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Technological Insights into Early Medieval Slavic Lead-Glazed Pottery: 
Local Craftsmanship and its Broader Archaeometric Context1

Abstract 

This study examines the technological develop-
ment and material composition of glazed pottery from 
Lesser Poland, highlighting two distinct glazing horizons 
spanning the 11th to 13th centuries. Employing analytical 
methods, including lead isotope analysis (MC-ICP-MS), 
SEM-EDS, and pXRD, the research establishes a connec-
tion between early glazing practices and regional polyme-
tallic ore deposits from Upper Silesia. The findings reveal 
a significant technological progression: an earlier phase 

(mid-11th to early 12th century) characterized by durable, 
lead-rich glazes, followed by a later phase (12th–13th cen-
tury) marked by thinner and more refined glazing tech-
niques. This investigation provides novel insights into 
the innovation, technological adaptation, and regional 
craftsmanship of early medieval Polish pottery, con-
tributing to the broader understanding of interregional 
production networks and the diffusion of technological 
knowledge in medieval Europe.

Keywords: Slavic lead glaze pottery, Lesser Poland and Upper Silesia ores, lead isotope ratios, provenance study, 
medieval Europe
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Introduction
Glazed ceramics from the early medieval period 

discovered in Slavic territories represent a unique phe-
nomenon. The earliest archaeological finds of glazed 
pottery, dated to the mid-11th century, sparked consid-
erable debate regarding their origins. Initially, due to 
the limited number of discoveries, these finds were con-
sidered incidental and confined to a small area within 
Poland. However, a systematic increase in the number 
of sites yielding glazed ceramics has reignited the ques-

tion of how this technological innovation emerged. In 
this context, determining the potential sources of raw 
materials used in glazing has become particularly signif-
icant. The present text offers a preliminary contribution 
to this subject, serving as an introduction to a com-
pelling topic and laying the groundwork for further 
planned research.

Two principal theories have emerged in scholar-
ly literature. The first posits that glazed ceramics were 
a local development, associated with the exploitation 
of zinc and silver ores in the Olkusz region. The second 

Fig. 1. Distribution of sites in the border region between Lesser Poland and Upper Silesia with finds of lead-glazed ceramics (compiled 
by B. Sz. Szmoniewski).
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2    Cf. Bodnar et al. 2006; Auch 2012.
3    Auch 2012, 239. 
4    Höltken 2000, 17.

5    Verhaeghe 1969, 108; Whitehouse 1980, 68–69; Husi 2003, 
31; Jesset 2003, 62. 

Fig. 2. Detailed map of sites with finds of lead-glazed ceramics in the western part of Kraków Land, located in the border region be-
tween Lesser Poland and Upper Silesia, in relation to Pb-Zn mineralization.
Legend: a – cemetery; b – settlement; c – settlement with production zone and kilns; d – hillfort; f – sites identified during surface 
prospection (source: Polish Archaeological Record); g – Pb-Zn ore deposits (after: Szmoniewski et al., 2025) 1. Kraków – Zesławice, 
Lesser Poland Voivodeship; 2. Kraków-Wawel, Lesser Poland Voivodeship; 3. Kraków-Okół, Lesser Poland Voivodeship; 4. Kraków – 
Rynek, Lesser Poland Voivodeship; 5. Stare Bukowno, Lesser Poland Voivodeship; 6. Sławków, Silesian Voivodeship; 7. Bytom, Silesian 
Voivodeship; 8. Dąbrowa Górnicza-Strzemieszyce Wielkie, Silesian Voivodeship 9. Dąbrowa Górnicza-Strzemieszyce Wielkie, Silesian 
Voivodeship; 10. Dąbrowa Górnicza-Łosień, Silesian Voivodeship; 11. Dąbrowa Górnicza-Tucznawa Przymiarki, Silesian Voivodeship; 
12. Sosnowiec, Park Sielecki, Silesian Voivodeship; 13. Sosnowiec-Zagórze, Silesian Voivodeship; 14. Będzin, Silesian Voivodeship; 
15. Malinowcie, Silesian Voivodeship; 16. Przeczyce, Silesian Voivodeship; 17. Siewierz, Silesian Voivodeship; 18. Bytom, Silesian 
Voivodeship; 19. Lelów, Silesian Voivodeship; 20. Wiślica, Świętokrzyskie Voivodeship.

attributes the origins of glazing technology to cultural 
exchange with Kievan Rus’, whose practices were them-
selves influenced by Byzantine traditions.2 However, re-
cent comparative studies have largely dismissed the latter 
theory, emphasizing that the ceramic traditions of Kievan 
Rus’ were fundamentally different in terms of techniques, 
vessel forms, and decorative styles. Consequently, a di-
rect influence from Kievan Rus’ on Lesser Polish ceramic 
production appears unlikely.3 It is worth underscoring 

that glazed ceramics from the Polish territories stand 
out within the broader landscape of Early Medieval pot-
tery, especially when contrasted with those of the west-
ern neighbours of the Slavs. In the areas of present-day 
Germany, for instance, glazed pottery does not appear 
until the 12th century.4 Outside of Byzantium and Kievan 
Rus’, glazing technology was known in parts of Western 
Europe, with glazed ceramics being produced in 11th-cen-
tury Belgium, Italy, and France.5
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The first glazed ceramics in the Polish lands were un-
covered during the 1930s at the exceptional cemetery site 
of Strzemieszyce Wielkie, dated to the mid-11th to mid-12th 
century (Fig. 1 and 2: 9). Among the most remarkable finds 
were two yellow, bucket-shaped, cylindrical vessels. They 
imitated a bucket. One of the specimens is decorated with 
a series of raised, encircling ridges featuring diagonal inci-
sions, with bands adorned with a wavy line between them 
(Fig. 3:3). The second, smaller one is decorated only with 
closely spaced encircling ridges (Fig. 3:2). Since the post-
war period, the number of glazed ceramic finds has steadily 
grown, with the highest concentration along the historical 
border between Lesser Poland and Upper Silesia – regions 
comprising part of Kraków Land in the early medieval peri-
od. To date, 22 archaeological sites yielding glazed ceramics 
have been identified in this region, along with 15 additional 
sites in the western part of Kraków Land that are considered 
part of the same tradition (Fig. 2).

Glazed ceramic vessels and fragments have been found 
at three main types of archaeological contexts: metallurgical 
settlements, settlements/hillforts/towns, and inhumation 
cemeteries (Fig. 1 and 2). Notably, the majority of such finds 

come from metallurgical sites, often interpreted as early me-
dieval lead-smelting workshops or centres involved in lead 
trade, such as Siewierz, dating back to the mid- or late 11th 
century. The development of these sites, where glazed pot-
tery is found in varying quantities, was made possible by 
the presence of near-surface lead ores with silver content. 
The lead ores used in these processes, primarily in the form 
of galena (PbS), were critical for both lead and silver pro-
duction. In the case of the glazed ceramics characteristic 
of this region, litharge (PbO), or lead (II) oxide, served as 
a key intermediate in the glaze manufacturing process. It 
was produced through the oxidation (sintering) of galena 
and functioned as an essential component in obtaining both 
pure lead and glaze materials.6

This article aims to substantiate the hypothesis of lo-
cal glaze production through lead isotope ratio analysis 
of glazes from selected early medieval vessels excavated 
in Poland. In addition, it presents the results of techno-
logical analyses and compares them with prior research. 
These findings contribute to the ongoing scholarly dis-
cussion concerning the origins and technological trans-
mission of glazed ceramics in the Slavic cultural sphere.

1

2

3

6    Rozmus, Garbacz-Klempka 2017, 267–268.

Fig. 3. Early medieval glazed pottery: 1 – Lelów, site 17, grave no. 7; 2 – Dąbrowa Górnicza-Strzemieszyce Wielkie, site 1, grave no. 
80; 3 – Dąbrowa Górnicza-Strzemieszyce Wielkie, site 1, grave no. 20 (photo by B. Sz. Szmoniewski).

5 cm0
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7    Bodnar et al. 2005, 67. 8    Szmoniewski et al. 2024.
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Materials

Archaeological material

Four fragments of the pottery were subjected to tech-
nological analysis and studied for the origin of the lead 
used in the glazing. Three were found in the archaeolog-
ical context of foundry settlements: Dąbrowa Górnicza-
Łosień, site 2 (no. 1; Figs. 4:1, 6:1); Sosnowiec Zagórze 
(no. 2; Figs. 4:2, 6:2); Siewierz (no. 3; Figs. 4:3, 6:3), 
dated from the mid-11th to mid-13th century.7 The fourth 
artifact was discovered in grave 7 at the inhumation cem-
etery in Lelów (Figs. 3:1, 4:1, 2; 5:1-4), dated to the mid-
11th century.8

Methods, Instruments, and Analysis

Chemical composition 

The technological study was conducted using 
Scanning Electron Microscopy with Energy Dispersive 
X-ray Spectroscopy (SEM-EDS). The research was 
carried out at the Laboratory of Archaeometallurgy 
and Conservation of Archaeological Artifacts, Institute 
of Archaeology, Jagiellonian University, using a Tescan 
Vega 3 XMU with an Aztec X-Max 50 EDS system. 
Cross-sections of the samples were taken from the arti-
facts and coated with a thin gold layer to enhance con-
ductivity. SEM imaging (BSE mode) was performed at 

Fig. 4. Photographs of the surfaces of the analysed glazed vessels: 1, 2 – Lelów; 3 – Dąbrowa Górnicza-Łosień; 4 – Sosnowiec-Zagórze; 
5 – Siewierz (photo by B. Sz. Szmoniewski).
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an accelerating voltage of 20 kV, and EDS measurements 
were conducted at a working distance of less than 15 mm. 
The beam current and magnification were adjusted based 
on the sample’s surface morphology. For area analy-
sis, the measurement time was optimized according to 
the sample’s characteristics, with EDS maps recorded 
for at least 15 minutes. EDS spectra were collected with 
a dead time of 10% and a count rate of 8000 cps. For 
oxide content analysis, standardless calibration9 was ap-
plied, with a lower limit of detection (LLD) of 0.1 wt%. 
The obtained EDS results for both glaze and clay areas 
are presented in Tables 1A and B. Chemical composi-
tion analysis focused on the technological areas, namely 
the clay and glazing. EDS spectra were recorded from 
points and areas up to 1500 × 1500 micrometers, en-
suring that the measurement averages were adapted to 
the material’s heterogeneity. This approach minimized 
the standard deviation (SD), ensuring statistical reliabil-
ity with a minimum of three measurements (n = min. 3) 
(see Tables 1A and B). The phase composition of the pot-
tery was analysed using powder X-ray diffraction (XRD) 
on an X’Pert Pro diffractometer at the Faculty of Geology, 
University of Warsaw. The analysis was conducted with 
the following parameters: current of 30 mA, voltage of 40 
kV, CoKα anode, step size of 0.026 2θ, starting position 

at 4.01 2θ, and ending position at 77.98 2θ, with no 
monochromator used. The results were interpreted using 
X’Pert Plus HighScore software, referencing the ICDD 
PDF-2 (RDB 2008) database.

Isotopic composition

Lead isotope ratio analysis of the glaze samples 
was performed at the University of Warsaw Biological 
and Chemical Research Centre, following the methods 
outlined by Karasiński et al.10 Samples were digested 
using microwave-assisted digestion (Milestone, Ethos 
Up), and the resulting solutions were diluted with deion-
ized water (Millipore, MilliQ Q Pod). The levels of Tl 
and Hg were checked using quadrupole mass spectrome-
try (Perkin Elmer, NexIon 300D) to avoid problems with 
spectral interference of 204Hg and problems with the iso-
topic composition of the internal standard (Tl). Due to 
the high lead concentration, ion exchange chromatogra-
phy was not required. Lead isotope ratios were measured 
using multi-collector mass spectrometry (MC-ICP-MS) 
on a Nu Instruments Plasma III spectrometer, with 
16  Faraday cups in dry plasma mode (Cetac Aridus 
3 desolvation nebulizer, 100 µl/min). The sensitivity for 
208Pb was approximately 1.0 V per 1 µg/L Pb, so samples 

9    Trincavelli et al. 2014. 10    Karasiński et al. 2023.

Fig. 5. 1 – Photograph of the sample taken from a glazed vessel from Lelów, grave no. 7; 2-4 –Microscopic image of the ceramic 
cross-section from Lelów (photo by B. Sz. Szmoniewski).
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11    Karasiński et al. 2023. 12    Karasiński et al. 2023.

with 50 µg/L Pb were used. Samples were spiked with 
NIST 997 Tl solution (25-30 µg/L), and all measure-
ments were corrected with an internal standard (Tl), fol-
lowing Karasiński et al.11 Each measurement involved 20 
integrations of 15 seconds, with background correction 
using ‘Zero by ESA’. The 202Hg isotope was monitored, 
and mathematical corrections were made for any inter-
ference from 204Hg on 204Pb. NIST SRM 981, spiked 
with Tl (NIST SRM 997), was analysed five times dur-
ing the session. Pb isotope ratios were corrected based 
on the discrepancy between our recommended values12 
and the average for NIST SRM 981. The average values 
(n=5) and corresponding 2SD are as follows: 208Pb/204Pb 
36.699±0.001; 207Pb/204Pb 15.492±0.001; 206Pb/204Pb 
16.938±0.001; 208Pb/206Pb 2.16664±0.00011; 207Pb/206Pb 
0.91463±0.00003. The obtained lead isotope ratios are 
presented in Table 2.

Results

Technology Aspects 

Figure 8 presents the SEM-EDS data for two types 
of analysed ceramics: the older and the younger. The old-
er phase is represented by ceramics from Lelów, while 
the remaining samples correspond to a younger phase, 
as indicated by the chemical composition analyses de-
scribed below. Microscopic analyses (see also Figs. 5:2–4) 
show that the older ceramics, represented by artifact 4 
from the Lelów cemetery, have a thicker glaze layer (ap-
proximately 200 micrometers, see Figs. 7:a, b). The re-
maining, younger artifacts are decorated with glaze about 
100 micrometers thick (Fig. 7:d, e). All analysed vessels 
were made from coarse-grained ceramics with a low de-
gree of vitrification (see Figs. 7:c, f ). Tab. 1A and B pres-

Fig. 6. Microscopic images of ceramic cross-sections: 1 – Siewierz; 2 – Dąbrowa Górnicza-Łosień; 3 – Sosnowiec-Zagórze (photo by 
B. Sz. Szmoniewski).

Table 1A. Chemical composition (EDS) obtained for lead glaze of ceramics (in wt%±1σ, „-” - below 0.1 wt%).

No Sampling PbO MgO Al2O3 SiO2 K2O CaO FeO P2O5 TiO2

1 Dąbrowa-Górnicza Łosień site, greenish-brown quartz:

1 point 70.6 ±0.4 0.4 ±0.1 5.5 ±0.2 20.2 ±0.3 0.8 ±0.1 0.8 ±0.1 1.7 ±0.2 - -

2 area 50/50 μm 70.2±0.4 0.6±0.1 5.5±0.2 20.0±0.3 0.7±0.1 1.3±0.1 1.4±0.2 - 0.5±0.2

3 area 50/50 μm 70.6±0.3 0.7±0.1 5.6±0.2 20.1±0.3 0.8±0.1 0.8±0.1 1.5±0.1 - -

4 area 50/50 μm 71.3±0.4 0.6±0.1 5.9±0.2 20.2±0.3 - 0.6±0.1 1.4±0.1 - -

5 point 73.7 ±0.5 - 4.3 ±0.2 15.7 ±0.3 0.8 ±0.2 0.9 ±0.2 4.6 ±0.4 - -

6 point 70.3±0.4 0.6±0.1 5.2±0.2 21.4±0.3 0.8±0.1 0.4±0.1 1.4±0.2 - -

7 point 75.9±0.4 - 4.0±0.2 16.7±0.3 0.8±0.1 0.4±0.1 2.2±0.2 - -

1

2

3

5 cm 5 cm 5 cm0 0 0
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No Sampling PbO MgO Al2O3 SiO2 K2O CaO FeO P2O5 TiO2

8 point 71.2±0.3 0.5±0.1 5,8±0.2 21.2±0.3 - - 1.3±0.1 - -

9 point 72.6±0.3 0.6±0.1 4,4±0.2 20.0±0.3 0.6±0.1 0.6±0.1 1.2±0.1 - -

10 area 50/50 μm 71.4±0.4 0.7±0.1 5.2±0.2 19.0±0.3 1.0±0.1 0.8±0.1 1.9±0.2 - -

average ± SD 71.8±1.8 0.5±0.3 5.1±0.7 19.5±1.8 0.6±0.3 0.7±0.4 1.8±1.0 - <0.5

2 Sosonowiec-Zagórze site, brownish quartz:

1 point 72.8±0.3 0.8±0.1 4.1±0.1 19.6±0.3 - - 2.1±0.2 - 0.6±0.1

2 point 73.7±0.3 0.4±0.1 4.5±0.1 19.1±0.3 - - 2.0±0.2 - -

3 area 50/50 μm 68.1±0.4 0.6±0.1 5.4±0.2 22.0±0.3 1.0±0.1 0.6±0.1 1.7±0.2 - 0.6±0.1

4 area 50/50 μm 71.1±0.4 0.5±0.1 4.9±0.2 21.0±0.3 0.4±0.1 - 2.0±0.2 - -

5 area 50/50 μm 70.9±0.4 0.4±0.1 4.7±0.2 22.0±0.3 0.5±0.1 - 1.6±0.2 - -

6 area 50/50 μm 68.7±0.4 0.4±0.1 4.5±0.2 24.5±0.3 0.5±0.1 - 1.5±0.2 - -

7 area 50/50 μm 69.3±0.4 0.6±0.1 5.4±0.2 22.2±0.3 0.6±0.1 0.5±0.1 1.5±0.2 - -

8 point 72.6±0.3 0.7±0.1 4.7±0.2 20.2±0.3 - - 1.8±0.2 - -

9 point 72.0±0.3 0.7±0.1 5.0±0.2 20.7±0.3 - - 1.6±0.2 - -

10 point 73.4±0.3 0.5±0.1 4.4±0.2 20.3±0.3 - - 1.5±0.2 - -

average ± SD 71.3±2.0 0.6±0.1 4.8±0.4 21.2±1.6 <1.0 <0.6 1.7±0.2 - <0.6

3 Siewierz site, brownish quartz:

1 point 64.9±0.4 0.5±0.1 6.6±0.2 18.0±0.2 0.8±0.1 2.9±0.1 3.1±0.2 3.4±0.2 -

2 point 61.1±0.4 0.6±0.1 6.5±0.2 20.0±0.3 0.9±0.1 3.2±0.1 3.7±0.2 3.0±0.1 0.5±0.1

3 point 66.6±0.4 0.5±0.1 6.1±0.2 19.0±0.2 0.6±0.1 2.1±0.1 2.6±0.2 2.2±0.1 -

average ± SD 64.2±2.8 0.5±0.1 6.4±0.2 19.2±1.3 0.8±0.1 2.7±0.6 3.2±0.6 2.9±0.6 <0.5

4 Lelów site, yellowish quartz:

1 area 50/50 μm 81.8±0.4 - 4.4±0.2 12.3±0.2 - 0.5±0.1 1.0±0.2 - -

2 area 50/50 μm 80.9±0.3 - 3.9±0.1 13.4±0.2 0.4±0.1 0.4±0.1 1.0±0.2 - -

3 area 50/50 μm 77.1±0.3 - 4.9±0.1 15.6±0.2 0.4±0.1 0.6±0.1 1.4±0.2 - -

4 area 50/50 μm 91.4±0.3 - 2.0±0.1 5.2±0.2 - 0.6±0.1 0.8±0.2 - -

5 area 50/50 μm 73.9±0.3 0.6±0.1 6.4±0.2 17.0±0.2 0.5±0.1 0.6±0.1 1.1±0.2 - -

6 area 50/50 μm 99.4±0.2 - 0.6±0.1 - - - - - -

7 area 100/100 μm 93.2±0.4 - 1.6±0.1 3.8±0.2 - 1.0±0.1 0.8±0.2 - -

8 area 100/100 μm 94.2±0.3 0.4±0.1 0.9±0.1 3.6±0.1 - 1.0±0.1 - - -

9 area 100/100 μm 85.7±0.3 - 3.7±0.1 8.9±0.2 - 1.0±0.1 0.9±0.2 - -

10 area 100/100 μm 74.6±0.3 - 5.3±0.1 16.4±0.2 0.3±0.1 2.0±0.1 1.5±0.2 - -

average ± SD 85.2±8.9 <0.5 3.4±2.0 9.6±6.1 <0.4 0.7±0.5 0.8±0.5 - -
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ent the EDS results for the studied lead-glazed and clay 
matrices. Fig. 8:a–c visualizes these chemical composi-
tion results alongside data from Auch.13

The glaze can be classified as high-Pb, non-alkali 
(Figs. 8:a, b). The Pb-oxide content (wt%) ranges from 
61% to 99%, with silica content reaching up to 24% 
(Tab. 1A). The average PbO content across the examined 
artifacts follows this pattern: object 4 > object 1 = object 
2 > object 3. For Lelów (sample 4), the PbO content (av. ± 
SD) is 85.2 ± 8.9, with SiO₂ at 10.7 ± 5.4 and K₂O at 0.4 
± 0.1. For Dąbrowa Górnicza-Łosień (sample 1), the glaze 
composition closely resembles that of Sosnowiec-Zagórze 
(sample 2), with values of (PbO, SiO₂, K₂O) 71.8 ± 1.8, 
19.5 ± 1.8, 0.8 ± 0.1, and 71.3 ± 2.0, 21.2 ± 1.6, 0.6 ± 
0.2, respectively. The glaze from Siewierz (sample 3) has 
the lowest PbO content, with 64.2 ± 2.8 PbO, 19.2 ± 
1.3 SiO₂, and 0.8 ± 0.1 K₂O. These findings align with 
those of glazes on ceramics from Dąbrowa Górnicza-
Łośień and Strzemieszyce Wielkie14 (see Fig. 8:a and b 

– triangular markers). The addition of iron oxide (FeO) 
in the glaze reaches up to 3.7 wt%, with the highest FeO 
content found in the Siewierz sample and the lowest 
in the Lelów sample (1.5 wt%).

Chemical composition analyses of the ceramic bod-
ies (Tab. 1B, Fig. 8:c) show that the younger ceramics 
(samples 1–3) are consistent with the data from Auch.15 
The ceramic body of the older Lelów ceramics is distinct, 
being enriched in Al₂O₃ (av. 25.6 ± 4.4 wt%). These ce-
ramics exhibit a low degree of vitrification and contain 
mineral inclusions (Figs. 5:c, f ).

Based on pXRD analysis, all ceramic samples exhibit 
very similar mineral compositions (see Fig. 8:d). Quartz, 
potassium feldspar, plagioclase, and phyllosilicates (10 Å 
illite) were present in all samples. Despite these similar-
ities, some differences are evident in the preservation 
of phyllosilicates. Notably, phyllosilicates are clearly pre-
served in the ceramics from Lelów, while other samples 
show a noticeable absence of reflections characteristic 

13    Auch 2012.
14    Auch 2012.

15    Auch 2012.

a)

d)

b)

e)

c)

f )

Fig. 5. 1 – Photograph of the sample taken from a glazed vessel from Lelów, grave no. 7; 2-4 –Microscopic image of the ceramic 
cross-section from Lelów (photo by B. Sz. Szmoniewski).
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Fig. 8. SEM-EDS results (with legend on c): (a) Ternary diagram showing the PbO, SiO₂, and K₂O content in the glaze (wt%, normalized 
to 100%); (b) PbO vs. SiO₂ content (wt%) in the glaze. The glaze data are compared with the technological study of lead glass for early me-
dieval glass by Mecking (2013); (c) PCA (Principal Component Analysis) correlation diagram of clay components (log-ratio transformed 
EDS data, after Baxter 2016,  29); (d) X-ray diffraction patterns of pottery: q – quartz, Plg – plagioclase, Kfs – K-feldspar, Cm – illite.

16    Heimann 1989.
17    Cultrone et al. 2001; Cultrone et al, 2014.
18    Rodriguez-Navarro et al. 2003.

19    Duczko et al. 2022.
20    Hrubý et al. 2007; Rozmus 2014, 271–276.

of this mineral phase. This loss is attributed to the de-
composition of layered silicates during firing. The vessel 
from Lelów was fired at the lowest temperature, while 
higher temperatures were used for the ceramics from 
Sosnowiec-Zagórze.

All the studied vessels were made from a similar raw 
material – illite till, which is locally available. Mullite was 
absent from the analysed samples. This mineral typical-
ly forms from the thermal decomposition of kaolinite, 
suggesting that kaolinite-rich clay was not used in these 
ceramics. Mullite can also form by melting K-feldspar, 
plagioclase, and quartz, a process that occurs at tem-
peratures between 900-1100°C.16 At lower temperatures 
(900-1000°C), mullite can form from the decomposi-

tion of illite,17 and even lower temperatures (800-900°C) 
can result in mullite formation in materials with high 
alkali and OH-group minerals.18 The absence of mullite, 
the preserved reflections of illite (10 Å), and the presence 
of K-feldspar, plagioclase, and quartz suggest a firing 
temperature of approximately 800°C.

Provenance assessing

During the early medieval period in Poland (8th–12th 
centuries), lead likely originated from mining centres 
in Western and Central Europe, including Germany, 
Poland, and the British Isles.19 However, archaeological 
evidence for early medieval silver and lead production 
in the Czech Republic and Slovakia remains scarce.20
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In present-day Germany, silver and lead mining cen-
tres in the Harz Mountains have been active since at least 
the 3rd century AD.21 In the British Isles, lead produc-
tion was concentrated in Derbyshire and the Mendips 
during the early Middle Ages.22 While no archaeologi-
cal evidence has been found for Anglo-Saxon mining 
in Cornwall, it is believed that these deposits were ex-
ploited during the pre-Roman and Roman periods.23

Radiocarbon dating of mining sites in the Upper 
Silesia and Kraków Uplands indicates activity from 1039 
to 1211 AD, with the earliest date being 915 ± 79 BP at 
Dąbrowa Górnicza-Strzemieszyce.24 Recent lead isotope 
analysis shows that lead usage in the Olkusz region dates 
back to the 6th century BC.25

The possibility of lead entering present-day 
Poland from Romania, Serbia, and Turkey exists but 
has not yet been definitively confirmed. Recent stud-
ies on arsenic glass from an early medieval elite cem-
etery in Bodzia, central Poland, suggest that the raw 
material originated from Romania, based on elemental 
composition analysis.26 Research on the sources of tin 
in early medieval Poland27 and the trade and process-
ing of silver dirhams28 indicates that trade routes ex-
tended southeastward.

In the Balkans, Roman-era mines were operational 
in regions such as Kosovo, Serbia, and Croatia, with some 
continuing into the Middle Ages.29 On the Greek island 
of Thasos, silver and lead production dates back to pre-
history and continued through the Byzantine period.30 
Isotope analysis of lead glass from the Serçe Limani ship-
wreck in Turkey revealed that the lead, primarily sourced 
from Iran and Bulgaria,31 does not match the lead used 
in the glazes studied in this article.

Figure 9 presents selected deposit data matching 
the lead-glaze isotope ratios (Tab. 2). Reference data for 
archaeological artifacts are also included (see description 
below Fig. 9).

As shown in Fig. 5, lead isotope ratios from 
the British Isles (Derbyshire and Cornwall deposits) 
and Germany (Upper Harz ores) differ significantly 
from those of the lead glazes on pottery. The Pb iso-
tope ratios of the analysed samples (represented by 
light green dots in Fig. 9) align closely with the iso-
tope compositions of lead ores from Upper Silesia 
and the Kraków region.

Discussion

The glaze structure is heterogeneous, a result of var-
ious factors, including the suspension used, the mixture 
of lead compounds and colour additives, as well as chem-
ical reactions occurring during firing. All analysed glazes 
can be classified as high-lead, alkali-free (see Figs. 8:a, b, 
Tab. 1A). The Lelów ceramic fragment stands out with 
a significantly higher PbO content (average 85.2 wt%) 
compared to the other samples, where PbO levels range 
from 64.2 wt% (Siewierz) to 71.3 wt% (Sosnowiec) 
and 71.8 wt% (Dąbrowa Górnicza-Łosień) (Tab. 1A). 
The higher PbO content contributes to its vivid yellow 
colour, which is further intensified by the bright, white-
grey surface of the ceramic body.

Another technological distinction between the old-
er and younger ceramic horizons is the FeO content. 
The Lelów vessel has the lowest FeO level (up to 
1.5 wt%), resulting in a colour that differs from the rest 
(see Fig. 3:1, 4:1, 2, 5). The highest FeO content is found 
in the glaze of the Siewierz ceramic (average 3.2 wt%), 
with similar levels in the ceramics from Dąbrowa 
Górnicza-Łosień (Figs. 4:3, 6:1) and Sosnowiec-Zagórze 
(Figs. 4:4, 6:2). The higher FeO content in these glazes is 
reflected in their olive-brown and brownish hues.

Furthermore, the mineralogical analysis, particularly 
the absence of mullite and the presence of quartz, feld-
spars, and illite, provides insight into the firing condi-
tions of the ceramics. The low firing temperature inferred 
from the mineralogical data (around 800°C) is consistent 
with the low vitrification observed in the ceramic bodies. 
The lack of mullite, a mineral typically formed at higher 
temperatures, suggests that these ceramics were fired at 
temperatures that did not exceed the threshold required 
for its formation. The degree of vitrification in the clay 
matrix further supports this, as it indicates that the firing 
temperature was likely insufficient to fully melt the clay 
and form stronger bonds.

In terms of raw material sources, the consistent use 
of illite-rich clays across the analysed samples suggests 
a local availability of suitable raw materials for ceram-
ic production. The similarities in the ceramic bodies 
of the younger ceramics (samples 1–3) indicate a stand-
ardized production process, possibly reflecting the devel-
opment of more sophisticated, regionally focused ceram-
ic production techniques during this period.

21    Klappauf 1989; Rozmus 2014, 265.
22    Tylecote 1986, 70–71.
23    Tylecote 1986, 58–60.
24    Rogaczewska 2005. 
25    Miśta-Jakubowska et al. 2024.
26    Czech-Błońska et al. 2023.

27    Mathur et al. 2024.
28    Miśta-Jakubowska et al. 2024a.
29    Škego 1998, 46, 92–93; Merkel 2007.
30    Hauptmann et al. 1988, 109; Matschke 2002, 118–119.
31    Stos-Gale 2004.
32    Auch 2012, 217.
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Figure 9. Lead isotope analysis (LIA) data for lead glazes on pottery compared with geological data (from http://oxalid.ox.ac.uk; Rohl 
1996; Durali-Mueller et al. 2007; Zartman et al. 1979; Church & Vaughn, 1992; Lehmann, 2011). Reference archaeological artifacts, 
identified in the literature as using lead from Upper Silesia and the Kraków Uplands (Stos-Gale 1993; Miśta-Jakubowska et al. 2024; 
Wajda et al. 2023; Merkel et al. 2024), are marked as 1 (gray circles).
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The sample from Lelów (object 4) stands out with its 
thicker glaze layer and higher lead content compared to 
the other artifacts, suggesting it may have been produced 
with more lead-rich materials or at a different stage 
of technological development. This observation might 
reflect regional or temporal variations in production 
techniques, possibly tied to the evolving technological 
practices in early medieval ceramic glazing.

Chemical analysis of the ceramic bodies reveals 
significant heterogeneity (Tab. 1B, Fig. 8:c). The Lelów 
sample stands out with a high Al2O3 content (up to 30.5 
wt%) and a low FeO content, while in the other three 
samples, Al2O3, FeO, and SiO2 levels are more consist-
ent, ranging from 16.5 wt% to 25.5 wt%, 3.4 wt% to 7.4 
wt%, and 57.2 wt% to 74.2 wt%, respectively. The ob-
served differences, particularly in Al2O3 concentrations, 
may be related to variations in FeO content. This pattern 
is similar to what has been observed in ceramics from 
Dąbrowa Górnicza-Łosień and Strzemieszyce.32 It can be 
inferred that the ceramics from these regions were likely 
produced from clays obtained from genetically and mor-
phologically similar deposits.

An interesting feature of the Siewierz sample is its el-
evated phosphorus oxide (P2O5) content, both in the ce-
ramic mass (up to 2.8 wt%) and in the glaze (up to 3.4 
wt%). The higher P2O5 concentration in the ceramic 
mass may result from cooking foods of animal origin, 
which are rich in phosphorus, or from chemical reac-
tions during post-depositional processes.33 The increased 
presence of P2O5 in the glaze could be linked to glazing 
technology, where vessels were coated with a suspension 
of lead compounds after soaking in urine.34 This process 
could lead to phosphorus oxide from the ceramic mass 
migrating into the glaze during firing.

In terms of provenance, the lead isotope ratios (Pb 
isotopes) of the analysed samples align closely with those 
of lead ores from Upper Silesia and the Kraków Uplands, 
as shown in Fig. 9. These ratios are consistent with oth-
er archaeological artifacts from the region.35 Specifically, 
the isotope ratios of the analysed lead-glazed ceramics 
(represented by light green dots in Fig. 9) closely match 
those of lead ores from these regions, indicating that 
the lead used in the glazes likely came from local sources 
in Upper Silesia or the Kraków Uplands. This conclusion 
is further supported by comparison with isotopic data 
from the British Isles and Germany, where significant 
differences in Pb isotope ratios were observed. The Pb 
isotope ratios of ceramics from Derbyshire and Cornwall 
(Britain) and the Upper Harz (Germany) are inconsist-

ent with those of the analysed Polish samples, further 
supporting the hypothesis that the lead used in these ce-
ramics was locally sourced.

Although there is a possibility that lead could have 
been sourced from areas such as Romania, Serbia, or 
Turkey, this has not been conclusively established. 
Studies on early medieval lead-glazed artifacts from 
Bodzia36 and other regions suggest trade routes extend-
ing southeast, but isotope data from those regions do not 
align with the lead used in the analysed Polish ceram-
ics. Moreover, the isotopic signature of the lead-glazed 
pottery does not correspond with that of known lead 
sources in the British Isles or Germany, strengthening 
the assumption that the material came from local sources 
within Poland, particularly Upper Silesia and the Kraków 
Uplands.

Although the presented study is based on only four 
samples, it should be regarded as a preliminary stage that 
provides a foundation for further research. However, 
considering the scale of glazed pottery production 
in western Lesser Poland and its distinctly local character, 
the results align well with the known technological con-
text of the region. When combined with the document-
ed lead ore extraction, its range, and its use as described 
in the text, this allows the conclusions drawn to be con-
sidered well-justified and consistent with the historical 
realities of the period.

Conclusion

The glazing of vessels found in Lesser Poland, dating 
back to at least the mid-11th century, is one of the earli-
est examples in this part of Europe. This phenomenon 
can undoubtedly be linked to the exploitation of local 
polymetallic deposits in Upper Silesia and Lesser Poland, 
particularly for lead processing. The discovery of glazing 
likely occurred accidentally during experiments with li-
tharge, rather than as a result of external influence. It is 
worth noting that the geographically closest workshops, 
where ceramics were glazed, are approximately 100 years 
younger than the analysed vessels 

The findings from the lead isotope analysis 
of the glazed ceramics from four early medieval sites pro-
vide valuable insight into the sources of lead used in their 
production. The glaze compositions, characterized by 
high PbO content (ranging from 61 to 99 wt%), reveal 
distinct technological choices made in the preparation 
of the glazes, most notably the lack of alkali and the rela-

33    Auch 2012, 217.
34    Auch 2012, 233.

35    Stos-Gale 1993, Miśta-Jakubowska et al. 2024; Wajda et al. 
2023; Merkel et al. 2024.
36    Czech-Błońska et al. 2023.
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tively low presence of other additives such as iron oxide. 
The isotopic analysis suggests a clear regional provenance 
for the lead, specifically from the lead ores of Upper 
Silesia and the Kraków Uplands, which aligns with 
the archaeological and historical evidence of lead mining 
and smelting activity in these regions from the 10th to 
12th centuries. The comparison of the isotope ratios from 
the analysed samples (Fig. 9) with geological data indi-
cates that the lead used for the glazes is consistent with 
the known deposits of Upper Silesia and the Kraków 
Uplands. This provides strong evidence that local sources 
of lead were exploited during the early medieval period, 
likely due to proximity to mining and smelting centres. 
In contrast, the lead isotope ratios from the British Isles 
and Germany show significant differences, reinforc-
ing the conclusion that trade routes may not have been 
the primary channel for sourcing the lead for these arti-
facts.

One of the most important results of this study is 
the identification of differences in the glaze and ceramic 
body compositions between the older and younger pot-
tery horizons. 

The first, older horizon, spans from at least the mid-
11th century to the first half of the 12th century. It is charac-
terized by vessels with a thicker glaze layer. The glaze ad-
mixture’s main components were coarse and fine-grained 
quartz, with varying degrees of rounding, and a char-
acteristic organic admixture in the form of burnt plant 
remains. The use of illite clays, which burned to a white-
grey colour, provided the glaze with a luminous quali-
ty (Strzemieszyce Wielkie, Lelów). The dominant form 
is glazed cylindrical vessels, typically found in graves 
and occasionally in nearby settlements.37 These vessels 
were likely of special symbolic importance. Apart from 
their yellow glaze, they are distinguished by their small 
size and a different method of decoration, featuring plas-
tic strips with varying degrees of ornamentation. No 
traces of food heat treatment were found on the surfaces 
of the analysed vessels, suggesting that these vessels were 
not used for cooking. It is likely that they were placed 
directly in graves, symbolizing the high status of the de-
ceased in the local community. 

The second, younger horizon, which dates from 
the second half of the 12th century into the early Middle 
Ages, is characterized by the presence of classic glazed 
pottery forms. The glaze is thinner, and the primary ad-

mixture component is fine-grained quartz in the form 
of rounded grains, evenly mixed in the ceramic mass. 
The surface decoration typical of this period includes 
wavy lines (single or multiple) and grooves. In this ho-
rizon, glazed pottery is more abundant, and the variety 
of forms increases. 

The pottery from the first, older horizon represents 
the initial stage of glazing knowledge. During this time, 
people were learning and experimenting with glaz-
es, resulting in thicker glazes and higher lead content 
than in the younger horizon vessels. The latter horizon, 
with thinner glazes, lower lead content, and the higher 
temperatures required for glaze melting, indicates that 
the potters had gained expertise in the glazing tech-
nique. As a result, glazed vessels became more common, 
and typical forms like pots were more frequently glazed.

Finally, while the lead isotope analysis has provid-
ed compelling evidence for the use of local lead sources, 
further research, including direct dating of lead-glazed 
ceramics and a broader isotopic comparison with oth-
er European regions, is necessary to better understand 
the scope of trade networks and technological exchanges 
in early medieval Europe. The results of this study sig-
nificantly contribute to our understanding of the or-
igins and production techniques of lead-glazed ceram-
ics in the Slavic regions and offer a new perspective on 
the role of local resources in the early medieval economy.

These findings have an international context as they 
contribute to our understanding of lead-glaze produc-
tion in early medieval Europe, particularly the trade 
and technological exchange networks that spanned 
Central Europe. The isotopic analysis of lead sources 
ties local practices to broader European traditions, add-
ing a regional dimension to the study of early medieval 
ceramics and trade routes. This research helps contex-
tualize Polish production within the wider European 
framework, shedding light on the mobility of materials 
and technologies during this period.

In conclusion, the technological, chemical, and iso-
topic evidence collectively suggest that the lead-glazed ce-
ramics were produced locally, with raw materials sourced 
from the Upper Silesia and Kraków Uplands. The varia-
bility in glaze composition and ceramic body materials 
highlights the diverse technological practices employed 
in ceramic production during the early medieval period 
in the Polish lands.
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