pb Fe Mn Cd

mg·kg−1 (STD)

Sites polluted by archeological investigations in areas of 12th century Ag-Pb smelting (Łosień)

LO >0.71 287.5 (53) 306.0 (206) 9292.2 (779) 422.1 (32) 0.5 (0.5)
LO >0.355 197.2 (27) 861.6 (756) 6544.5 (566) 307.6 (39) 0.4 (0.4)
LO >0.180 189.1 (28) 192.0 (137) 6814.8 (331) 305.5 (22) 0.9 (1.1)
LO >0.09 399.9 (21) 549.6 (199) 14,015.2 (910) 691.9 (40) 2.6 (0.5)
LO >0.045 782.5 (88) 1106.5 (304) 21,713.5 (2847) 1077.7 (144) 4.7 (1.6)
LO <0.045 557.4 (99) 833.7 (6) 16,328.4 (3470) 719.5 (313) 3.4 (1.7)

Sites polluted by Zn-Pb historical washing and mining processes (Kawa)

KA >0.71 49,257.6 (32,175) 18,923.0 (3356) 49,676.9 (2314) 2718.4 (1967) 251.6 (91)
KA >0.355 36,737.6 (8629) 10,960.6 (8074) 54,764.1 (18,358) 2642.4 (1833) 136.4 (52)
KA >0.180 41,658.8 (10,600) 12,980.5 (9446) 59,389.5 (22,184) 2869.4 (2102) 137.7 (48)
KA >0.09 64,408.7 (29,984) 26,847.9 (22,520) 72,722.6 (14,175) 3208.8 (2046) 219.9 (113)
KA >0.045 58,352.1 (46,242) 49,282.5 (51,362) 70,620.7 (25,510) 4297.7 (3884) 287.1 (180)
KA <0.045 16,917.5 (18,155) 26,622.1 (33,426) 43,437.3 (14,183) 2326.9 (721) 207.3 (164)

5. Discussion

Locations in which silver and lead melting furnaces operated in the medieval period are
contaminated by metal-bearing mineral phases with elements occurring in the ores used to smelt lead
and silver. In the area of Silesian-Cracov Zn-Pb-Ag ore deposits, these elements are Zn, Pb, Fe, Cd, Tl,
Mn, Ba, and As [30,31].

From the topsoil, formed after several years of archaeological work, it was possible to separate
metal-bearing (Zn, Pb, Fe, Cd) grains and mineral aggregates (from 20 µm to 5 mm in size). This have
included primary or synthetic phases, which are derived from lead and silver production batches or
medieval smelting products. The level of Pb concentration in all fractions of the studied soil is higher
than the amount of Zn. It shows that enriched (e.g. in muds) galena ores with relatively low Zn content
was in the batch for the melting furnaces. The highest amount of metals was noted in the fractions
>0.045 to 0.09 mm (Table 4).

The metal-bearing phases associated with medieval metallurgy came from an archaeologically
examined cultural layer, in which next to the slags, fragments of glazed ceramics, lead and silver lumps,
silver coins, ornaments and utility goods were found [3,5,32]. The lead smelting processes were based
on Zn-Pb-Ag ores of the MVT-type. A characteristic feature is the occurrence of mineral assemblage
represented by synthetic and primary and secondary minerals: Aluminosilicate glass, Metallic Pb,
Pb oxide (litharge), Cerussite, Barite, and aluminosilicate aggregate with Pb, Phosphate, and Fe and
Mn oxide.

Among the metal-bearing minerals, a significant feature is the participation of secondary phases,
which have been formed over a period of 800 years as a result of metallurgical slag weathering.
Geochemical transitions have caused resulted in secondary phases enriched in Zn and Pb, which are
formed at the surface of pyrolytic transformations products. Microcracks in the minerals grains show
signs of lixiviation and porous carbonate aggregates disintegrate and are partially dissolved.

A similar type of transformation connected with acid mine drainage (AMD) was observed
in the Freiberg area (Germany), in the wastes from historical mining industry [25]. They could
have had impact on metal transfer (e.g., Zn, Pb, Cd, As) to the environment. In the medieval
lead metallurgical processing sites in Great Britain, a similar mineral group represented by litharge,
cerussite, pyromorphite with the association of unstable phases, like Ca silicates, Si glass, and barite,
was identified [33]. The described assemblage shows that in a medieval (12th century) smelter, locally
available Zn-Pb ore materials were used for metallurgical production of lead and litharge. In the
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12th century in the whole area, lead production was significant, so both lead and its compounds was
probably subject to trade in the Central and Eastern Europe. This is confirmed by the research of
Ettler et al. [11], which shows that the litharge isotopic signature from Prague area (Czech Republic),
indicates that it was produced from galena in the Silesian-Cracow Zn-Pb ore deposits.

The obtained results can be used to approximate the metallurgical process in the sampled location.
On the basis of conducted furnace experiments, it has been confirmed that the temperature of smelting
had been up to 1550 ◦C. Such high temperatures are not characteristic for more contemporary methods
of Pb and Zn smelting, where they are in the 1000–1300 ◦C temperature range [34]. Studies show that
such high temperatures could be obtained by using tuyeres in the furnace design [35].

They are compatible with the described mineral compositions in which Ca-rich phases (melilite,
Pb-larnite) are dominant. These can be responsible for the raising of the melting point [36]. This points
out a low-quality ore enrichment process in which a large amount of dolomite gangue has not been
removed. Similar phases were described by Ettler et al. [11] in early-medieval slags from the Na Slupi
site (Prague, Czech Republic). Its red variety includes glass, larnite, and Pb silicate (Pb2SiO4), melilite,
kalsilite and wollastonite. The lack of Ag in slag building phases indicates a high efficiency of the
silver recovery process.

Unlike the examined samples, slags from Czech Republic contain metallic copper as well. At the
same time, they are different from Bohutín (Czech Republic) or Massa Marittima (Italy) slags, which
did not include calcium phases in such large quantities [27,28]. This fact is reflected in the melting
temperatures, estimated at 800–1200 ◦C in Bohutín’s case [27] and 1150–1300 ◦C in Massa Marittima [28].
It is worth noting that slags from Bohutín and Massa Marittima are younger (14th century), so they
can be a result of a more advanced enrichment and smelting process. The occurrence of galena in the
Łosień material suggests at least the partial use of sulfide ores during the smelting process, which took
place in a reducing environment, making it possible to obtain metallic lead. Based on the samples
collected, it is difficult to indicate if the reducing environment was obtained by using wood or charcoal.
At the same time, the presence of galena indicates that the ores were not roasted before smelting, which
would result in its oxidation. The occurrence of litharge, which was detected in the slags, is limited to
the immediate vicinity of pores, which suggest that it was formed probably as a result of secondary
metallic lead oxidation. A separate issue is the dominance of silicate phases in the slags, while this
element is not common in the MVT ores of the Silesia-Cracow area. Descriptions of similar historical
processes [37], did not clearly indicate its origin in the slags, however, they suggested that the slag itself
was repeatedly used in the metallurgical process to bind impurities, which can affect the purity of the
resulting melt. During the furnace start-up period, if the slags from earlier smelting were not available,
quartz sand was added for this purpose, which was easily accessible at the examined area. Quartz
grains observed by Ettler et al. [11] in historically related material from Prague can be considered
confirmation of this.

6. Summary and Conclusions

The analysis of former Pb-Ag metallurgic products chemistry, environmental paleocontamination,
and the reconstruction of metal production methods is now possible due to the application of
mineralogical, geochemical, and environmental research. Soil research from the investigated
archaeological sites showed that chemical (AAS) and mineralogical (XRD, SEM, EPMA) methods are
useful for identifying the former Pb-Ag metallurgical site.

Places of archaeological work, in which smelting furnaces were identified, landfills or old ore
mud are particularly well-suited for conducting mineralogical and geochemical research aimed at
the determination of the metallurgical activity type, ore chemical composition and type of products
obtained after its processing.

The identification of synthetic aggregates provides clear evidence of soil contamination by
metallurgical and processing wastes in Łosień and Kawa sites. These submicroscopic size, polymineral
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aggregates with Pb, Zn, Mn, Fe, Si, Ca, Mn, and Al carbonates and sulfates were formed in the
oxidation zone.

Chemical analyses of sieved samples proved that the concentration of these aggregates is dependent
on the soil fraction. The highest concentrations of Pb, Zn, Fe Cd, and Ag were distinguished fine-grained
soil fractions (>0.045 to 0.09 mm).

The application of an experimental approach together with mineralogical investigations allows
for the reconstruction of historical smelting processes. The result spresented herein confirmed: (i) the
usage of sulfide type ores, (ii) usage of additives in the process (probably quartz sand), (iii) reductive
conditions during smelting and oxidative during slag crystallization, (iv) melting temperature of ca.
1550 ◦C, and (v) the efficiency of silver recovery.
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9. Potysz, A.; Kierczak, J.; Grybos, M.; Pędziwiatr, A.; van Hullebusch, E.D. Weathering of historical copper slags
in dynamic experimental system with rhizosphere-like organic acids. J. Environ. Manage. 2018, 222, 325–337.
[CrossRef]

10. Dill, H.G. Pyrometallurgical relics of Pb–Cu–Fe deposits in south-eastern Germany: An exploration tool and
a record of mining history. J. Geochem. Explor. 2009, 100, 37–50. [CrossRef]

11. Ettler, V.; Johan, Z.; Zavrel, J.; Selmi Wallisova, M.; Mihaljevic, M.; Sebek, O. Slag remains from the Na Slupi
site (Prague, Czech Republic): Evidence for early medieval non-ferrous metal smelting. J. Archeol. Sci. 2015,
53, 72–83. [CrossRef]

12. De Caro, T. The ancient metallurgy in Sardinia (Italy) through a study of pyrometallurgical materials found in
the archaeological sites of Tharros and Montevecchio (West Coast of Sardinia). J. Cult. Herit. 2017, 28, 65–74.
[CrossRef]

http://dx.doi.org/10.2113/gsecongeo.98.5.911
http://dx.doi.org/10.2113/gsecongeo.98.4.715
http://dx.doi.org/10.1016/0305-4403(79)90018-9
http://dx.doi.org/10.1016/j.scitotenv.2016.05.126
http://dx.doi.org/10.1016/j.jenvman.2018.05.071
http://dx.doi.org/10.1016/j.gexplo.2008.04.001
http://dx.doi.org/10.1016/j.jas.2014.10.007
http://dx.doi.org/10.1016/j.culher.2017.05.016


Minerals 2020, 10, 28 15 of 16
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