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Preface

This book is the outcome of research entitled ‘Provenance investigations of ancient iron slag in what is now Poland – a preliminary study’ (Grant No. 2020/37/B/HS3/00012 awarded by the National Science Centre, Poland (https://www.ncn.gov.pl/en) to Grzegorz Żabiński in 2020). The first provenance studies of ancient iron artefacts from the territory of what is now Poland, based on the chemical characteristics of metal and slag inclusions, were conducted in the late 1950s. In 1963, Jerzy Piaskowski published a seminal paper in which he claimed that it was possible to distinguish between iron artefacts made in the Holy Cross Mountains (which was a major iron smelting region in the Roman Period) and in other ironmaking centres. Two of the most significant discriminatory variables of this ‘Holy Cross Mountains metal’ were a low P content and a low and heterogeneous level of carburization. Although his theory was strongly criticized from the outset, Piaskowski continued his studies and by the late 1980s had examined nearly 1,300 ancient iron artefacts from the territory of what is now Poland. It is due to him (Professor Piaskowski died in 2013) that research on the provenance of ancient iron from this territory was at the forefront of European studies on historical metallurgy.

Unfortunately, at the turn of the millennium the provenance studies of iron artefacts from the territory of what is now Poland became to some extent alienated from global research in this field. A serious deficiency of these studies was to overlook the potential of the chemical analysis of smelting slag finds and of smelting slag inclusions in the metal, as well as the new perspectives offered by isotopic analyses. Therefore, it was decided to undertake a broad-scale research programme to at least partially fill this gap. It was originally planned to also include artefact studies in this research and to examine both the chemistry and the isotopic composition of finds, but this proved impossible owing to financial constraints. Therefore, this book is limited to the examination of the chemistry of iron ore and slag finds from the three most important iron smelting regions during the Roman Period in what is now Poland (the Holy Cross Mountains, Masovia and Silesia) to determine whether differences in their chemical makeup make it possible to identify the provenance of iron artefacts. We hope that the results reported will provide a firm foundation for such studies in the future.
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1

The Przeworsk Culture

The Przeworsk Culture (named after the town of Przeworsk, Podkarpackie Voivodeship, Poland, in the vicinity of which a cemetery associated with this culture was discovered in the village of Gać), made up of various Germanic tribes, began to develop at the beginning of Phase A1 of the Late Pre-Roman Period (c. 200 BC) in the central and southern parts of what is now Poland (Figure 1). It is believed that it originated on an earlier substratum of the Pomeranian and Cloche Grave Cultures, as a result of adopting both La Tène and Jastorf (Bastarnae and Scirii migrations) cultural patterns. In its earliest stage, communities of the Przeworsk Culture settled areas which became known in the Middle Ages as Silesia, Greater Poland and Cuiavia, as well as some parts of Lesser Poland, Masovia, Podlachia and the land of Lublin. In some regions of its southern territory, Przeworsk Culture communities co-existed with earlier Celtic enclaves, including in Silesia and in the vicinity of present-day Kraków. In Phase A3 of the Late Pre-Roman Period (c. 60 BC to the turn of the era), Przeworsk Culture settlements developed in the areas of the Upper Bug and the Upper Dniester Rivers. The economy of the Przeworsk Culture was based on agriculture and animal husbandry. Przeworsk Culture communities also maintained close economic contacts with the Celts. One of the reasons for this was the fact that the so-called Amber Road connecting the Mediterranean with the Baltic Sea coast went straight through the territory of the Przeworsk Culture. La Tène influence was especially pronounced in the shape of iron artefacts such as weapons (e.g. long double-edged swords, although native Germanic single-edged swords were also in use), ornaments and some tools. Furthermore, the name of Lugii (perhaps a tribal confederation?), which was one of the names used in first- to second-century AD Classical sources to refer to peoples inhabiting the Przeworsk Culture area, is also likely to be of Celtic origin. On the other hand, it seems that early Przeworsk Culture pottery to a great extent continued earlier Jastorf traditions, although vessels with La Tène patterns have also been found. The dominant burial rite was cremation (usually flat pit graves, sometimes with urns), together with inhumation graves in areas where Celtic influence was especially strong. The dead were provided with numerous grave goods (often ritually destroyed, mimicking the Celtic tradition), such as weapons, ornaments and pottery. On the basis of funeral inventories, it can be assumed that the Przeworsk Culture was initially somewhat egalitarian, although after the late second century BC there are signs of the emergence of elites, most likely warrior groups. This is manifested in wealthy grave goods that included imported Celtic and Roman luxury artefacts (Maciałowicz 2016: 74, Fig. 1, 75, Fig. 2, 76, 87, 93, 94–104, Figs 22–43, 105–6; Andrzejowski 2010: 59–61, 62, Fig. 1, 63, Figs 2 and 3, 64, Fig. 4, 65, Fig. 5, 66, Fig. 6, 67, Fig. 7, 68, Fig. 8; Maciałowicz et al. 2016: 136–8, 144–6, 149, 151–2; for Przeworsk Culture weaponry, see also Kontny 2023: 35–74; 2019: 27–68; and for a brief summary of the early stages of the Przeworsk Culture, see Lehnhardt 2019: 12–18).
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Figure 1  Territorial extent of the Przeworsk Culture in the first and second centuries BC against the background of neighbouring cultures. After Kozłowski and Kaczanowski (1998: 210, Fig. 113), with modifications by Maciałowicz (2016: 75, Fig. 2). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



In the Early Roman Period (the turn of the era – c. 160 AD, Phases B1-B2), settlements of the Przeworsk Culture stretched over a wide area between the northern part of Greater Poland, Cuiavia, northern Masovia, western Podlachia, Lower Silesia, the land of Lublin and the eastern part of Lesser Poland (Figure 2). In the first century AD, Przeworsk Culture settlements in the northern part of Greater Poland were replaced by those of the Wielbark Culture. During this period, contacts between the Przeworsk Culture and the Roman Empire intensified. Roman imports, including ornaments and vessels, increased. Cremation continued to be the main burial rite and ‘princely’ graves appeared for the first time in this culture. These were mostly rich inhumation graves, often furnished with Roman artefacts. It is believed that such graves were related to the formation of social elites. In terms of men’s grave goods, for the first time we find Roman-style double-edged swords, which were used alongside the native single-edged weapons. As for women’s graves, necklaces made from imported coloured glass beads have been discovered. Other remarkable grave goods include bracelets and wooden caskets with iron fittings (Kontny 2016: 165–6, Fig. 1, 167, Fig. 2, 168, Fig. 3, 169, Fig. 4, 170, 191, 194–5, Figs 31 and 32; Andrzejowski 2010: 69, Fig. 9, 70, 71, Figs 10 and 11, 72, Figs 12 and 13, 73, Fig. 14, 74, Fig. 15, 75, Fig. 16, 76, Fig. 17, 77, Fig. 18).

In the early stage of the Younger Roman Period (Phases B2/C1-C1a, c. AD 160–210/230), Przeworsk Culture settlements gradually disappeared in parts of Masovia and Podlachia to the east of the River Wisła and to the north of the River Wieprz, something that has been related to the expansion of the neighbouring Wielbark Culture from the north towards the south-east (Figure 3). Some communities of the Przeworsk Culture moved to present-day eastern Slovakia, north-eastern Hungary, northern Romania and western Ukraine. In Phase C2 (c. AD 260–310), the Przeworsk Culture extended its territorial range in the northern part of Greater Poland, after the departure of Wielbark Culture communities in the late second century AD. It is possible that warriors from the Przeworsk Culture took part in the so-called Marcomannic Wars waged by Germanic tribes against the Roman Empire in the second century AD. They may have been recorded under the name of Vandalii (a name that can also be found in earlier sources), possibly as a result of the decomposition of the former Lugii federation. Concerning material culture, in the early stage of the Younger Roman Period (c. AD 160–210/230) there was an intense inflow of terra sigillata pottery and the large-scale local manufacture of wheel-made vessels. As for weaponry, earlier types of single-edged swords became obsolete. The presence of a large number of Roman swords in graves is probably related to the participation of the Przeworsk Culture people in warfare. This likely contributed to a general increase in the wealth of grave inventories. Regarding burial rites, cremation and the ritual destruction of grave goods (especially weaponry) continued and, in the second and early third centuries AD, urn graves outnumbered simple pit burials. On the other hand, from about the mid-third century AD we find that cinerary urns almost disappeared. Burial pits became more shallow and grave inventories were reduced to rather symbolic items. In the fourth century AD, in some regions we see the emergence of so-called stratified cemeteries, where cremated remains were scattered over the entire area of the necropolis. In the second half of the third and the early fourth centuries AD, elite graves (the so-called Leuna-Hassleben-Zakrzów Horizon) appeared once more. These were richly furnished inhumation burials (Kontny 2016: 169, Fig. 4, 170, 171, Fig. 5, 172, 174, 175, Figs 7 and 8, 176–82, Figs 9–19, 183–7, 188–9, Figs 23–6, 190–1, 192–3, Figs 27–30, 194–6, Figs 33 and 34; Andrzejowski 2010: 77, 78, Fig. 19, 79, Fig. 20, 80, Fig. 21, 81, Fig. 22, 82, Fig. 23, 83, Fig. 24, 84, Fig. 25, 85, Fig. 26, 86, Fig. 27, 87, Fig. 28, 88, Fig. 29, 89, Fig. 30; Mączyńska 2017: 33–9; for Przeworsk Culture settlements, economy and beliefs in the Roman Period, see also Kontny 2016: 200–10).
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Figure 2  Territorial extent of the Przeworsk Culture in the Early Roman Period against the background of neighbouring cultures. After Kozłowski and Kaczanowski (1998: 280, Fig. 144) and Andrzejowski (2010: 70, Fig. 9). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Figure 3  Territorial extent of the Przeworsk Culture at the beginning of the Younger Roman Period against the background of neighbouring cultures. After Kozłowski and Kaczanowski (1998: 292, Fig. 154) and Andrzejowski (2010: 78, Fig. 19). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



The latest stage of the Late Roman Period and the Early Migration Period (Phases C3-D, c. AD 310–450) was a time of slow decline for the Przeworsk Culture. From the beginning of the fourth century AD, there was a gradual decrease in settlement density and a slow but steady shift of the population to the south (Figure 4). The reasons for this change are thought to involve the deteriorating climate as well as political factors, including the better living conditions found within the borders of the Roman Empire. The latter factor perhaps reached its climax in the early fifth century AD, when the Vandals were just one of the Germanic tribes to cross the Empire’s frontier along the River Rhine. It is also believed that in the late fourth and early to mid-fifth centuries AD, the Huns made their presence felt in the territory of the Odra and the Wisła drainage basins, especially in Lesser Poland and Silesia. From the beginning of the fifth century AD, some of the territories of the Przeworsk Culture became heavily depopulated. Cultivated land became covered in forest and observations regarding settlement decline are confirmed by palynological data. Previously used cemeteries were abandoned and, around the mid-fifth century AD, small new burial sites began to appear. It is believed that the latest finds with a reliable chronology that can be related to the Przeworsk Culture are no later than the mid-fifth century AD. Later finds from the Przeworsk Culture territory (the second half of the fifth century AD) are sparse, and these mainly consist of hoards or individual artefacts that are difficult to interpret culturally. After the departure of post-Przeworsk communities at the turn of the fifth and sixth centuries AD, the territory of this culture largely became deserted. A few isolated population groups remained or immigrated from other areas, although the significance of some sites may have been considerable at a local scale. And this remained the case until the arrival of the first Slavic settlers in the early sixth century AD (Rodzińska-Nowak 2016: 316–20, 321–4, Figs 6–15, 325–8, 329, Fig. 20, 330–1, 335–9; Kontny 2016: 171–3, Andrzejowski 2010: 90, Figs 31 and 32, 91, Fig. 33, 92, Fig. 34, 93, Fig. 35; see also Schuster 2017: 42–9; on the Germanic presence in the territory in question in the fifth to seventh centuries AD, see Rudnicki 2017: 52–7; for new research on the Migration Period between the Odra and the Wisła, see Machajewski 2020: 299–332; Machajewski and Schuster 2020: 333–9; Mączyńska 2020: 451–66; Bursche et al. 2020: 853–76).
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Figure 4  Territorial extent of the Przeworsk Culture at the beginning of the Migration Period against the background of neighbouring cultures. After Kozłowski and Kaczanowski (1998: 298, Fig. 159, 302, Fig. 162) and Andrzejowski (2010: 92, Fig. 34). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



An important aspect of the Przeworsk Culture was its developed iron metallurgy and wide-ranging use of this metal. In addition to the many iron weapons and tools found as part of grave goods, the people of the Przeworsk Culture also used iron for other artefacts, including ornaments which in other cultures were made of non-ferrous alloys (Figures 5 and 6). Two of the most important ironmaking regions of this culture were the area to the west of present-day Warszawa in Masovia and the Holy Cross Mountains (Maciałowicz 2016: 83–5, 93–4; Kontny 2016: 190, 205–6; Andrzejowski 2010: 60, 69; Orzechowski 2013: 13; Lehnhardt 2019: 13–18, 122–4, 131–54; 2020: 155–6, 160–1). It is thought that the Holy Cross Mountains and the Masovian region were the two largest iron smelting centres outside the borders of the Empire during the Roman Period (e.g. Orzechowski 2013: 13, 194, 249–57, 277–82, 287–9; Pleiner 2000: 41–7; Lehnhardt 2020: 156; Orzechowski 2022: 103, 104, Fig. 1, 105).

Chapter 2 focuses on the most important traits of Przeworsk Culture ironmaking.
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Figure 5  Examples of iron artefacts of the Przeworsk Culture during the Late Pre-Roman Period and Early Roman Period.



1. Double-edged sword, Type I (P. Łuczkiewicz) or Type I (I. M. Stead). Płock-Borowiczki, Płock District, destroyed Grave NN, Phase A2 (?). Masovian Museum in Płock. Photo G. Żabiński.

2. Fibula, Type K (J. Kostrzewski). Dobrzankowo, Przasnysz District, Grave 10, Phase A2. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

3. Spearhead, Type VI.1 (P. Kaczanowski). Raczkowice, Częstochowa District, Grave 66, Phase B2. Museum in Radomsko. Photo and drawing G. Żabiński.

4. Spearhead (javelin), Subtype B1 (T. Bochnak). Lemany, Pułtusk District, Grave 48, Phase A3. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

5. Shield boss, Subtype 7a (M. Jahn). Łajski, Legionowo District, Grave 75, Subphase B2b. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

6. Shield grip, Type 9 (M. Jahn). Łajski, Legionowo District, Grave 75, Subphase B2b. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.
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Figure 6  Examples of iron artefacts of the Przeworsk Culture during the Early Roman Period, the Younger Roman Period and the Late Roman Period.



1. Single-edged sword, Type D (M. Biborski). Łajski, Legionowo District, Grave 3, Subphase B2b. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

2. Buckle, Type G 46 (R. Madyda-Legutko). Łajski, Legionowo District, Grave 81, Phase B2b-C1. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

3. Spur, Subtype E5a (J. Ginalski). Łajski, Legionowo District, Grave 18, Phase B2b-B2/C1. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

4. Fibula, Type 162 (O. Almgren). Stare Babice, Warszawa Zachód District, stray find, Phase C1. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

5. Sword, Type Folkeslunda-Zaspy, Subtype 1 (M. Biborski, J. Ilkjær). Chmielów Piaskowy, Ostrowiec Świętokrzyski District, Grave 47, Phase C1b. The Jacek Malczewski Museum in Radom. Photo G. Żabiński.

6. Axe, Type Żarnowiec (G. Kieferling). Błonie, Warszawa Zachód District, Grave 1, Phase C2-D. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.

7. Buckle, similar to Type H 29 (R. Madyda-Legutko). Stare Babice, Warszawa Zachód District, stray find, Phase D. Museum of Ancient Masovian Metallurgy in Pruszków. Photo M. Woźniak.





2

The Most Important Traits of Przeworsk Culture Iron Smelting

Introduction

In this chapter, we briefly tackle the main characteristics of Przeworsk Culture ironmaking. This discussion is to a considerable extent based on findings reported in Orzechowski (2013), which are supplemented with more recent works. Although the presence of prehistoric iron smelting slag in the Holy Cross Mountains region first became known in the early nineteenth century, more scholarly interest was first paid to such finds in the 1930s (Orzechowski 2013: 15–18). Systematic research of ancient ironmaking in the Holy Cross Mountains was launched in 1955. Apart from archaeological fieldwork (e.g. Bielenin 1957; 1959a; 1959b; 1960a; 1960b; 1961; 1963a; 1963b; 1964; 1965; 1966a; 1967; 1968; 1969; 1970; Bielenin and Radwan 1959; Rauhut 1957), researchers also studied the chemistry of finds (e.g. Piaskowski 1956; 1960a; 1963a; 1964a; 1968a; 1972d; 1972e; Zimny 1965; Mazur and Nosek 1966; Nosek 1966; Radwan 1967; Różański 1960; Sedlak and Piaskowski 1961). In 1962, Kazimierz Bielenin published a paper in English on this smelting region (Bielenin 1962; see also Bielenin 1966b), before following it up with a more comprehensive study (Bielenin 1974; 1992). In 2006, a collective work was published which summarized previous research on the issue (Orzechowski and Suliga 2006). This was soon followed by a study on the settlement hinterland and raw material basis of the region (Orzechowski 2007). Other research included metallurgical analyses of finds (e.g. Kędzierski and Stępiński 2006; Bielenin and Suliga 2008; Suliga 2006b). In 2013, Szymon Orzechowski published an authoritative work on Przeworsk Culture ironmaking (Orzechowski 2013). The most recent studies include those by Orzechowski and his colleagues (Orzechowski 2014; 2015; 2018; 2020; 2022; Orzechowski and Przychodni 2014; Orzechowski et al. 2016) and Lehnhardt (2019; 2020).

As regards ancient metallurgy in Silesia, the first archaeological excavations commenced in the early twentieth century (Orzechowski 2013: 21–2; Fock 1941), but systematic research did not begin until after the Second World War (Hołubowicz 1956; Cehak-Hołubowiczowa 1960; Domański 1969; 1972; Bielenin 1975). Most fieldwork was conducted in the regions of Opole (Oppeln) (Domański 1971; Pawłowski 1976; 1977; 1979; Tomczak 1979; 1980; Pazda 1990; Holc et al. 1994; see Orzechowski 2013: 21–4) and Brzeg (Brieg) (Bednarek and Pazda 1989; Macewicz and Pazda 1990; Krawczyk et al. 1991; Krawczyk 1991; 1992; see Orzechowski 2013: 22–4). Other works focused on the vicinities of Wrocław (Breslau) (Bednarek 1997), Góra (Guhrau) (Bukowska and Kramarkowa 1970; 1971; 1972; 1973; Różycka 1968a; 1968b; 1969a), Oława (Ohlau) (Pazda 1962; 1963; 1964a; 1964b; 1965a; 1965b; 1966; 1968a; 1968b; 1969) and Prudnik (Neustadt) (Szadkowska 1969a; 1969b; 1971; see Orzechowski 2013: 22–4). More general research on iron metallurgy in Silesia during the Roman Period was undertaken by Jamka (1950), Godłowski (1965) and Pazda (1994; see Orzechowski 2013: 23–4). A summary of knowledge on ancient iron metallurgy in Silesia was offered in an unpublished dissertation by Paweł Madera (2001, quoted after Orzechowski 2013). Chemistry analyses on finds from this region were also conducted (Piaskowski 1961b; 1962b; 1963b; 1964b; 1973; 1979b; Domański 1971; 1972; Niśkiewicz 1989; Muszer 1998). The most recent research includes the important works of Chmielowska (2017), Madera and colleagues (Madera et al. 2018; Madera 2020) and Lehnhardt and co-authors (2019).

The Masovian centre of Przeworsk Culture iron metallurgy was discovered in the late 1960s by Stefan Woyda (Waluś 1977; Woyda 1977; 1978; see Orzechowski 2013: 24–6). The most relevant works concerning this centre include those by Woyda (2002; 2004), Tomczak (2007), Woźniak (2018) and Janiszewski (2018). Also for this region data are available on the chemistry of smelting-related finds (Piaskowski 1962a; 1971a; 1981b; Leciejewicz 1978; Kowalczuk et al. 1980; Hensel 1986).

Attention has also been paid to Przeworsk Culture ironmaking beyond the main production regions (Siciński 2004; Orzechowski 2013: 271–7; 2019; Lehnhardt 2019). A brief history of iron mining and smelting in what is now Poland is offered by Wrona and colleagues (2021).

Origins of iron smelting in the Przeworsk Culture

In early research, it was believed that iron smelting in what is now Poland commenced in the Hallstatt Period (Piaskowski 1971b: 37–48; 1986: 532; 1970: 50; see Orzechowski 2013: 158; 2007: 52–3). However, due to a lack of evidence of ironmaking in Phases Ha C-D (c. 700–c. 400 BC) in the Wisła and Odra river drainage basins, it is now believed that metal-working using imported iron may have begun in Phase Ha C1 or late Phase Ha D, but there is no proof of local iron smelting in this period (Orzechowski 2013: 159–61; 2007: 53–5; 2002b: 27–30; 2020: 210–14; 2012a: 107; Lehnhardt 2019: 98–112, 179–85, 237). Madera has recently remarked that small-scale ironmaking in Silesia may have existed in late Phase Ha D (Madera 2020: 179–84, 202–3).

It is widely believed that the origin of ironmaking in the Przeworsk Culture was heavily influenced by the Celts (e.g. Maciałowicz 2016: 92; Pleiner 2000: 45; 1962: 175). There was some Celtic settlement in what is now Poland at the beginning of the Przeworsk Culture, mainly near present-day Kraków and in Lower Silesia. Iron smelting features are known from present-day Bohemia, where Celtic settlement was firmly established in the La Tène Period. On the other hand, finds related to La Tène Culture ironmaking are rare in what is now Poland (Orzechowski 2013: 163–6; 2012a: 108–11; 2020: 214–17). Czerska believed that slag finds from the Late Pre-Roman Period settlement in Sułków (Zülkowitz), Site E in Upper Silesia might suggest local ironmaking (Czerska 1972: 3–75). However, as there is no conclusive evidence for smelting furnaces and most slag finds are bowl-shaped, Orzechowski thinks that this site is instead related to the post-smelting stages using imported iron (Orzechowski 2013: 166–8; 2012a: 111–13; 2020: 214–16; cf. Madera 2020: 185–7). A putative furnace is known from the La Tène settlement in Roszowicki Las (Roschowitzwald), Site 25 in Upper Silesia, but the exact function of this feature is unclear (Orzechowski 2013: 168; 2012a: 113; 2020: 214, 216; Madera 2020: 185, 187). Orzechowski has suggested that Celtic settlers may have processed imported iron and that any local ironmaking would have been of low volume. He argues that, in view of the absence of data on other sources of iron smelting technology, Celtic inspiration is still most likely, but the overall role of the Celts in this field must be carefully considered (Orzechowski 2013: 168–70; 2012a: 113–15; 2020: 216–17; Madera 2020: 185). Lehnhardt also believes that these early traces of ironworking imply imported iron processing and it is difficult to demonstrate the transfer of La Tène iron smelting technology to the Przeworsk Culture (Lehnhardt 2019: 118–22, 189–91, 237, 333–45; 2020: 158).

Woyda proposed that the Jastorf Culture may have played a major role in the origins of iron smelting in the Masovian region. The local population may have been forced to participate in ironmaking by foreign elites who had their own objectives. The pre-eminence of political factors is also suggested by the fact that the Łowicz-Błonie Plain where the Masovian region originated did not contain high-quality ore deposits. Better deposits were available to the east of Warszawa, between Łowicz and Grójec, near Płońsk and in northern Masovia (Woyda 2004: 159–60; 2002: 139; Maciałowicz 2016: 83–4). However, Orzechowski believes that the Jastorf Culture played a minor role only (Orzechowski 2020: 216–17; 2013: 158–9, 170, 220–4; 2012a: 115; see also Lehnhardt 2019: 185–7, 203–11). There is more conclusive evidence for iron metallurgy of the Jastorf Culture’s Gubin Group. However, the disappearance of Jastorf Culture sites in this area during Phase A2 of the Late Pre-Roman Period (c. 120–c. 60 BC) coincides with a decline in Przeworsk Culture settlement in Lower Silesia. This would have made the spread of iron metallurgy to Masovia hardly possible (Orzechowski 2020: 217; 2013: 222–4; Madera 2011: 47–58; Lehnhardt 2019: 187–9, 238, 334; 2020: 156, Fig. 1, 158–60). In contrast, Madera has suggested that the Jastorf Culture’s role in the beginnings of Przeworsk Culture ironmaking was perhaps more significant (Madera 2020: 189–90, 200–2).

Lehnhardt believes that the discrepancy between the high number of iron artefacts in the early phases of the Przeworsk Culture and more reliable evidence of local ironmaking between Phases A3 and B1 can be explained by the participation of this culture in exchange networks, mainly with the La Tène Culture. This rendered the local development of iron smelting unnecessary. The decline of the La Tène Culture was perhaps one factor that may have ushered in broader-scale local ironmaking. Lehnhardt also suggests a possible role of contacts with the Elbe Germanic sphere since Phase B1, analogous to what may have occurred in the territory of present-day Bohemia and south-eastern Slovakia. In Masovia, Scandinavian influences cannot be ruled out. All in all, cultural contacts in individual regions were so diverse that it would be very difficult to suggest a single source of ironmaking knowledge (Lehnhardt 2019: 163–78, 334–6, 343–7; 2020: 155–60, 167). In summary, although the origins of iron metallurgy in the Przeworsk Culture remain unclear, it certainly developed as a fully-fledged and separate branch of the economy in this culture (Orzechowski 2020: 217; 2013: 170; 2018: 392–5).

Resources for iron smelting

Iron ores

Apart from native and meteoritic iron, whose economic importance was minor in the past, Fe mainly occurs in the Earth’s crust in the form of ores. The most useful minerals for iron smelting are those containing magnetite, hematite, limonite, siderite and goethite, while pyrite is to be avoided due to the presence of sulphur. Iron ores that occur in the territory of what is now Poland include:



•Magnetite (Fe3O4) – rare and it can be solely extracted in Lower Silesia near Jelenia Góra (Hirschberg).

•Hematite (Fe2O3) – also uncommon but known, for example, from Rudki in the Holy Cross Mountains, and from a few areas in Lower Silesia.

•Siderite (FeCO3) – mostly known from the vicinity of Częstochowa in the Kraków-Częstochowa Jura, occurring in Jurassic and Triassic deposits in the Holy Cross Mountains, and also in the south-western part of Lower Silesia.

••Limonite (FeO(OH)*nH2O, 2Fe2O3*3H2O or Fe2O3*2H2O) – widely found.



Other major components of iron ores are SiO2, Al2O3, MnO, CaO and MgO, as well as the compounds of phosphorus (P) and sulphur (S). The latter two are detrimental to iron properties, making it brittle and more likely to crack (Orzechowski 2013: 27–8; Madera 2020: 178–9; Pleiner 2000: 88–90; Buchwald 2005: 91). On the other hand, P-rich iron pieces were widely used for certain categories of forge-welded artefacts (including pattern-welded ones), due to the remarkable bright patterns they produced on the artefact’s surface (Pleiner 2006: 212–22; Williams 2012: 62–82; Buchwald 2005: 170–8, 264–74). The most commonly used ores in the period under study were so-called bog ores of limonite type, which are often P-high (c. 5–15% P2O5). They usually occur in flat postglacial or river valleys and in boggy meadows or marshlands in shallow clusters or deposits directly under the surface of the ground (Orzechowski 2013: 28–9; Białaczewski 1990, 150; Thelemann et al. 2017: 475–80).

In the Łowicz-Błonie Plain in Masovia, research near Milanówek, Grodzisk Mazowiecki District and Brwinów, Pruszków District, revealed good geological conditions for the formation of iron ores and traces of ancient ore exploitation. Present-day local ores are lean, with c. 20–30% Fe2O3 (Orzechowski 2013: 30; Hensel 1986: 32; Leciejewicz 1978: 109–10). The distribution of the main deposits of local limonites matches the zone of ancient iron smelting (Woyda 2004: 146; 2002: 128, 130). Bog ores from the vicinity of Milanówek contained moderate amounts of Fe2O3 (c. 14%–c. 30.5%), high levels of P2O5 (up to c. 3.8%) and up to 2.2% CaO (Orzechowski 2013: 31, 32, Tab. 2; Hensel 1986: 33–4, 49, 80, Tab. 1). Research near a production settlement in Biskupice, Pruszków District revealed that local ores were rich both in P and Mn (c. 1.6–3.0% P2O5 and c. 1.9–6.0% MnO). These results suggest that it is likely that better quality ores were to a great degree exhausted in the past (Orzechowski 2013: 30; 2022: 106–7; Buchwald 2005: 249–50, 252, Tab. 10.7; Woyda 2004: 147; 2002: 130). Ores in the area to the west of Pruszków in the Bzura, Utrata and Pisia Gągolina river drainage basins contain c. 38% Fe2O3 and the average P2O5 content is 0.8%. The average CaO content is 1.3% but can exceed 6%. On the other hand, iron ores in the Łowicz-Błonie Plain also include deposits containing up to 71% Fe2O3 and less than 0.5% P2O5 (Orzechowski 2013: 30–1, 32, Tab. 1; Woyda 2004: 147; 2002: 130; Ratajczak and Rzepa 2011: 145, Tab. 2.6). Small deposits of iron ore were found near Pęcice, Pruszków District, while no large deposits have been identified near the ironmaking settlements in Brwinów, Pruszków District and in Milanówek, Grodzisk Mazowiecki District (Orzechowski 2013: 31, 33).

Information on possible iron ore sources for the Holy Cross Mountains smelting sites remains poor. Ores from some bloomery furnace sites were Fe-rich hematite (c. 50–63% Fe), while samples from other parts of this region were limonite with c. 34.5–47% Fe. A sample from Skały, Site 1, Kielce District was Fe-rich and P-poor hematite (c. 83% Fe2O3 and c. 0.3% P2O5). However, this ore may have been rejected and not used for smelting (Bielenin et al. 1998: 159–61, Tab. I; Orzechowski 2013: 32, Tab. 3, 33, Tab. 4; 2022: 107; 2000a: 40; Piaskowski 1960a: 574). Hematite ores (so-called ‘hematite cream’ or compact hematite) are mostly known from Rudki, Kielce District. Traces of ancient mining were discovered in the Staszic pyrite mine in this locality (Owczarek 1954: 306; 1958: 322–3; 1968: 284–6; Bielenin, Holewiński 1961: 134–7; Bielenin 1992: 139–50; Pleiner 2000: 98; Czernek 2006). It has long been assumed that local hematites were used in the Holy Cross Mountains during the Roman Period, or were even the main regional source of ore (Bielenin and Holewiński 1961: 134–5; Sedlak and Piaskowski 1961: 102–3; Radwan 1962: 251; Piaskowski 1963a: 10, 28; cf. Orzechowski 2013: 33; 2007: 147). This may also have influenced the theory of so-called ‘Holy Cross Mountains metal’ (Orzechowski 2013: 33; 2002a: 35; Piaskowski 1963a; 1963b), discussed in Chapter 3. However, as the transportation of ore was difficult and slag finds have been discovered over an area of 800 km2, there must have also been other sources of ore near local smelting sites (Orzechowski 2013: 34; Kaptur 2010: 23; Owczarek 1958: 322–3). Other ore types in Rudki include mixtures of hematite and limonite, as well as ‘pure’ limonite (Orzechowski 2013: 34; Pleiner 2000: 98; Bielenin 1992: 135–6, 139–40; Bielenin and Holewiński 1961: 135).

The most numerous clusters of sites with smelting slag in the Holy Cross Mountains can be found in an area of Silurian layers in the eastern part of the Łysogóry Mountain Range dislocation, in the vicinity of Jeleniów-Dębniak, Nowa Słupia, Stara Słupia and Wólka Milanowska (all Kielce District) and at the foot of the Jeleniowskie Mountain Range near Jeleniów, Kielce District, Nowy Skoszyn-Kunin, Skoszyn, Sarnia Zwola and Mirogonowice (all Ostrowiec Świętokrzyski District). Other areas include the northern slopes of the Łysogóry (Baszowice, Mirocice, Jeziorko and Wola Szczygiełkowa, all Kielce District) and the western edge of the Łysogóry dislocation near Rudki, Kielce District, Krajków and Grabków (both Starachowice District). Local ores include siderites, spherosiderites and limonites. The latter were perhaps of most interest to ancient ore diggers (Orzechowski 2013: 34, 35, Fig. 6; 2007: 152, 153, Fig. 29, 154; 2002a: 41, Fig. 2, 42–3). A hematite sample from Jeleniów, Site 4, Kielce District contained 0.15% P2O5 and 49.9% Fe. Another hematite sample from Podchełmie, Kielce District was P-rich (3.31% P2O5), but its Fe content was higher (62.75%) (Piaskowski 1960a: 574, Tab. 1; Orzechowski 2013: 32, Tab. 3).

Another dense area of smelting sites is in the zone of Devonian layers near Bodzentyn, Kielce District, between Krajków and Łomno (both Starachowice District), on the northern slopes of Chełmowa Mountain and in the meanders of the River Pokrzywianka. Clusters of such sites have also been found near Nieczulice, Chybice and Bostów (all Starachowice District) and in the vicinity of Warszówek, Pawłów and Wydrzyszów (all Starachowice District). Local ores include hematite, siderite, limonite and spherosiderite (Orzechowski 2013: 34, 36, Fig. 7, 37, Fig. 8, 38; 2007: 154, 155, Fig. 30, 156, 157, Fig. 31, 158; 2002a: 44, Fig. 3, 45, 46, Fig. 4, 37).

A third dense zone of smelting sites can be found in the north-eastern peripheries of the central ironmaking zone of the Holy Cross Mountains and is related to the Mesozoic basement. Between Mniów, Kielce District and Starachowice, there are Rhaetian-related deposits of limonite, siderite and mixed argillaceous siderite-limonite ores. Rhaetian ores with a high content of Fe and a low content of S and P are believed to be among the best in this region (Orzechowski 2013: 38; 2007: 158–9; 2002a: 45, Fig. 3, 47). Lower Jurassic deposits of siderite can be found near Ostrowiec Świętokrzyski (Kaptur 2014: 132–3; 2010: 131). A sample from Kunów, Ostrowiec Świętokrzyski District, contained 31.10% Fe and was P-rich (1.28% P2O5), but this site also yielded finds of P-low ores (Nosek 1966: 182, Tab. III). There are also clusters of smelting sites to the north of the River Kamienna, where Middle Jurassic deposits of limonites occur (Orzechowski 2013: 38; Kaptur 2014: 133).

Another group of smelting sites is located among Cambrian and Ordovician layers. A zone in the western sector of the southern part of the Łysogóry dislocation in the River Słupianka valley (Wólka Milanowska, Trzcianka and Dębniak, all Kielce District) may have been of special significance for ancient ironmaking. There are also smelting site clusters along the northern slopes of the Łysogóry Mountain Range, along the southern slopes of Jeleniowska Mountain and along the south-western slopes of the Jeleniowskie Mountain Range. Local ores include Cambrian deposits of limonite and small hematite clusters. Yet another area of interest is the zone of Łysica Mountain in the north-western part of the Łysogóry Mountain Range, with Cambrian deposits of limonite and hematite (Orzechowski 2013: 38; 2007: 159–60; 2002a: 41, Fig. 2, 47–8; Sedlak 1960: 433, Fig. 1, 434, Fig. 2, 444). Orzechowski states that together these data clearly demonstrate that the mine in Rudki, Kielce District, was by no means the only possible source of iron ore in the Holy Cross Mountains and ores of various kinds and origin may have been used there (Orzechowski 2013: 39; 2002a: 36, 51–2; Pleiner 2000: 46, 92; Bielenin 1992: 135–6; Radwan 1962: 251–2) (Figure 7).

In Silesia, in addition to remarks on the use of ores that were available in watercourse valleys near smelting sites (Domański 1971: 195; Piaskowski 1979b: 75; Pazda 1964a: 135; Orzechowski 2022: 106), more detailed observations have been made for the Brzeg (Brieg) region. Local bog or lake-type limonites are rich in Si, P and Mn (Orzechowski 2013: 39; Pazda 1994: 147, 152; Niśkiewicz 1989: 209–13). The use of local P-rich bog ores was also assumed for the smelting site of Tarchalice (Tarxdorf), Site 1, Wołow District (Domański 1972: 428–30; Piaskowski 1963a: 74). On the other hand, P-low ores were perhaps used in the vicinity of Opole (Oppeln) (Piaskowski 1963b: 159, 168–9; 1964b: 134, 154). Examination of roasted bog ore samples from Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District revealed high concentrations of P2O5 (c. 1.9–3.3%) and varying Fe contents (c. 29.4% to c. 49.5%) (Muszer 1998: 48, 49, Tab. 1, 54, 56, 57, Tabs 7 and 8, 59; Orzechowski 2013: 39–40, Tab. 5). Out of 17 samples from Buszyce (Buchitz), Brzeg District and its neighbourhood, seven were classified as rich ore (above 40% Fe), eight as lean ore (26–40% Fe) and two as ferriferous rock (15–25% Fe). The content of P2O5 varied between 0.11% and 1.34% (Niśkiewicz 1989: 199–200, 201–3, Tab. 1, 208, Tab. 2, 209, 213; Orzechowski 2013: 39–40, Tab. 6). Regarding present-day bog ore samples from the vicinity of Namysłów (Namslau), where traces of Przeworsk Culture ironmaking have been found, the Fe2O3 contents varied from 1.6% to 64.9% and the highest content of P2O5 was 6.9% (Thelemann et al. 2017: 482, Tab. 4, 483, 485).

Selected data on iron ore chemistry available in the literature are presented in Table 1. These data only include observations with reasonably complete major oxide sets. The observations from the vicinity of Namysłów (Namslau) did not contain data on MgO levels. However, we decided to retain these (the MgO content is reported as 0), removing the observations with the lowest Fe contents. The analyses in this dataset were conducted using different methods and, in many cases, different sets of oxides were reported. Therefore, we present data on the most important major oxides only. All data were converted to the weight percent (wt%) of elements and the F contents were calculated from the share of Fe oxides.
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Figure 7  Approximate general distribution of iron ores in the main area of the Holy Cross Mountains iron smelting centre. Distribution data after Orzechowski (2013: 33–4, 38–9). White dots mark ironworking sites. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



1. Baszowice; 2. Bodzentyn; 3. Bostów; 4. Chybice; 5. Grabków; 6, Jeleniów; 7, Jeleniów-Dębniak; 8, Jeziorko; 9, Krajków; 10, Kunów; 11, Łomno; 12, Mirocice; 13, Mirogonowice; 14, Nieczulice; 15, Nowy Skoszyn-Kunin; 16, Ostrowiec Świętokrzyski; 17, Pawłów; 18, Podchełmie; 19, Rudki (Sosnówka); 20, Sarnia Zwola; 21, Skały; 22, Skoszyn; 23, Stara Słupia; 24, Starachowice; 25, Trzcianka; 26, Warszówek; 27, Wola Szczygiełkowa; 28, Wólka Milanowska; 29, Wydrzyszów; 30, Chełmowa Mountain; 31, Jeleniowska Mountain; 32, Łysa Mountain; 33, Łysica Mountain. H, hematite; L, limonite; S, siderite; SphS, spherosiderite.
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The data do not offer a full picture of the chemistry of regional ores, even with regard to the major elements. The numbers of samples for each region vary (Holy Cross Mountains = 18; Masovia = 21; Silesia = 37) and their geographical coverage is uneven. The lion’s share of the Holy Cross Mountains data come from the core area of this region (i.e. the zone with the highest concentration of smelting sites), and the Silesian observations concern but a few areas in this region. Still, some valuable observations can be made on the basis of this dataset. Ores from the Holy Cross Mountains were the richest in Fe (maximum = 62.75% and average = 47.26%), followed by those from Silesia (50.75% and 30.87% respectively) and finally those from Masovia (49.69% and 24.55% respectively). Fe contents are inversely proportional to Si levels, which were the highest in Masovia (18.80% on average), followed by Silesia (15.88%) and the Holy Cross Mountains (7.28%). Maximum values of P were similar in the Holy Cross Mountains (1.44%) and Masovia (1.65%), but higher in Silesia (3.01%). On the other hand, average values of P were as follows: Holy Cross Mountains = 0.18%, Masovia = 0.49%, Silesia = 1.12%. The Quartile 3 value for the Holy Cross Mountains was 0.11%, which means that 75% of observations from this region were below that level (Q3 for Masovia is 0.61% and for Silesia is 1.40%). This implies that Holy Cross Mountain ores were perhaps the easiest to smelt and may have produced iron with the lowest P levels. The content of Ca was high in Silesia (maximum 13.36%, Q3 1.76%, average 1.67%) and Masovia (maximum 4.61%, Q3 1.81%, average 1.26%) and low in the Holy Cross Mountains (maximum 2.07%, Q3 0.68%, average 0.43%). The maximum, Q3 and average values of Al were as follows: Holy Cross Mountains, 8.69%, 3.30% and 3.05%; Masovia, 1.80%, 0.0% and 0.25%; Silesia, 3.11%, 1.53% and 1.30%. The maximum, Q3 and average values of Mn were: Holy Cross Mountains, 3.09%, 0.91% and 0.73%; Masovia, 10.46%, 2.59% and 2.32%; Silesia, 4.41%, 2.17% and 1.48%. Apart from their effects on the smelting process, these differences also suggest that Ca, Al, Mn and P can best discriminate between individual regions.



Ore extraction

Shallow deposits of iron ores were generally exploited during the period in question. If no outcrops of bog ores were located on the surface, such ores were in all probability obtained using opencast working. In marshes or lakes, wooden piers may have been constructed and the ore was extracted using scoops (Orzechowski 2013: 41; Buchwald 2005: 141, Fig. 144, 143–4). Traces of shallow opencast ore extraction have been identified at Biskupice, Site 1, Pruszków District in Masovia (Woyda 2004: 147, Fig. 13; 2002: 130, 150, Fig. 24; Orzechowski 2013: 41–2, Fig. 9; 2022: 107) and are suspected at Falenty Nowe, Site 3, Pruszków District (Czarnecki 1997a; Grabarek 2016; Modzelewski 2017; Kostrzoń 2016; 2018; 2019; 2021a; 2021b). Deeper deposits may have been explored by digging trenches and pits. Such pits are known from Szeligi, Site 1, Starachowice District and Mychów, Site 1, Ostrowiec Świętokrzyski District in the Holy Cross Mountains (Orzechowski 2013: 42–3; 2002a: 49; Bielenin 1964: 226; Pleiner 2000: 93–5). Deep deposits of iron ores were exploited using underground mining, although such mines were rare even in the territory of the Roman Empire (Orzechowski 2013: 43–4; Pleiner 2000: 91, Fig. 24, 95, 96, Fig. 25, 97–8). Regarding the Przeworsk Culture, traces of ancient underground mining were discovered at Rudki, Site 2, Kielce District in the area of the Staszic pyrite mine. Rudki is thought to be the only known underground iron ore mine outside Roman Europe. Extraction of iron ore during the Roman Period may have lasted from the end of the first century AD until at least c. the mid-third century AD (Orzechowski 2013: 45–6, 47, Tabs 7 and 8; 2007: 169–73; 2002a: 34–5; 2022: 108; Bielenin 1992: 150, 152, 176, Fig. 89, 177, Tab. 30, 178, Tab. 31, 179; Bielenin and Radwan 1959: 311–12; Bielenin and Holewiński 1961: 137; Owczarek 1968: 284–6; 1958: 322; Pazdur et al. 1981: 89, Tab. 1, 90, Fig. 1, 91, 92, Fig. 3; 1982: 177; Pazdur 1990: 100, Fig. 5, 110).

The significance of hematite from Rudki has been highlighted previously, although Orzechowski believes that local hematite ‘cream’ was perhaps not the main ore extracted there for smelting purposes. The most abundant mineral at Rudki is pyrite, which is mainly located at the bottom of the deposits there, while the upper parts (to a depth of c. 20 m and more) are chiefly composed of pure hematite, mixtures of hematite and limonite, compact hematite, limonite and siderite. These shallower deposits (excluding pyrite and hematite ‘cream’) were likely mainly exploited in the Roman Period. The scope of underground mining works at Rudki is difficult to assess due to destruction caused by opencast extraction during the interwar period. Moreover, some vestiges of the mining uncovered may be related to the medieval or modern period (Orzechowski 2013: 46–8, 49, Figs 12–14, 50; 2007: 174–6; Bielenin 1992: 51–2, 53, Fig. 24, 139–50; Bielenin and Radwan 1959: 309–12; Bielenin and Holewiński 1961: 134–7). The closest smelting sites to the mine are located c. 1–2.5 km away. This might be explained by the need to provide such sites with proper blast, while the terrain around the mine is flat (Orzechowski 2013: 50, 51, Figs 15–16; 2007: 178, 192–7). There is some mention of finds of Roman coins in old mining shafts to the north of the River Kamienna. These finds, however, are difficult to verify, as more recent mining works have destroyed any possible trace of ore extraction during the Roman Period (Orzechowski 2013: 50, 52; Kaptur 2010: 35–6).

Charcoal

Charcoal was the main, or even the only, fuel used in pre-industrial iron smelting. Due to an abundance of forests, wood for charcoal making was easily accessed at smaller ironmaking sites. However, the long-term activity of larger centres may have caused local deforestation. Charcoal is more than twice as calorific as wood and it does not contain noxious elements such as S or P. During the smelting process, charcoal provides heat and CO, which (apart from C itself) acts as a reducing agent (Orzechowski 2013: 52–3, 65; 2007: 187–91; 211–13; Bielenin 1992: 153, 187–91; Pleiner 2000: 115, 129–30). Piles or clamps in which charcoal was made were placed on the ground or in small ditches. During the heating process, water evaporates and wood shrinks, losing c. 75% of its original weight. The final product may contain between c. 70% and even c. 90% C. Mineral compounds such as CaO, K2O, P2O5 and MgO are mostly concentrated in ash, which constitutes about 0.5–3% of charcoal. Some compounds (e.g. CaO, FeO, K2O and N2O) may catalyse the production of CO while others (e.g. SiO2, Al2O3 or P2O5) may slow the process down. The properties of charcoal, including the production of CO, may vary depending on the species of tree. It is thus supposed that charcoal from various species may have been mixed to ensure the best properties for smelting. As the amount of charcoal produced from a unit weight of wood is about 16–20% and the amount of charcoal needed to produce a unit weight of metal can be 8–15 times higher than the weight of metal, it would have been more beneficial at times to locate smelting sites closer to sources of charcoal rather than to ore deposits (Orzechowski 2013: 65–7; Pleiner 2000: 115–26; Thelemann et al. 2015: 123–4; Buchwald 2005: 94–5, 96, Tab. 4.5; Różański and Słomska 1980: 380–6; 1974: 729–34; Radwan 1963: 143; 1959: 475).

Regional differences in the use of tree species may have been due not only to the local availability of such species but also that different types of ore require different fuel for smelting. Wood from coniferous trees (especially pine and fir) was more abundant in samples from furnaces in the Holy Cross Mountains than wood from deciduous trees (beech, poplar and oak). Samples from charcoal piles were chiefly those of deciduous trees, but this might be due to a low number of samples and the fact that nearly a half of these came from sites in one area (Orzechowski 2013: 53, 54, Tab. 9, 55, Tab. 10; 2007: 180, 181–3, Tab. 12, 184, Tab. 13; Bielenin 1992: 158, 159, Tab. 27, 160–1, Tab. 28; Pleiner 2000: 116–17). In Silesia, there was a preponderance of oak. Although samples from furnaces also revealed the presence of fir, pine and other tree species, oak clearly prevailed in charcoal piles. Other species included beech, birch, elm, willow, alder and ash (Orzechowski 2013: 55, 56, Tab. 11; Pazda 1994: 103, 146–7; 1990, 34–6, 54–5, Tab. 1). Very little is known about the fuel used for iron smelting in Masovia. Woyda states that there is no trace of charcoal piles at Masovian smelting sites, and that charcoal must have been produced away from such sites or even beyond the smelting region itself (Woyda 2004: 143–6; 2002: 126, note 43). This assumption was rightfully considered unlikely by Orzechowski, due to difficulties related to the transportation of charcoal (Orzechowski 2013: 55, 68; on the predominant use of local resources in general, see also Pleiner 2000: 116–18).

Charcoal-making facilities are known from the following sites in the Holy Cross Mountains: Ambrożów, Sites 1 and 2, Starachowice District; Gardzienice, Site 1, Lipsko District; Jeleniów, Site 4, Kielce District; Milanowska Wólka, Site 29, Kielce District; Nowa Słupia, Site 4, Kielce District; Podchełmie, Site 1, Kielce District; Rudki, Site 1, Kielce District; and Stara Słupia, Sites 1, 4 and 6, Kielce District (Orzechowski 2013: 67, 68, Tab. 13; Bielenin 1992: 154, 155, Tab. 26, 157, Fig. 78; Pleiner 2000: 119, 121–3, 124, Fig. 31). Possible charcoal piles have also been reported from Hucisko, Site 1, Kielce District; Łomno, Site 11, Starachowice District; Łysa Góra, Site 10, Kielce District and Sarnia Zwola, Site 1, Ostrowiec Świętokrzyski District (Bielenin 1964: 227; 1966a: 164, Fig. 6, 165, 172, Fig. 17, 173; 1976: 44; Orzechowski 2013: 204, Tab. 22, Catalogue, Part I, 294–5, 297). A single run in such a feature could yield about 350–600 kg of charcoal, which would have been enough for three to four smelting operations (Orzechowski 2013: 68, 69, Fig. 21; Radwan 1959: 473–6; Bielenin 1959a: 467–72; 1992: 162).

In Masovia, a multifunctional feature was reported at Warszawa-Białołęka, Site AZP 54–66(35), Warszawa District. It may have been, among others, a lime kiln and a charcoal-making feature (Brzóska and Kałwak 2006: 74–5, 76, Fig. 4, 77, Fig. 5, 78, Figs 6–7, 79), the first option being more likely. In Silesia, features related to charcoal manufacture were discovered at Polwica (Polwitz), Sites 4 and 5, Oława District and Skrzypnik (Runzen), Site 8, Oława District (Orzechowski 2013: 69–70, Fig. 23; Dobrakowski et al. 2000: 35; Berduła and Dobrakowski 2002: 104, 113, Fig. 13), Dobrzeń Mały (Klein Döbern), Site 8(B), Opole District (Orzechowski 2013: 69; Tomczak 2002: 74), Namysłów (Namslau), Site 69, Namysłów District (Orzechowski 2013: 69; Kosicki 2002: 117, 119, Fig. 2; 1998: 305, 308; 1996: 358), Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District (Pazda 2002a: 162, 189, 190, Fig. 24, 191, Fig. 25, 192, 193, Fig. 27, 194, Fig. 28, 195, 196, Fig. 29, 206, 211–12; 2002b: 88, 94–5, Figs 14 and 15; 1994: 93, cat. No. 75, 96, Fig. 63, 163; Orzechowski 2013: 69–70) and Osetno Małe-Kietlów (Klein Osten-Kittlau), Site 1, Góra District (Kramarkowa 1985: 102, 105; Bukowska and Kramarkowa 1970: 110, Fig. 3, 111–12, 120, 154, Fig. 4d, 155; Orzechowski 2013: 70). Putative charcoal piles and charcoal depots were also discovered at various other sites (Pazda 1990: 26, 28–9, Figs 7 and 8, 31, Fig. 10, 32, Fig. 11, 33, Fig. 12, 34, Fig. 13, 35, Figs 14 and 15, 36, 52–4, Tab. 1; 1994: 10, 12–13, Fig. 5, 21, 22, Fig. 13, 102–3; Macewicz et al. 1975: 138–9; Szadkowska 1969b, 320–1; Szadkowska and Woźniak 1964: 92; Orzechowski 2013: 70, 71–2, Catalogue, Part III, 395–8).

Clay

Clay was needed for furnace shafts and sometimes for lining slag-pits. A furnace shaft may have weighed 100–200 kg, so the demand for clay must have been considerable, but clay would likely have been widely available locally. In the Holy Cross Mountains, loess clay was probably the most important (Orzechowski 2013: 57–8). Loess can also be found in the Łowicz-Błonie Plain in Masovia, in addition to deposits of moraine clay and of Pleistocene and varved clays. These often contain limestone concretions. Clusters of clay-pits are known at some ironmaking sites. Sand and chaff in pit bottoms imply that clay was mixed with these components to improve its properties (Orzechowski 2013: 58; Woyda 2004: 132, Tab. 1, 135, 136, Fig. 4, 146–9; 2002: 126–7, Fig. 5, 130, 144, Tab. 1). In Silesia, local deposits of boulder and Tertiary clays were used at Buszyce (Buchitz), Brzeg District. Siliceous sand may have been added to increase the clay’s thermal resistance (Orzechowski 2013: 58; Pazda 1994: 23, 104, 147–8). Transformed loess with an admixture of silicate may have been used at Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District. The use of chaff is supposed for the construction of furnaces at Tarchalice (Tarxdorf), Site, 1, Wołów District. Local furnace clay sometimes contained an admixture of crushed limestone (Domański 1972: 426; Cehak-Hołubowiczowa 1960: 13, 15, 17).

Water

Water was necessary at smelting sites not only for consumption but also for clay preparation and ore washing. Twenty-three wells have been reported from ironmaking settlements in Masovia. Features termed ‘cisterns’ are also known from this region (Woyda 2004: 132–3, Tab. 1, 145, Fig. 12, 146, 148; 2002: 126, 129, Fig. 13, 130, 144, Tab. 1, 149, Fig. 23; Orzechowski 2013: 59–60; Nowakowski and Waluś 1986: 45, 49–50, 53–4, 57, cat. No. 1, 63, cat. No. 28). Bog ores were in all probability washed at sites of extraction. These were marshy locations, where flowing water could be easily accessed. Ore crumbs were found in a stream near the smelting settlement at Biskupice, Site 1, Pruszków District. As ore is not found in the present-day sediments of this stream, it can be supposed that it was transported there for sorting and washing. Traces of ore sorting and washing were also found at this site (Orzechowski 2013: 59–60; Woyda 2004: 136, Fig. 4.1, 147–8; 2002: 126, 127, Fig. 5, 130; Kowalczuk et al. 1977: 13, quoted after Orzechowski 2013: 60). Over 100 wells are known from Silesia (Orzechowski 2013: 59–60, Catalogue, 398, cat. No. 50; Berduła and Dobrakowski 2002: 102, Fig. 2, 106–7; Dobrakowski et al. 2000: 33–4; Nowakowski and Waluś 1986: 46–9, 51–3, 55, 58, cat. Nos 3 and 4, 59, cat. No. 9, 60, cat. No. 14, 61, cat. No. 19; Domański 1971: 206–10, 234–5; Suchan et al. 2009: 200, quoted after Orzechowski 2013: 59; Żygadło et al. 2012: 497, 483, 505; Pazda 1990: 36–41, 56–7; 1969: 325–6; 1968b: 41–2, quoted after Orzechowski 2013: 59; Tomczak 1979: 177–8; Baron 2014: 267, 287–302, 313–14). No wells have been discovered to date in the Holy Cross Mountains. This might be due to local geology or the ad hoc use of most smelting workshops outside the zone of permanent settlement. Proximity to water was not a decisive factor in the location of smelting sites, as more than 90% of them were not situated in valleys (Orzechowski 2013: 59, 60, Tab. 12).

Ore preparation

The steps necessary to remove moisture and non-metallic components (gangue) from iron ore and to render it more suitable for smelting included washing, crushing, sieving, drying and roasting. In the case of siderite, roasting removed CO2, in line with the following equation:



2FeCO3 + O → Fe2O3+2CO2



If pyrite occurs as an impurity, S is removed according to the following equations:



2FeS2 + 5O2 → 2FeO + 4SO2

4FeS2 + 11O2 → 2Fe2O3 + 8SO2



The most popular ores in ancient and medieval ironmaking were hematite (Fe2O3), limonite (2Fe2O3*3H2O) and goethite (FeO*OH), which could be used for iron smelting without roasting. On the other hand, this process removed water from hydrated ore, according to the following equations:



limonite



2Fe2O3*3H2O + heat → 2Fe2O3 + 3H2O



goethite



2FeO*OH + heat → Fe2O3 + H2O



Some part of hematite can undergo an initial reduction in the course of roasting:



3Fe2O3 + CO → 2Fe3O4 + CO2



Roasted ore was easily crushed into smaller pieces to allow better sorting. High temperatures increased the ore’s porosity, thus facilitating the operation of reduction gases. Ore roasters were usually shallow pits in which a few layers of wood logs were placed. An ore pile was placed atop these and the wood was set on fire. Although roasting was often done close to where the ore was extracted, it may also have been carried out at or near smelting sites (Buchwald 2005: 91–2; Pleiner 2000: 106–13; Orzechowski 2013: 61–2).

Possible ore roasting facilities were suspected at a few organized furnace complexes (i.e. sites with regular furnace arrangements) in the Holy Cross Mountains. Of these, only the facilities at Łomno, Site 11, Starachowice District and perhaps at Modliborzyce, Site 1, Opatów District can be verified. Other sites in this region with putative ore roasters include Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District; Hucisko, Site 1, Kielce District; Łomno, Site 23, Starachowice District and Magonie (no site number), Ostrowiec Świętokrzyski District (Orzechowski 2013: 63, Catalogue, Part I, 294–5; Bielenin et al. 1990: 80, 86, Fig. 8; Bielenin 1966a: 162, 165, 168–9; 1964: 227; Kaptur 2011: 9–16, quoted after Orzechowski 2013). Ore roasters are rare in Masovia. At Biskupice, Site 1, Pruszków District, there was a shallow feature with burnt stones and crushed ore clasts (Woyda 2004: 132, Tab. 1, 136, Fig. 4, 147; 2002: 127, Fig. 5, 130, 144, Tab. 1; cf. Orzechowski 2013: 63). Ore roasters are also suspected at Kanie, Site 5, Pruszków District (Woyda 2004: 132, Tab. 1) and Parzniew, Site 6, Pruszków District (Woyda 2004: 133, Tab. 1; 2002: 144, Tab. 1).

In Silesia, a large pit with traces of burning and ore clasts was found at Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District. Several features with roasted ore next to smelting furnaces were perhaps ore or charcoal depots (Pazda 2002a: 165, Fig. 5, 167, Fig. 7, 174, Fig. 12, 177, Fig. 15a, 186–9, Figs 22 and 23, 195–7, 198, Fig. 30, 211–12; 2002b: 87–8, 93, Fig. 13; 1994: 164; Orzechowski 2013: 63, 64, Fig. 19). Ore depots are also known from Buszyce (Buchitz), Site 9, Brzeg District (Pazda 1994: 15, Fig. 8, 15, 18, Fig. 10, 20–1, Fig. 12, 102, 105; Orzechowski 2013: 64). Features that may have been used for ore preparation are also known from Lizawice (Leisewitz), Site 3, Oława District (Pazda 1965a: 155; 1969: 324, 326; Orzechowski 2013: 64). Ore roasters and depots of roasted ore have been suggested at Dobrzeń Mały (Klein Döbern), Site 8(B), Opole District (Pawłowski 1976: 52–3; 1979: 193, 194, Fig. 1, 198–9; Tomczak 1979: 169, 177; Pleiner 2000: 113; Orzechowski 2013: 64). Other Silesian sites with possible ore roasters include: Namysłów (Namslau), Site 69, Namysłów District (Orzechowski 2013: Catalogue, Part III, 395; Kosicki 2002: 117, 119, Fig. 2; 1998: 308); Polwica (Polwitz), Sites 4 and 5, Oława District (Orzechowski 2013: Catalogue, Part III, 396; Berduła and Dobrakowski 2002: 103, Fig. 3, 104; Madera 2001, quoted after Orzechowski 2013: 396; Dobrakowski et al. 2000: 35, 36, Figs 7 and 8); and Tarchalice (Tarxdorf), Site 1, Wołów District (Orzechowski 2013: Catalogue, Part III, 398; Domański 1972: 417, Fig. 17.2, 413–14, 422; Madera 2001, quoted after Orzechowski 2013: 398).

Bloomery smelting process and post-smelting stages

The melting point of pure iron (Fe) is about 1538°C, but it can be lower if other elements are present. For example, it is 1148°C with more than 2% C. As the temperature in a bloomery furnace is generally below 1500ºC, iron is obtained as a bloom or a spongy iron lump with varying C content and slag. In some cases, cast iron was also produced, but this was usually considered a waste product. The reduction of Fe oxides to Fe results from reactions between these oxides and the reducing agent, which is first CO and then also C (near the blast openings, where the temperature was about 1200ºC, or even above 1400ºC). The reduction process can be expressed using the following equations:



3Fe2O3 + CO=2Fe3O4 + CO2

Fe3O4 + CO=3FeO + CO2

FeO + CO=Fe + CO2

FeO + C=Fe + CO

Fe3O4 + 4C=3Fe + 4CO



and that for iron carburization:



3Fe + 2CO=Fe3C+CO2



(Pleiner 2000: 131–3, 134, Fig. 33, 135–6; 2006: 18, 22, Fig. 3, 240–3; Buchwald 2005: 63, 64, Fig. 57, 92, Tab. 4.4, 93; 2008: 28, Tab. 1.6; Killick 2014: 31–4; Karbowniczek 2006: 153–60; Orzechowski 2013: 75–6, 77, Figs 24–5, 78).

There may have been regional differences in Przeworsk Culture bloomery furnace temperatures, likely due to the differing chemistry of smelting batches. It has been proposed on the basis of slag analysis that Holy Cross Mountains slag melted at 1150–1220°C (Orzechowski 2013: 76), while c. 1100°C has been suggested for Masovian slag (Hensel 1986: 49, 63, 78, 90, Tab. 13, 91, Tab. 14; Woyda 2004: 154; 2002: 136; Orzechowski 2013: 77; Woźniak 2018: 372 proposes 1000–1200°C). In Silesia, examination of slag from Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District suggested that temperatures between 1470°C and even higher than 1713°C were achieved, due to large furnace sizes and better air supply systems (Muszer 1998: 57, 58, Fig. 9, 59, Tab. 9, Fig. 10). However, Orzechowski believes that such an assumption requires further analysis (Orzechowski 2013: 77–8).

Buchwald notes that if the proportion of SiO2 to Fe oxides is too high, all the reduced iron will eventually be bound in the slag by fayalite (Fe2SiO4). He considered five scenarios with different ores:



1. 56% Fe and 20% SiO2

3Fe2O3 + 2SiO2 + 3CO = 2(FeO + Fe2SiO4) + 3CO2

Iron yield = 0



2. 57% Fe and 17.6% SiO2

7Fe2O3 + 4SiO2 + 9CO = 2Fe + 4(FeO + Fe2SiO4) + 9CO2

Iron yield = 14.3% (of iron atoms) or 8.2% (of iron ore)



3. 58.9% Fe and 15.8% SiO2

2Fe2O3 + SiO2 + 3CO = Fe + (FeO+ Fe2SiO4) + 3CO2

Iron yield = 25% (of iron atoms) or 14.7% (of iron ore)



4. 60.3% Fe and 13.8% SiO2

7Fe2O3 + 3SiO2 + 12CO = 5Fe + 3(FeO+ Fe2SiO4) + 12CO2

Iron yield = 37.5% (of iron atoms) or 21.5% (of iron ore)



5. 64% Fe and 8.6% SiO2

4Fe2O3 + SiO2 + 9CO = 5Fe + (FeO+ Fe2SiO4) + 9CO2

Iron yield = 62.5% (of iron atoms) or 40% (of iron ore)



In Buchwald’s opinion, Scenario 3 was probably very common, while Scenario 5 is perhaps too optimistic to have actually taken place in bloomery iron smelting (Buchwald 2005: 93–4; Karbowniczek 2006: 155, Fig. 2, 156; Orzechowski 2013: 78; Brauns et al. 2020: 3).

The slag remaining at the end of the smelting process (smelting or production slag) contains unreduced ore, iron particles, iron oxides (FeO and Fe2O3) and other compounds, such as SiO2, CaO, K2O, MgO, MnO, Al2O3, BaO, NaO, TiO2, P2O5 and others. Their levels will be related to the composition of the ores, but they may also be enriched by a contribution from furnace clay or ash (Buchwald 2005: 134–57, 206–29, 248–57; Pleiner 2000: 136, 251–3, 259–65). Attention must also be paid to fluxes or additions to the smelting batch that were supposed to help bind non-metallic compounds and remove them as liquid slag. Limestone (CaCO3) and magnesium carbonate (MgCO3), which both occur in dolomitic rocks were used in the blast furnace process (Orzechowski 2013: 73; Ratajczak and Rzepa 2011: 191). Buchwald found no evidence for the use of fluxes in the ancient bloomery process (Buchwald 2005: 97). Pleiner highlighted remarks in the archaeological literature pertaining to the intentional addition of lime and the presence of lime kilns at smelting sites. Such kilns were putatively related to the smelting process. In his opinion, however, the overall impact of lime in the bloomery process was rather negative (Pleiner 2000: 136). Rovira and co-authors (2004) maintain that Ca-rich sand was used as flux at the Roman Republican ironmaking site in Los Callejones in Spain. The use of fluxes is discussed for Masovia in Chapter 3, as lime kilns have been found at various ironmaking sites there: Biskupice, Site 1, Pruszków District; Brwinów, Site 4, Pruszków District; possibly Falenty Duże, Site 1, Pruszków District; Kanie, Site 3, Pruszków District; Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts; Ożarów Mazowiecki, Site 2, Warszawa-Zachód District; and Parzniew, Site 6, Pruszków District. Local marlstone deposits were thought to be used as a raw material (Orzechowski 2013: 73; Woyda 2004: 132–3, Tab. 1, 136, Fig. 4, 139, Fig. 5.3, 143, 144, Fig. 11, 146; 2002: 126, note 45, 127, Fig. 5, 128–9, Fig. 7, 144, Tab. 1, 149, Fig. 22; 1977, 482, 483, Fig. 9; Tomczak 2007: 180; Woźniak 2018: 367, 368, Fig. 4, 374, 376).

In Silesia, the presence of lime kilns at smelting sites include Namysłów (Namslau), Site 69, Namysłów District; Polwica (Polwitz), Sites 4 and 5, Oława District; Domasław (Domslau), Sites 10–12, Wrocław District; Dobrzeń Mały (Klein Döbern), Site 8, Opole District; Imielin, Site 4, Bieruń-Lędziny District and possibly Psary (Hünern), Site 1, Góra District (Orzechowski 2013: 74; Suchan et al. 2009: 198, 200, Fig. 9; Dobrakowski et al. 2000: 35–6; Żygadło et al. 2012: 494, Fig. 15, 495, Fig. 16, 496–7; Tomczak 1979: 179, note 14; 2002: 73–4; 2008: 254–5, 256, Fig. 3, 257, Fig. 4, 258, Fig. 5, 259, 260, Fig. 6, 261–2; Kosicki 1998: 299; 1996: 358). More recent research has brought to light lime kilns at Wrocław-Widawa (Breslau-Weide), Site 17, Wrocław District. Baron underlined that lime was used for various household and craftsmanship purposes (Baron 2014: 251, 267, 269, Fig. 28, 284–6, 287, Fig. 45, 288, Fig. 46, 314). No lime kilns have been found at Holy Cross Mountains smelting sites (Orzechowski 2013: 74; Suliga 2006a: 164, 166, 170, 172).

In the next stage, the bloom must be at least partially purified of slag inclusions and homogenized. For this purpose, the bloom was repeatedly reheated to above 1100°C in a purification hearth and re-forged. During this process, some sand, lime, clay or other materials could be added as flux to prevent iron oxidation. Up to half of the iron was lost in this process, as the newly formed FeO was bound in fayalite. Some of this new slag remained in the metal as inclusions, while some gathered at the bottom of the hearth as purification slag, which is often disc-shaped or planoconvex. This stage yielded slag-depleted iron bars that were used to make the final product (Buchwald 2005: 97–102, 103, Tab. 4.6, 104–12; Pleiner 2000: 215–17, 227–9, 230–47, 254–5; Orzechowski 2013: 81, 82, Fig. 29; Bielenin and Suliga 2008: 62; Disser et al. 2020: 1–4). As regards evidence of post-reduction stages in the Przeworsk Culture, finds of metallic iron at smelting sites are rare and no find of a bloom in a furnace has been identified. Possible ‘heating hearths’ have been reported from a dozen or so Holy Cross Mountains smelting sites. Among the features uncovered at Pokrzywnica, Site 1, Starachowice District, there are hearths with bowl-shaped and amorphic slag which were possibly related to bloom purification (Orzechowski 2013: 82–4, 85, Fig. 31, 86, 87, Fig. 32, 88; 2006: 43–6, 47, Fig. 12, 48–9, 50–8, Figs 16–25, 59; Bielenin 1992: 130, Tab. 23, 132; Bielenin et al. 1998, 142–8, 149–58, Figs 1–22, 159–60, 161, Tab. 1, 162–4, Figs 23 and 24; 1996: 343, 345, Fig. 4, 346, Fig. 5a,b, 356–9, 360, Fig. 12, 361, Fig. 13, 362, Fig. 14, 363, Fig. 15, 364, Figs 16 and 17, 365; Suliga et al. 2004: 512–17).

In Silesia, blooms from smelting furnaces may have been initially purified at Buszyce (Buchitz), Site 9, Brzeg District. Further processing may have taken place at the neighbouring Buszyce (Buchitz), Site 10, which may have been a smithing workshop (Pazda 1994: 104–13, 138–9, 141–2; Orzechowski 2013: 83). Heating hearths have also been identified at Dobrzeń Mały (Klein Döbern), Site 8, Opole District (Pawłowski 1979: 193, 194, Fig. 1, 199; 1977: 6, Fig. 1; 1976: 52–3; Tomczak 1979: 177; 2002: 73; Orzechowski 2013: 83) and Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District (Pazda 2002a: 162, 180, 181, Fig. 17, 182, Fig. 18, 183, Fig. 19, 184, 185, Fig. 20, 186, Fig. 21, 206, 209–11; 2002b: 86–7, 90, Fig. 10, 91, Fig. 11, 92, Fig. 12).

In Masovia, bowl-shaped slag and clay tuyères were reported from a cluster of features at Brwinów, Site 4, Pruszków District. This cluster was thought to be a purification forge (Woyda 2004: 154, 155, Figs 20 and 21, 156, Fig. 22; 2002: 136–7; cf. Orzechowski 2013: 83; Tomczak 2007: 182). Woyda suggested a link between the post-reduction stage and so-called ‘horseshoe-shaped furnaces’ at Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts and Pruszków, Site 7, Pruszków District, where blooms may have been reheated in contact with lime (Woyda 2004: 133, Tab. 1, 156, 157, Fig. 23; 2002: 137, 144, Tab. 1, 153, Fig. 29; 1977: 484, 486, Fig. 12). However, Woźniak argued that the furnace at Milanówek-Falęcin, Site 8 was instead a lime kiln, as a lime layer was found on its bottom (Woźniak 2018: 374, 375, Fig. 6; Orzechowski 2013: 88, 89, Fig. 35). Woyda mentions the presence of stone hearths at some sites. He believed that these hearths were possibly related to the smithing phase. A set of smithing tools was found in such a hearth at Tłuste, Site 2 (Woyda 2004: 157–8; 2002: 137; 1977: 484; Waluś 1979: 119, 120–1, Figs 1 and 2, 122, 123–4, Figs 4 and 5, 126–7, Figs 6 and 7, 128). Orzechowski believes that this find was a hoard, as the hearth was too large for a smithy and lacked other traces of iron processing (Orzechowski 2013: 260, 261, Fig. 129). Orzechowski considers that iron blooms may have been purified initially at smelting sites. Further processing in all probability took place in workshops situated near settlements. Therefore, large smelting sites were not smithing ateliers in the strict sense (Orzechowski 2013: 90–1; Bielenin and Suliga 2008: 57; see also Piaskowski 1972e: 248–9).

Chronology of the main iron smelting regions of the Przeworsk Culture

Beginnings

Determining a chronology of smelting sites is fraught with difficulty. Pottery, which is usually the main time-marker, is rare in cultural layers at such sites. At settlement sites where ironmaking was also conducted, there may be an abundance of reliably datable finds. However, different settlement phases may be superimposed on the production zone. Bloomery smelting furnaces were very short-lived features. Their pits only contain finds related to the smelting process or finds of earlier chronology, if the furnace was dug into an earlier layer (Orzechowski 2013: 171–2; Buchwald and Wivel 1998: 73–7; Buchwald 2005; 2008; Pleiner 2000). The typical diameter of a slag-pit in the discussed territory was about 40–5 cm. It was thought that furnaces with smaller slag-pits were in use during the earliest phase of Przeworsk Culture ironmaking. In the Holy Cross Mountains, such furnaces usually occur in smaller, not organized complexes (i.e. those with an irregular arrangement of furnaces) situated within settlements. However, larger furnaces are also known from such sites (Orzechowski 2013: 172–3; Bielenin 2006: 14–19; 1957: 99–105; 1961: 149–62). In Silesia, some furnaces were provided with ‘very large’ slag-pits, whose diameter exceeded 80 cm. The majority of such furnaces are dated to the Younger and the Late Roman Periods, but a radiocarbon date for one of these did suggest the Late Pre-Roman Period. Therefore, although an evolution from smaller to larger pits is generally likely, slag-pit size is not an unequivocal determinant of chronology (Orzechowski 2013: 173; Madera 2008: 194–5). Woyda states that the smallest slag-pits can be related to the initial phase of smelting activity in Masovia, while the largest ones are linked to later times. Furthermore, additional furnace traits such as slag-pit canals are mainly related to the early phase of this centre (Woyda 2004: 149, 150, Fig. 15; 2002: 131; cf. Orzechowski 2013: 173). Radiocarbon dating is obviously useful in determining the chronology of smelting sites. However, such data for the Przeworsk Culture are sparse and not always conclusive (Table 2).

A few Holy Cross Mountains sites (Boleszyn, Site 1, Ostrowiec Świętokrzyski District; Jeleniów, no site number, Kielce District; Ostrowiec Świętokrzyski (Częstocice), Site 14, Ostrowiec Świętokrzyski District; Łysa Góra, Site 9, Kielce District) can be dated to the Late Pre-Roman Period. On the other hand, many calibrated radiocarbon dates for this region’s smelting sites fall within the range of AD 15–300, with a concentration around AD 150 (Orzechowski 2013: 174, 175, Fig. 95; Pazdur 1990: 97, Fig. 2, 98, 103, Tab. 1, 104, Tab. 3; Pazdur et al. 1981: 87; Bielenin 1981: 82). In Masovia, analysis for Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki-Pruszków Districts, suggests the sixth century BC, which is at variance with the find-based chronology of this site (Orzechowski 2013: 175, Fig. 96, 176; Woyda 1981: 96; Pazdur 1990: 98, Fig. 3, 99). Moreover, these early dates could be the result of sample contamination with earlier material. The earliest dates from Brwinów, Site 4, Pruszków District, could either mark the beginning of ironmaking at this site before the emergence of the Przeworsk Culture or be due to the ‘old wood effect’ (Janiszewski 2018: 389–90). Two analyses carried out for Biskupice, Site 1, Pruszków District yielded an average date of AD 5 (with an error interval of 80 BC–90 AD) (Orzechowski 2013: 175, Fig. 96, 176; Pazdur 1990: 98, Fig. 3, 99). For Silesia, the analyses for Psary (Hünern), Site 1, Góra District suggest the Late Pre-Roman Period, the earliest date being 150 BC (Orzechowski 2013: 176, Fig. 97; Madera 2020: 190, Tab. 1; Pazdur 1990: 103, Tab. 1). Most dates for Polwica (Polwitz), Sites 4 and 5 and Skrzypnik (Runzen), Site 8 (both Oława District) suggest a period between 160 BC and AD 75. However, the chronology of this complex covers the entire existence of the Przeworsk Culture (Orzechowski 2013: 176; Madera 2008: 194, Tab. 3, 195). Radiocarbon dates and those suggested by archaeological finds can vary. Pottery from Ostrowiec Świętokrzyski, Site 14, rather implies a later part of the Early Roman Period. Radiocarbon furnace dates for Psary (Hünern), Site 1 are earlier than the conventional chronology being the second and third centuries AD (Orzechowski 2013: 176–7; 2020: 220–1; Mamzer 1984b: 90; Mamzer and Pazdur 1984: 67–74, 75, Tab. 1, 76–85; Pazdur 1990: 104, Tab. 3; Różycka 1969b: 130, 132). On the other hand, both the radiocarbon dates and the conventional chronology for Biskupice, Site 1 imply that this site existed at some time between the second half of the second century BC and the early third century AD (Orzechowski 2013: 177; Woyda 2004: 132, Tab. 1; 2002: 144, Tab. 1; Dąbrowska 2008, 125, quoted after Orzechowski 2013: 177).
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The earliest chronology of the Przeworsk Culture smelting regions can be verified by analysis of settlement chronology in a given area. In Masovia, a large settlement complex came into being in the Łowicz-Błonie Plain in the Late Pre-Roman Period. Several large production settlements may have originated in the second half of the second century BC and new settlements were established in the first half of the first century BC. This means that the origin of the Masovian region can be related to the late Phase A1 (before c. 120 BC) or Phase A2 (c. 120–c. 60 BC) of the Late Pre-Roman Period. However, it is unknown how many smelting furnaces at these sites can be traced to this early period (Woyda 2004: 131, 132–3, Tab. 1; 2002: 122–3, 138, 144, Tab. 1; Orzechowski 2013: 177, 180, Tab. 17).

No smelting site from the main area of the Holy Cross Mountains ironmaking centre has yielded finds from the Late Pre-Roman Period, and early Przeworsk Culture settlement in this region is sparse. Most settlements are dated to the end of the Late Pre-Roman Period or the Early Roman Period and no Late Pre-Roman Period cemeteries are known. A small cluster of settlements in the Holy Cross Mountains was perhaps somewhat isolated from early Przeworsk Culture settlement along the middle course of the River Wisła. The gap between them was first settled in the Roman Period. This zone became a settlement hinterland for the ironmaking centre (Orzechowski 2013: 177; 2007: 15–16, Map 1). Only few traces of ironmaking in Lower Silesia in the middle drainage basin of the River Odra can be related to the Late Pre-Roman Period. The first traces of ironmaking in Upper Silesia occur in the Early Roman Period and they become more abundant at the beginning of the Younger Roman Period (Madera 2020: 190–1; 2002: 62–3, Tab. 2, 65–6; Orzechowski 2013: 177–8; Tomczak 2002: 72). Therefore, the beginnings of iron smelting in the Przeworsk Culture were probably modest. Only Masovian ironmaking may have expanded beyond local needs and this region perhaps became a formation zone of organized iron smelting in this culture (Orzechowski 2013: 178).

Peak period

In the Łowicz-Błonie Plain in Masovia, there was continuity in settlement between the Late Pre-Roman Period and the Early Roman Period. Although the settlement at Falenty, Site 1, Pruszków District, was abandoned probably around the turn of the era, practically all settlements which came into being in the second half of the second century BC were still in existence in the later period. New settlements originated at the turn of the millennium and nearly all of these operated until the second half of the second century AD, or even to the first half of the third century AD. The period of the greatest intensity of ironmaking perhaps commenced in Phase B1 (c. AD 1–80) and lasted until the end of the Early Roman Period (c. AD 160), with a decline in Phase B2/C1-C1a (c. AD 160–210/230), that is, at the beginning of the Younger Roman Period (Woyda 2004: 131–2, Tab. 1; 2002: 122–3, 144, Tab. 1; Orzechowski 2013: 179, 180, Tab. 17, 181). The following list offers a general chronology of excavated ironmaking sites:



1.Biskupice, Site 1: c. 150 BC to c. AD 250

2.Brwinów, Site 4: c. 150 BC (?) to c. AD 250

3.Falenty, Site 1: c. 150 BC to c. AD 1

4.Falenty Duże, Site 1: c. 150 BC to c. AD 250

5.Grodzisk Mazowiecki (Wólka Grodziska), Site 12: c. 150 BC (?) to c. AD 400 (?)

6.Kanie, Site 3: c. 50 BC to c. AD 100 (?)

7.Kanie, Site 2: c. 150 BC to c. AD 150

8.Kanie, Site 5: c. 50 BC to c. AD 50

9.Kotowice, Site 1: c. 100 BC to c. AD 250

10.Milanówek-Falęcin, Site 8: c. 150 BC to c. AD 150

11.Ożarów Mazowiecki, Site 2: c. AD 1 (?) to c. AD 400 (?)

12.Parzniew, Site 6: c. AD 1 (?) to c. AD 250

13.Pęcice, Site 3: c. AD 200 to c. AD 400

14.Pruszków (Gąsin), Site 6: c. 50 BC to c. AD 150

15.Pruszków (Gąsin), Site 7: c. 50 BC to c. AD 150

16.Pruszków (Żbików), Site 5: c. 50 BC to c. AD 150

17.Pruszków (Malichy)-Reguły, Site 7: c. 150 BC to c. AD 150

18.Raszyn, Site 1: c. AD 1 (?) to c. AD 400 (?)

19.Rusiec, Site 2: c. AD 1 (?) to c. AD 400 (?)

20.Tłuste, Site 2: c. AD 50 to c. AD 250 (?)



(Woyda 2002: 144, Tab. 1; 2004: 132–3, Tab. 1; Orzechowski 2013: 180, Tab. 17; 2020: 219, Tab. 1).



Woyda assumed the Masovian and the Holy Cross Mountains smelting regions to be synchronous (Woyda 2004: 131, note 2; 2002: 122, note 15; Mamzer 1984a: 71). In contrast, Orzechowski believes that in the other region there is no evidence for more permanent settlement from the Late Pre-Roman Period and the early part of the Early Roman Period. The Sandomierz Upland (which was perhaps a population hinterland) first witnessed a more prominent increase in settlement in the later part of the Early Roman Period. Therefore, mass ironmaking likely developed at this time, during which there was a transformation from the previous iron smelting pattern based on small not organized furnace complexes within settlements to specialist iron smelting workshops, so-called organized complexes. These were established away from settlements (Orzechowski 2013: 181–2; Bielenin 2002: 19–20; Bielenin 2006: 19–27). Large not organized furnace complexes, such as Kunów, Site 3 and Wronów (Mirogonowice), Site 1 (both Ostrowiec Świętokrzyski District), may have served as a link between these two models of iron smelting. The earliest organized furnace complexes are perhaps those at Skały, Sites 1 and 2, Kielce District; Stara Słupia, Site 6, Kielce District and Pokrzywnica, Site 1, Starachowice District (Orzechowski 2013: 182; 2006: 35–59; Bielenin 2006: 17–18; 1992: 96–7; 1961: 149–62; 1957: 99–105). Organized furnace complexes may have been in operation chiefly in the second century AD, most likely around AD 150. However, small not organized complexes perhaps still remained in operation (Orzechowski 2013: 173, Tab. 16, 182–3; 2007: 90–1; Bielenin 1992: 172, 174; 2006: 19; 1981: 83; Pleiner 2000: 74). This peak period of iron smelting in this region is corroborated by the chronology of Roman imports (second half of the second century to the early third century AD) and of most cemeteries there (Orzechowski 2013: 183; 2007: 39, 40, Tab. 4; 2000: 53–5, quoted after 2013: 183; Bielenin 2006: 21, 23, 25).

A general chronology of the excavated ironmaking sites in the Holy Cross Mountains is offered below. The chronology is divided into the Late Pre-Roman Period (c. 200 BC–AD 1), the Early Roman Period (c. AD 1–160) and the Younger and Late Roman Period (c. AD 160–450):



1.Boleszyn, Site 1: Early Roman Period

2.Dobruchna (Kowalkowice), Site 1: Late Pre-Roman Period to Younger and Late Roman Period

3.Garbacz, Site 1: Early Roman Period to Younger and Late Roman Period

4.Gardzienice, Site 1: Late Pre-Roman Period to Early Roman Period

5.Hucisko, Site 1: Early Roman Period

6.Janowice, Site 1: Early Roman Period to Younger and Late Roman Period

7.Kunów, Site 1: Early Roman Period to Younger and Late Roman Period

8.Łomno, Site 23: Early Roman Period

9.Marcinków, Site 1: Early Roman Period to Younger and Late Roman Period

10.Mychów, Site 1: Early Roman Period to Younger and Late Roman Period

11.Ostrowiec Świętokrzyski, Site 1: Early Roman Period to Younger and Late Roman Period

12.Ostrowiec Świętokrzyski (Częstocice), Site 14: Early Roman Period

13.Pawłów, Site 1: Younger and Late Roman Period

14.Pękosławice, Site 1: Early Roman Period to Younger and Late Roman Period

15.Pękosławice, Site 2: Late Pre-Roman Period to Early Roman Period

16.Podchełmie (Świętokrzyski National Preserve), Site 1: Early Roman Period to Younger and Late Roman Period

17.Pokrzywnica, Site 1: Late Pre-Roman Period to Younger and Late Roman Period

18.Pokrzywnica (Wymysłów 1), Site 3: Late Pre-Roman Period to Early Roman Period

19.Skały, Site 1: Early Roman Period to Younger and Late Roman Period

20.Skoszyn Nowy, Site 1: Early Roman Period to Younger and Late Roman Period

21.Świniary Stare, Site 1: Late Pre-Roman Period to Younger and Late Roman Period

22.Nowa Słupia, Site 3: Early Roman Period to Younger and Late Roman Period

23.Nowa Słupia (Łazy), Site 3: Early Roman Period to Younger and Late Roman Period

24.Rudki, Site 2: Early Roman Period to Younger and Late Roman Period

25.Stara Słupia, Site 6: Early Roman Period to Younger and Late Roman Period

26.Stara Słupia, Site 8: Early Roman Period to Younger and Late Roman Period

27.Stara Słupia, Site 9: Early Roman Period to Younger and Late Roman Period

28.Waśniów, Site 1: Early Roman Period to Younger and Late Roman Period

29.Wronów, Site 1 (Mirogonowice): Late Pre-Roman Period to Early Roman Period



(Bielenin 1992: 171, Tab. 29l; Orzechowski 2013: 181, Tab. 18; 2020: 220, Fig. 2; Lehnhardt 2019: 197, Tab. 50)



In Silesia, more intensive ironmaking activity resumed after a decrease in settlement which lasted until the early part of Phase B2 of the Roman Period. Only slightly more than 13% of smelting sites can be dated to the Early Roman Period, mostly to Phase B2. Production regions such as the Lower Barycz (Nieder Bartsch)-Odra (Oder) and Bystrzyca (Weistritz)-Oława (Ohlau) began operation in Phase B2 (c. AD 80–160) or B2/C1-C1a (c. AD 160–210/230). There was also an intensification of iron smelting in the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region in Upper Silesia (Madera 2020: 192; Orzechowski 2013: 183, Tab. 19, 184; 2019: 163; Tomczak 2002: 72). More than 51% of all sites with traces of iron smelting in Silesia are dated to Phase C (c. AD 160–375). During this period, Upper Silesia was the main centre of iron production. Numerous sites are also known from the Bystrzyca (Weistritz)-Oława (Ohlau), Brzeg (Brieg), Widawa (Weide) and Dolna Barycz (Nieder Bartsch)-Odra (Oder) regions (Orzechowski 2013: 184; Godłowski 1965: 237–41; Pazda 1980: 242, quoted after Orzechowski 2013; Tomczak 2002: 72). Phases C1-C2 (c. AD 160–310) perhaps saw the peak in Silesian ironmaking. This is supported by the chronology of individual sites with bloomery furnaces, which are mostly dated to Phase B2 (c. AD 80–160) and later (Lehnhardt 2019: 219–20, Tab. 54; Madera 2020: 192–3).

A chronology of the smelting regions in Silesia based on data gathered by Madera is given below, divided into Phases A (c. 200 BC–AD 1), B (c. AD 1–160), C (c. AD 160–375) and D (c. AD 375–450):



1.Głogów (Glogau), 15 known sites (3 excavated sites): A – 3 (0); B – 2 (2); C – 4 (1); D – 1 (1)

2.Dolna Barycz (Nieder Bartsch)-Odra (Oder), 162 known sites (5 excavated sites): A – 9 (1); B – 12 (3); C – 15 (3); D – 4 (0)

3.Górna Barycz (Ober Bartsch), 26 known sites (3 excavated sites): A – 0 (0); B – 1 (0); C – 10 (2); D – 7 (0)

4.Kaczawa (Katzbach), 4 known sites (3 excavated sites): A – 2 (2); B – 0 (0); C – 1 (1); D – 0 (0)

5.Środa Śląska (Neumarkt), 6 known sites (4 excavated sites): A – 1 (1); B – 2 (2); C – 4 (3); D – 1 (1)

6.Bystrzyca (Weistritz)-Oława (Ohlau), 73 known sites (24 excavated sites): A – 4 (4); B – 14 (7); C – 37 (14); D – 9 (3)

7.Widawa (Weide), 56 known sites (4 excavated sites): A – 12 (0); B – 8 (0); C – 16 (0); Phase D – 7 (1)

8.Brzeg (Brieg), 76 known sites (12 excavated sites): A – 0 (0); B – 2 (1); C – 20 (5); D – 46 (6)

9.Stobrawa (Stober), 14 known sites (3 excavated sites): A – 3 (1); B – 2 (1); C – 5 (2); D – 0 (0)

10.Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln), 104 known sites (34 excavated sites): A – 0 (0); B – 9 (8); C – 67 (25); D – 22 (12)

11.Głubczyce (Leobschütz), 56 known sites (12 excavated sites): A – 0 (0); B – 7 (4); C – 38 (9); D – 17 (5)

12.Nysa (Neisse), 22 known sites (4 excavated sites): A – 0 (0); B – 0 (0); C – 11 (2); D – 9 (2)



In total, of 624 known sites (including 111 excavated ones), 34 (9) can be dated to Phase A, 59 (28) to Phase B, 228 (67) to Phase C and 123 (31) to Phase D (Madera 2002: 63, Tab. 3; see also Orzechowski 2013: 183, Tab. 19; 2020: 221, Tab. 3).

More detailed data regarding the Silesian excavated sites with bloomery furnaces are provided by Lehnhardt. He split the site chronology into the following phases: A1 (c. 200–120 BC), A2 (c. 120–60 BC), A3 (c. 60 BC–AD 1), B1 (c. AD 1–80), B2 (c. AD 80–160), C1 (c. AD 160–260), C2 (c. AD 260–310), C3 (c. AD 310–75) and D (c. AD 375–450). His findings are summarized below (Lehnhardt 2019: 219–20, Tab. 54):



1.Bielice (Bielitz), Site 1: B2 to C2

2.Borsztyn Mały (Kaltebortschen): Roman Period (?)

3.Brzeg Dolny (Dyhernfurth), Site 60: C1

4.Buszyce (Buchitz), Site 9: D

5.Bystrzyca (Peisterwitz), Site 4: B2 to C2

6.Czarnowąsy (Czarnowanz), now part of Opole (Oppeln), Site 18: Roman Period (?)

7.Daniec (Danietz), Site 4: B2 to C1

8.Daniec (Danietz), Site 7: B2 to C1 (?)

9.Dębno (Schöneiche), Site 14: Roman Period

10.Dobrzeń Mały (Klein Döbern), Site 8: C1 to C3

11.Dobrzeń Wielki (Groß Döbern), Site 2: C1

12.Domasław (Domslau), Sites 10–12: A3 to B2

13.Gniechowice (Gnichwitz), Site 4: Roman Period

14.Izbicko (Stubendorf), Site 2: D

15.Kąty Opolskie (Konty), Site 8: C1 to C3

16.Kąty Wrocławskie (Kanth), Site 2: C1 to C2

17.Kiełczów (Groß Weigelsdorf), Sites 2 and 3: B1 to B2

18.Kotórz Mały (Klein Kottorz), Site 1: C3 to D

19.Krapkowice (Krappitz), Site 12: C1 to C2

20.Krzanowice (Krzanowitz), now part of Opole (Oppeln): Late Roman Period

21.Ligota Wielka (Groß Ellguth), Site 5: B2 to C1 (?)

22.Lisowice (Leschwitz), Site 62: C1 to C3

23.Lizawice (Leisewitz), Site 3: B2 to C1

24.Miechowice Oławskie (Mechwitz), Site 12: B1 to B2

25.Mionów (Polnisch Müllmen), Site 1: C1 to D

26.Młodoszowice (Zindel), Site 1: D

27.Namysłów (Namslau), Site 60: Late Pre-Roman Period and B1 to D

28.Niewola (Wielkie Łąki) (Hillersdorf): Roman Period (?)

29.Niezgoda (Nesigode), Site 2: C1 to C2

30.Opole-Malina (Groszowice) (Oppeln-Malino, Groschwitz), Site 114: C2 to C3

31.Osetno Małe-Kietlów (Klein Osten-Kittlau), Site 1: B1 to D

32.Płoski (Pluskau), Site 3: B2 (?)

33.Polwica (Polwitz), Sites 4 and 5: Late Pre-Roman Period and B1 to D

34.Prochowice (Parchwitz), Site 59: Roman Period (?)

35.Prószków (Proskau), Site 2: C1 to C2

36.Przylesie Dolne (Seiffersdorf), Sites 6 and 7: D

37.Psary (Hünern), Site 1: A3 to C3

38.Radwanice (Radwanitz), Site 2: Late Pre-Roman Period and B2 to D

39.Rybna (Riebnig), Site 3: B2 to C1

40.Słup (Schlaupe), Site 5: B2 to C2

41.Smardy Górne (Ober Schmardt), Site 12: B2 to C2 (?)

42.Sośnica (Schosnitz), Site I: C1 to D

43.Sośnica (Schosnitz), Site II: C1 to D

44.Stoszyce (Stöschwitz), Site 5: C1 to D

45.Stoszyce (Stöschwitz), no site number: C1 to D

46.Tarchalice (Tarxdorf), Site 1: Late Pre-Roman Period and B1 to D

47.Tłustoręby (Kirchberg), Site 1: Roman Period (?)

48.Trzebnik (Trebnig), Site 2: B2 to D

49.Turawa (Turawa), Site 1: C3

50.Wilkowice (Wilkowitz), Site 8 and Stary Ślęszów (Alt Schliesa), Site 16: B2 to C1

51.Wrocław-Kozanów (Breslau-Cosel), Site 3: Late Pre-Roman Period

52.Wrocław-Żerniki (Breslau-Neukirch), Site 1: B2

Decline

There was perhaps no correlation between the period of operation of large ironmaking regions in the Przeworsk Culture and the continuity of this culture as such. This could suggest that these regions were not meeting local demand for iron but were instead linked to a broader political and economic network within Barbarian Europe. Thus, both the origin and the decline of mass iron smelting may have occurred independently from traditional ironmaking that focused on local needs (Woyda 2002: 138; 2004: 158–9; Orzechowski 2013: 184–5; Bielenin 2006: 19, 21–3, 25). Woyda suggested that the decline in mass ironmaking in the Przeworsk Culture may have been due to a translocation of smelting workshops and the appearance of large iron smelting centres in Lusatia, central and southern Germany and Jutland in the third century AD. In Woyda’s opinion, this process may have been related to political upheaval during this time, due to pressure from the Alamanni and the Franks on the frontiers of Rome (Woyda 2004: 161; 2002: 140; Pleiner 2000: 42, Fig. 12, 45–7).

This decline first began in Masovia. At the turn of the Early Roman Period and the Younger Roman Period (c. AD 160), some ironmaking settlements ceased operation, including Kanie, Site 2, Pruszków District; Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts; Pruszków, Site 6, Pruszków District and Pruszków (Malichy)-Reguły, Site 7, Pruszków District. The largest settlements (Biskupice, Site 1; Brwinów, Site 4; Falenty Duże, Site 1 and Kotowice, Site 1, all Pruszków District) continued to operate until the early third century AD, but their volume of production was greatly reduced. At other sites, such as Grodzisk Mazowiecki (Wólka Grodziska), Site 12, Grodzisk Mazowiecki District; Ożarów Mazowiecki, Site 2, Warszawa-Zachód District; Pęcice, Site 4, Raszyn, Site 1 and Rusiec, Site 2 (all Pruszków District), ironmaking may have continued until the late Phase C2 (c. AD 310). The decline in Masovian ironmaking may have been related to the arrival of Gothic tribes in eastern Masovia sometime after AD 150. However, the appearance of the Goths (linked with the Wielbark Culture) in territories previously settled by the Przeworsk Culture was a longer process, one that not necessarily implied hostilities. Other factors probably included the exhaustion of rich ore deposits and forests due to intensive ironmaking (Woyda 2004: 131, 132–3, Tab. 1, 158, 160; 2002: 122–3, 138, 140, 144, Tab. 1; Orzechowski 2013: 180, Tab. 17, 185).

Some organized iron smelting complexes in the Holy Cross Mountains probably continued working until the second half of the third century AD. A fibula found at Skały, Site 1, Kielce District, is datable to Phase C2 (c. AD 260–310), which could be the latest date testifying to the operation of such complexes. On the other hand, this site had a rare furnace arrangement. Thus, it is difficult to say how it matches the chronology of the most common types of furnace complexes that (as implied by C14 dates) were in operation mainly in the second half of the second century AD. Clues are also provided by the chronology of Przeworsk Culture cemeteries along the central course of the River Kamienna valley, as this zone was perhaps a distribution area for Holy Cross Mountains iron. The chronology of these cemeteries and local coin hoards implies that the end of the most intensive ironmaking in this region probably occurred no earlier than the early part of Phase C1b (c. AD 210/230–60). However, iron smelting, albeit organized in a different way, perhaps continued there until Phase C2 (c. AD 260–310) or even early Phase D (after c. AD 375) (Orzechowski 2013: 185–6; 2006: 42–3, Fig. 9.2; 2007: 88–91, 114–39).

Iron smelting in Silesia continued to develop throughout the entire Younger and Late Roman Periods (c. AD 160–450). Phase D saw the gradual disappearance of many smelting sites. In terms of the number of such sites in Phases C (c. AD 160–375) and D (c. AD 375–450), the greatest decline occurred in the Bystrzyce (Weistritz)-Oława (Ohlau) and Dolna Barycz (Nieder Bartsch)-Odra (Oder) regions. The number of smelting sites in the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) and Głubczyce (Leobschütz) regions also declined. On the other hand, in the Brzeg (Brieg) region there was a significant increase in the number of such sites. The majority of these may have first originated in Phase D and this region may have continued to operate in the fifth century AD (Pazda 1994: 79–101, 139–41, 168–70; Orzechowski 2013: 186; Madera 2020: 196).

Extent and organization of the main iron smelting regions of the Przeworsk Culture

The Holy Cross Mountains

The production area of this region, located at the north-eastern edges of the Holy Cross Mountains, covered c. 800 km2. Apart from over 5,000 sites with slag finds, there were also around 30 settlements in this area. The settlement network in the production zone was disproportionate to the scope of ironmaking and in some areas with dense traces of metallurgy there were no contemporaneous settlements. Therefore, the ironmaking area was part of a broader complex. The hinterland of the production zone included a settlement complex to the south-east of it in the Sandomierz Upland. The River Wisła was the eastern border of this complex. It was bordered by the River Kamienna to the north and by the River Koprzywianka to the south-east. In total, the entire settlement area (the production zone and its hinterland) encompassed over 2,400 km2 (Figure 8) (Orzechowski 2013: 187–8, 189, Fig. 99; 2007: 33–7, 57–91; 2006: 33; 2002b: 38–9, Fig. 3; Bielenin 1992: 181–3, 184, Fig. 90). Subdivisions within the Holy Cross Mountains smelting and settlement region are suggested. To the east there was a settlement zone with almost no traces of metallurgy. It was located in the River Wisła valley, in the basins of the Koprzywianka and the Opatówka and in the area to the east of the River Kamionka. To the north-west of it there was a ‘settlement-production’ zone. Its northern border was the River Kamienna and it encompassed the river basins of the Świślina and the Pokrzywianka. To the south, this zone was limited by the Łysogórskie and the Jeleniowskie Mountain Ranges. This zone included nearly 70 settlements and cemeteries and about 2,500 furnace sites. Some slag finds were discovered on the northern bank of the River Kamienna, but their number suggests a peripheral activity. There are also small groups of smelting sites a dozen or so kilometres to the north of the Kamienna in the basins of the Rivers Modrzejowica, Iłżanka and Krępianka. These areas were perhaps northern enclaves of the Holy Cross Mountains region (Orzechowski 2013: 188, 189, Fig. 99, 190, Fig. 100, 191, 192, Fig. 101; Kaptur 2010: 23–4, 27–35; Bielenin 1992: 182).
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Figure 8  The Holy Cross Mountains iron smelting region with its settlement hinterland and northern enclaves. Region extent after Orzechowski (2013: 193, Fig. 102, 205, Fig. 107). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Of 183 sites with Przeworsk Culture pottery in the ‘settlement-production’ zone, 64% are settlements of up to 1 hectare (ha) in size with one or a few clusters of slag finds. These were perhaps short-lived camps related to the operation of smelting sites. 29% of sites were medium-sized settlements (2–3 ha) with clusters of small camps providing the workforce for production sites. 7% of sites were large (10–12 ha) settlement-production centres composed of settlements and ironmaking workshops with many smelting furnaces. The greatest density of smelting sites in this zone (Figure 9) can be found on the north-eastern slopes of the Łysogórskie Mountain Range, on the north-western slopes of the Jeleniowskie Mountain Range, and to the north and the north-west of these (Orzechowski 2013: 191, 192, Fig. 101; 2006: 34, Fig. 1, 45–9; Bielenin 1992: 184, Fig. 90; 2006: 16–17, Map 1).

The River Kamienna valley may also have been a place of exchange and part of the long-distance iron trade, as implied by the presence of rich cemeteries and coin hoards. This area may have been connected by a trade route to the Black Sea zone (Orzechowski 2013: 192–3; 2000: 49, quoted after 2013: 192; Bielenin 2006: 23–5; Kaptur 2010: 25–7). The western part of the Holy Cross Mountains region on the northern slopes of the Łysogórskie Mountain Range was a ‘clean’ production zone with the highest concentration of smelting sites and almost no trace of permanent settlement. It encompassed c. 150 km2 and over 1,500 sites with slag finds. No cemeteries have been discovered there so far. This zone may have operated in a seasonal way only and smelting sites may have been accompanied by small ad hoc camps that cannot be identified by archaeologists. Permanent residences for ironworkers were perhaps located farther to the east. This division of the region was probably due to the wide scattering of resources and to settlement conditions. A decisive factor in the location of smelting sites was perhaps the availability of ore and wood (Orzechowski 2013: 193, Fig. 102, 194; 2007: 91–114; 2002b: 38–9, Fig. 3).

Two patterns can be seen in Holy Cross Mountains iron smelting. The first incorporated small workshops, usually within settlements, while the second involved large geometrically organized furnace complexes with maybe as many as a few hundred furnaces (Figure 10). Initially, ironmaking was conducted in small workshops with a few small furnaces that operated to meet local needs. A rise in demand for iron was met by larger furnaces and by increasing the number of smelting operations. This is evidenced by a rise in the number of furnaces (up to several dozen or so) in not organized furnace complexes, such as Worowice, Site 1, Ostrowiec Świętokrzyski District and Śniadka, Site 1, Kielce District. These may have produced iron to meet both local and wider needs (Orzechowski 2013: 194, 195, Fig. 103, 196, Tab. 20, 197; 2007: 41–4; 2022: 115–17; Bielenin 2006: 17–21; 2002: 17, 19; 1992: 96–129, 191–3; 1999: 21–2; 1992: 192; Lehnhardt 2019: 193, 195).
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Figure 9  The main part of the Holy Cross Mountains iron smelting region – the ‘clean’ production zone and the ‘settlement-production’ zone against the background of possible settlements and cemeteries of the Przeworsk Culture. Settlement data after Orzechowski (2013: 190, Fig. 100). Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Key to Figure 9

1, Dobruchna (Kowalkowice), Site 1; 2, Wronów, Site 1; 3, Wronów, Site 16; 4, Wronów, Site 19; 5, Jeżów, Site 1; 6, Grzegorzowice, Site 45; 7, Sarnia Zwola, Site 5; 8, Sarnia Zwola, Site 8; 9, Sarnia Zwola, Site 10; 10, Sarnia Zwola, Site 16; 11, Sarnia Zwola, Site 25; 12, Nowa Słupia, Site 3; 13, Stara Słupia, Site 39; 14, Jeleniów, Site 19; 15, Jeleniów, Site 136; 16, Skały, Site 1; 17, Skały, Site 2; 18, Czajęcice, Site 4; 19, Czajęcice, Site 22; 20, Waśniów, Site 1; 21, Zajączkowice, Site 27; 22, Wronów, Site 42; 23, Wronów, Site 48; 24, Wronów, Site 54; 25, Roztylice, Site 19; 26, Roztylice, Site 28; 27, Milejowice, Site 14; 28, Kraszków, Site 15; 29, Pękosławice, Site 1; 30, Pękosławice, Site 2; 31, Pękosławice, Site 13; 32, Nosów, Site 3; 33, Nosów, Site 4; 34, Nosów, Site 6; 35, Chocimów, Site 1; 36, Chocimów, Site 9; 37, Pokrzywnica, Site 1; 38, Trzeszków, Site 1; 39, Trzeszków, Site 3; 40, Pokrzywnica (Wymysłów), Site 3; 41, Boleszyn, Site 80; 42, Bostów, Site 20; 43, Bostów, Site 21; 44, Rudki, Site 2; 45, Sosnówka, Site 18; 46, Świętokrzyski Park Narodowy oddział A-4/J/ (Świętokrzyski National Preserve, Branch A-4/J/) (Podchełmie), Site 1; 47, Łomno, Site 38; 48, Modrzewie, Site 20; 49, Modrzewie, Site 23; 50, Tarczek, Site 4; 51, Tarczek, Site 42; 52, Mirocice, Site 6; 53, Bodzentyn, Site 87; 54, Celiny-Podgórze, Site 38; 55, Śniadka, Site 79; 56, Śniadka, Site 71; 57, Stary Jawor, Site 1; 58, Stary Jawor, Site 7; 59, Jadowniki, Site 36; 60, Radkowice, Site 29; 61, Radkowice, Site 33; 62, Rzepin Drugi, Site 2; 63, Pawłów, Site 1; 64, Bukówka, Site 1; 65, Dąbrowa, Site 22; 66, Kałków, Site 5; 67, Kałków, Site 12; 68, Stryczowice, Site VII; 69, Garbacz-Skała, Site II; 70, Garbacz-Skała, Site III; 71, Garbacz-Skała, Site V; 72, Wąchock, Site 1; 73 Wąchock (Marcinków), no site no.; 74, Starachowice, Site 1; 75, Kunów, Site 1; 76, Chmielów, Site 1; 77, Ostrowiec Świętokrzyski (Częstocice), Site 14; 78, Ostrowiec Świętokrzyski, Site ‘Ostrówek’; 79, Ostrowiec Świętokrzyski (Wąwozy), Site 1/1.



Large organized furnace complexes originated in the first and second centuries AD. These sites may have operated independently from not organized ones. Improvements in the organization of labour included lines and columns of furnaces and the use of clay brick-like blocks for their structures. A possible link between the two types of sites were organized complexes with one furnace column, such as Rudki, Site 1 and Nowa Słupia, Site 1 (both Kielce District), as well as Łomno, Site 24, Starachowice District. A two-column system may have enabled smelters to work with no interruption, as a new line of furnaces in the other column was built while the furnace line in the first column was in operation. The number of furnaces in one line varied between two and five. The highest number of furnaces recorded so far is around 240 at Mirocice, Site 4, Kielce District (Orzechowski 2013: 197, 198–9, Tab. 21, 200, Fig. 104, 201; Bielenin 2006: 19, 22–5; 2002: 19–20; 1992: 100, 101, Fig. 48, 197–9; 1999: 21–2). The decline of large organized smelting sites in the early third century AD was perhaps the result of a breakdown of external markets due to turmoil in the north-eastern part of Barbaricum. Not organized and organized furnace complexes may have used different raw materials (see Chapter 3). The two types of furnace complexes may have co-occurred at some sites, such as at Rudki, Sites 1–4 and Nowa Słupia, Sites 1 and 2 (both Kielce District), Pokrzywnica, Site 1, Starachowice District and Skały, Site 1, Kielce District. At other sites, such as Jeleniów, Sites 1–4 and Nowa Słupia, Sites 6 and 7 (both Kielce District), only organized furnace complexes with one kind of furnace arrangement have been identified (Orzechowski 2013: 201, 202, Fig. 105; 2006: 35–7, 38, Fig. 4, 39–46, 47, Fig. 12, 48–9, Figs 13–15, 50–9; 2007: 90–1; Bielenin 2006: 25; 2002: 17, 19–20; 1992: 125, Tab. 19, 126).
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Figure 10  Examples of Holy Cross Mountains furnace complexes, both organized and not organized. A, not organized furnace complex at Śniadka, Site 1 (after Orzechowski 2013: 195, Fig. 103D); B, organized furnace complex at Nowa Słupia, Site 10 (after Orzechowski 2013: 200, Fig. 104I); C, general operational scheme of an organized furnace complex (after Pleiner 2000: 73, Fig. 19). Grid: 1 metre (redrawn). Afterdrawing: G. Żabiński.



Smelting sites in mountainous areas are mostly found within the Łysogórskie Mountain Range in the ‘clean’ production zone. The size and organization of these workshops depended on local topography. The number of furnaces at such sites varied between a few and about 180. This group of smelting sites may have operated in the peak period of activity of the region (Orzechowski 2013: 202, Fig. 106, 203, 204, Tab. 22; 2010: 89, 90, Fig. 1, 91–2, 94, 95, Tab. 1, 96, Fig. 2, 97, Fig. 3, 98; 2002a: 47–8; Pazdur 1990: 100, Fig. 5, 104, Tab. 3).

There were also ironmaking enclaves beyond the main area of the Holy Cross Mountains region. Orzechowski mentions 320 sites with slag finds to the north of the River Kamienna. Most furnace complexes in this zone were organized ones with between 35 and 53 furnaces. Local ironmaking perhaps commenced towards the end of the Late Pre-Roman Period or at the turn of the era (Orzechowski 2013: 204, 205, Fig. 107, 206, Fig. 208, 207, 208, Tab. 23, 209; Bielenin 1992: 10, Fig. 1, 103, 182–4; 1963b: 355–6; Jedynak and Kaptur 2007: 74). Patterns seen in the Holy Cross Mountains may have also influenced ironmaking in the area to the south-west of it in a zone between Kielce and Korytnica, Jędrzejów District in the drainage basin of the River Czarna Nida, the lower course of the River Biała Nida and part of the northern drainage basin of the River Nida. 59 sites with smelting slag finds are known from this area. The Przeworsk Culture settlement in this zone is dated to between Phase A2 (c. 120–60 BC) of the Late Pre-Roman Period and the fourth/fifth centuries AD. Ironmaking in this area may have mainly met local needs only. This zone was rather an independent smelting region than a southern enclave of the Holy Cross Mountains, as it operated within a different settlement complex (Orzechowski 2013: 209, Fig. 109, 210, Fig. 110, 211; Przychodni 2006: 103–16; 2002: 45–52; Przychodni and Orzechowski 2002: 57–68; Lehnhardt 2019; 2000).

Masovia

The smelting zone in the Łowicz-Błonie Plain (Figure 11) encompassed c. 300 km2 in the upper and middle courses of the River Utrata and its tributaries (Woyda 2004: 130, Fig. 2, 131; 2002: 121, 122–3, Fig. 1; Woźniak 2018: 363, 364, Fig. 1; 2015c: 41, 42, Fig. 2, 43; Orzechowski 2013: 213, 214, Fig. 111). The settlement hinterland of the ironmaking zone may have reached the River Wisła to the east and the north and the River Bzura to the west, or even farther afield. The Przeworsk Culture settlement in the Łowicz-Błonie Plain was probably restricted to the north by the Warszawa Basin, and to the south by the Rawa Mazowiecka Heights. To the west of the Łowicz-Błonie Plain there was a large cluster of settlements upon the Bzura (Orzechowski 2013: 212–13; Dąbrowska 2008: 91, quoted after Orzechowski 2013: 213). This ironmaking region included about 240 sites divided into two types. Type 1 sites (125) were large (up to a few hectares) settlement-production complexes; Type 2 sites (113) were much smaller (up to a dozen or so ares) where ad hoc economic activity (not only ironmaking) was conducted. The location of Type 1 sites in the lower parts of river valleys was perhaps related to the presence of ore deposits, while Type 2 sites are often found on higher ground (Woyda 2004: 130, Fig. 2, 131; 2002: 122–3, Fig. 1; Orzechowski 2013: 213, 214, Fig. 111, 215; Woźniak 2015c, 43; cf. Tomczak 2007: 177).

In terms of possible microregions, there is a cluster of over 50 settlements along the central and lower courses of the Rivers Rokitnica and Zimna Woda, within an area of c. 20 km2. This cluster was in operation from the mid-second century BC until the first half of the third century AD. The most important smelting sites included Biskupice, Site 3, Brwinów, Site 4 and Kotowice, Site 1 (all Pruszków District), as well as Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts. Another cluster of about 30 sites and an area of c. 16 km2 sat along the River Raszynka. Excavations have been carried out at Falenty Duże, Site 1, Raszyn, Site 1 and Pęcice, Site 4 (all Pruszków District). This cluster may have been in operation from the Late Pre-Roman Period until the mid-third century AD (Woyda 2004: 132–3, Tab. 1; 2002: 144, Tab. 1; Orzechowski 2013: 215).

Orzechowski reports the absence of larger cemeteries in this region, save those in Grodzisk Mazowiecki, Grodzisk Mazowiecki District and Stare Babice, Site 1, Warszawa-Zachód District. In some areas, no burials are known at all, which implies seasonal settlement, analogous to the ‘clean’ production zone in the Holy Cross Mountains (Orzechowski 2013: 215–16; Dąbrowska 2008, 19, 163, 272, quoted after Orzechowski 2013). More recently, however, Woźniak mentions a dozen or so cemeteries in nearly all parts of the Masovian ironmaking region and its hinterland (Woźniak 2021: 233–4).

Regarding large and long-lasting Type 1 settlement-production sites, as many as 15,000 furnaces may have operated at Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts. A few thousand are thought possible at Biskupice, Site 1, Brwinów, Site 4, Parzniew, Site 6 and Pęcice, Site 4 (all Pruszków District), and a few hundred at Pruszków (Malichy)-Reguły, Site 7, Rusiec, Site 2 and Kotowice, Site 1 (all Pruszków District) (Woyda 2004: 132–3, Tab. 1, 134, 137–8, 141–3; 2002: 122–3, 144, Tab. 1; Woźniak 2018: 367, 370, note 4; Orzechowski 2013: 216; 2022: 117). The division of production and dwelling zones is possible at such sites, although it mainly involved smelting activities and not necessarily the later stages of ironmaking. At Biskupice, Site 1, the dwelling zone is intersected by a cluster of furnaces (Figure 12). Two large furnace complexes may have existed on either side of the dwelling area. Another furnace complex was recorded in the southern part of the site (Woyda 2004: 134, 135, Fig. 3, 136, Fig. 4, 137, 148; 2002: 123–4, 127, Fig. 5; Orzechowski 2013: 216, 217, Fig. 112, 218, Fig. 113, 219; Tomczak 2007: 179–80; Lehnhardt 2019: 209, Fig. 218; 2020: 162, Fig. 6).

Furnace clusters in straight lines have also been reported at Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts; Brwinów, Site 4, Pęcice, Site 4 and Parzniew, Site 6 (all Pruszków District). Explanations for this arrangement include technological, organizational and ritual reasons. Two furnace clusters at Milanówek-Falęcin may imply two chronologically different settlement phases (Woyda 2004: 137–8, 141–3; 2002: 123–5; Orzechowski 2013: 219, Fig. 114, 220; cf. Tomczak 2007: 179; Woźniak 2018: 365, Fig. 2, 367, 368, Fig. 4, 370–1).

Much less is known about Type 2 sites. These sites have been studied solely on the basis of surveys and none of these was excavated to such a degree that it would be possible to clearly determine their functions (Woyda 2004: 131; 2002: 122; Orzechowski 2013: 220; Tomczak 2007: 177).

Silesia

Silesia was not a single smelting region but rather a group of local centres operating within different settlement structures. Local ironmaking was scattered and more akin to a natural economy (Orzechowski 2013: 224–5; Rauhut 1957: 224–5, Map 2, 226–63, 264–5, Map 3, 266–91; Tomczak 1980: 166). Madera identified over 600 sites with smelting slag that can be related to the Przeworsk Culture in Silesia and isolated 12 smelting regions (Figure 13) (Madera 2020: 190, 191, Fig. 11; 2002: 63, Tab. 3, 65, 70, Map 2; Orzechowski 2013: 225, 226, Fig. 117, 227; Lehnhardt 2019: 29, Fig. 16; Lehnhardt et al. 2019: 177).

The Brzeg (Brieg) and Środa Śląska (Neumarkt) smelting regions coincide with local settlement regions, while others encompass areas that are either smaller or larger than local settlement zones. The Upper Silesian regions basically fit within local settlement patterns (Madera 2020: 190; Orzechowski 2013: 227; Pazda 1980: 15–19, Map 1, quoted after Orzechowski 2013: 227; Godłowski 1969: Map 1). Due to the named settlement decrease in Lower Silesia at the end of the Late Pre-Roman Period, weak traces of iron smelting in the Głogów (Glogau), Dolna Barycz (Nieder Bartsch)-Odra (Oder), Kaczawa (Katzbach), Środa Śląska (Neumarkt), Bystrzyca (Weistritz)-Oława (Ohlau) and Widawa (Weide) regions should rather be related to earlier stages of this period. A revival first occurred in Phase B2b (c. AD 110/120–160) of the Roman Period, accompanied by a strong increase in ironmaking activity, which spread throughout the entire territory of Lower Silesia (Orzechowski 2013: 227–8; Pazda 1980: 39–41, 100–1, 104–5, quoted after Orzechowski 2013: 227–8; Madera 2002: 63, Tab. 3, 66; 2020: 192). Further settlement development in Phases B2b, C1 and the early part of Phase C2 (c. AD 110/120–after 260) also saw an increase in iron smelting. Apart from the Dolna Barycz (Nieder Bartsch)-Odra (Oder) and the Bystrzyca (Weistritz)-Oława (Ohlau) regions, there is evidence for ironmaking in the Górna Barycz (Ober Bartsch), Widawa (Weide) and Brzeg (Brieg) regions. In the late part of the Younger Roman Period and in the Late Roman Period (c. AD 310–450), two settlement zones sprung up in Lower Silesia. The one to the south continued to develop, while the one to the north became considerably belated (Orzechowski 2013: 229; Pazda 1980: 236, quoted after Orzechowski 2013: 228–9; Madera 2002: 66). Thus, iron smelting slowly disappeared in the north. Smelting activity in the Głogów (Glogau) and Środa Śląska (Neumarkt) regions was reduced to individual sites and a marked reduction also occurred in the Bystrzyca (Weistritz)-Oława (Ohlau), Dolna Barycz (Nieder Bartsch)-Odra (Oder) and Widawa (Weide) regions. Ironmaking continued to develop in the Brzeg (Brieg) region, however, which became the most important smelting region within the entire territory of the Przeworsk Culture (Orzechowski 2013: 229; Pazda 1994: 168–72).
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Figure 11  General extent of the iron smelting region in Masovia. Settlement data after Janiszewski (2018: 383, Fig. 1). Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Figure 12  General plan of the excavated part of Biskupice, Site 1. After Lehnhardt (2020: 162, Fig. 6). Background map: M. Chwiej. Afterdrawing: G. Żabiński.



In Upper Silesia, the few traces of iron smelting in Phase A (c. 200 BC–AD 1) of the Late Pre-Roman Period are associated solely with the Stobrawa (Stober) region. This is explained by a concentrated La Tène settlement in the Głubczyce Upland, which disappeared perhaps in the early part of Phase La Tène D1 (c. 150–50 BC). Larger Przeworsk Culture communities appeared in this area first in Phase B1 (c. AD 1–80) but mainly in Phase B2 (c. AD 80–160) of the Roman Period. In the mid-first century AD, an area of settlement appeared in the vicinity of Opole (Oppeln) and Strzelce Opolskie (Groß Strehlitz) and by the end of the century, permanent settlement began to form in Upper Silesia. Thus, it is believed that large-scale ironmaking in Upper Silesia commenced during Phase B2 (c. AD 80–160) of the Roman Period. In Phase C (c. AD 160–375), the main areas were the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) and Głubczyce (Leobschütz) regions. Although there was a decrease in production in Phase D (c. AD 375–450), Upper Silesian ironmaking remained significant (Orzechowski 2013: 229–30; Madera 2002: 63, Tab. 3, 66; Tomczak 1980: 164, 165, Fig. 1, 166; Godłowski 1969: 81–3, 228–9; 1965: 235, 236, Map 1, 237–41).

In the Late Pre-Roman Period (c. 150 BC–AD 1) and at the beginning of the Early Roman Period (c. AD 1–80), ironmaking in Silesia was chiefly a local affair. The demographic development at the turn of the Early Roman Period and the Younger Roman Period (c. AD 160) saw a popularization of iron smelting technology. Most workshops probably still operated for local needs, but a considerable surplus of iron may have been smelted in some regions, such as those of Bystrzyca (Weistritz)-Oława (Ohlau), Brzeg (Brieg), Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) and Głubczyce (Leobschütz). Considerable scale market-oriented iron smelting commenced in Silesia when the smelting regions in Masovia and the Holy Cross Mountains fell into decline. This implies continuity to the development of ironmaking in different territories of the Przeworsk Culture throughout the entire time of its existence, Silesia being the most important during its later stages (Orzechowski 2013: 230–1; Pazda 1980: 234–5, quoted after Orzechowski 2013: 230).

Two basic types of smelting sites can be identified in Silesia: workshops aimed at meeting ad hoc needs, where a few up to some dozen smelting operations were conducted, and larger specialist market-oriented centres with some dozen up to a few hundred furnaces (Orzechowski 2013: 231–2; Domański 1971: 236–7; Pazda 1968a: 377; Bielenin 1975: 186). An example of a small site is Dobrzeń Mały (Klein Döbern), Site 8(B), Opole District (Figure 14), which was in operation during Phases C1-C3 (c. AD 160–375). Perhaps up to 20 smelting operations were conducted there (Orzechowski 2013: 232, 233, Fig. 118; Tomczak 1979: 168–75, 177, 179, 183, 189–90; Pawłowski 1979: 193, 194, Fig. 1, 195–203; 1977: 5, 6, Fig. 1, 7–8; 1976: 52–5; Madera 2008: 197, cat. No. 3; 2020: 199, Fig. 21g, 200). Other similar sites included Bielice (Bielitz), Site 1, Nysa District (Orzechowski 2013: 232, 233, Fig. 119; Holc et al. 1994: 236–7, 238, Fig. 3, 239–41; Jarosz and Matuszczyk 1998: 78, 79, Fig. 2, 81–2; Madera 2020: 200), Namysłów (Namslau), Site 69, Namysłów District (Orzechowski 2013: 232, 234, Fig. 120; Kosicki 2002: 117, 119, Fig. 2l; 1998: 299–311; 1996: 357–8; Lehnhardt 2019: 212–13, 214, Fig. 227, 215), Lizawice (Leisewitz), Site 3, Oława District (Orzechowski 2013: 234; Madera 2008: 197, cat. No. 7; Pazda 1966: 293–4, 295, Fig. 2; 1968a: 377–8; 1968b: 39–42; 1969: 323–7), Wrocław-Żerniki (Breslau-Neukirch), Site 1 (Orzechowski 2013: 234; Bednarek 1997: 93–112), Osetno Małe (Klein Osten)-Kietlów (Kittlau), Site 1, Góra District (Orzechowski 2013: 234; Madera 2020: 199, Fig. 21f, 200; 2008: 198, cat. No. 10; Kramarkowa 1985: 104–8; Bukowska and Kramarkowa 1973: 235–46; 1972: 177–87; 1971: 147–61; 1970: 105–21), Płoski (Pluskau), Site 3, Góra District (Orzechowski 2013: 234), Smardy Górne (Ober Schmardt), Site 12, Kluczbork District (Orzechowski 2013: 234), Niezgoda (Nesigode), Site 2, Trzebnica District (Biszkont and Błażejewski 1999: 453–9; Orzechowski 2013: 234) and Wrocław-Widawa (Breslau-Weide), Site 17, Wrocław District (Baron 2014: 267, 283, 284, Fig. 42, 313–14).
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Figure 13  Smelting regions in Silesia. Region borders after Madera (2002: 70, Map 2), redrawn after Orzechowski (2013: 226, Fig. 117). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Figure 14  Furnace site at Dobrzeń Mały (Klein Döbern), Site 8(B), Opole District. After Pawłowski (1979: 194, Fig. 1), redrawn after Orzechowski (2013: 233, Fig. 118). Afterdrawing: G. Żabiński.



At larger sites, ironmaking and settlement features were usually separated. At Tarchalice (Tarxdorf), Site 1, Wołów District, most of the 75 smelting furnaces were grouped into three clusters while four furnaces were situated in the dwelling zone (Orzechowski 2013: 235, Fig. 121; 237; Madera 2008: 199, cat. No. 18; Mamzer 1984b: 88–9; Domański 1972: 391–4, 403–14, 415–16, Tab. 1, 422–35; 1969: 33–4; Bielenin 1975: 177–8; Cehak-Hołubowiczowa 1960: 12–19; Lehnhardt 2019: 217). At Psary (Hünern), Site 1, Góra District, there were eight furnace complexes with around 119 furnaces within an area of c. 20 ha. Complex II with 89 furnaces in four columns was the largest (Figure 15). At the edges of these complexes, hearths, charcoal piles, ore roasters, lime kilns and features for further iron processing have been uncovered (Orzechowski 2013: 236, Figs 122 and 123, 237–8; Mamzer 1984b: 89, Fig. 3, 90–1; Madera 2008: 198, cat. No. 13; 2020: 199, Fig. 21b, 200; Mamzer and Pazdur 1984: 67–9, 70, Fig. 3, 71–3; Różycka 1969a: 129–33; 1969b: 339, Fig. 1, 343; 1968a: 315–18; 1968b: 43–4; Lehnhardt 2019: 215, Fig. 230, 216). Other large settlement-production sites in Silesia include Polwica (Polwitz), Sites 4 and 5, Skrzypnik (Runzen), Site 8 (all Oława District) and Opole-Malina (Groszowice) (Oppeln-Malino, Groschwitz), Site 114, Opole District (Orzechowski 2013: 237, Fig. 124, 238–9; Madera 2008: 198, cat. No. 11; Dobrakowski et al. 2000: 34–6; Berduła and Dobrakowski 2002: 102, Fig. 2, 106; Lehnhardt 2019: 215–16; Domański 1971: 189–90, 191, Fig. 2, 192, 229–40; Kaźmierczyk 1955: 77–9).

The Brzeg (Brieg) region encompasses an area of about 300 km2 between the River Odra (Oder), River Nysa Kłodzka (Glatzer Neisse) and the basin of the stream Psarski Potok (Hünern Bach). The territory between the Rivers Oława (Ohlau) and Nysa Kłodzka (Glatzer Neisse) is believed to have been first populated in the late phase of the Przeworsk Culture. 14 clusters of sites have been isolated in this region, most of which were of two to four sites. These include what are likely to be smelting or smithing workshops with possible dwelling structures, as well as dwelling sites (Orzechowski 2013: 239, 240, Figs 125 and 126, 241; Pazda 1994: 148–54, 155, Fig. 65, 156–62; Chmielowska 2017: 54, 55, Fig. 2: 59–68, 69, Fig. 3). In Przylesie Dolne (Seiffersdorf), Brzeg District, there was a smelting workshop (Site 6) with its parent dwelling settlement (Site 7) located at a distance of c. 200 m. The smelting workshop included 13–15 bloomery furnaces and other features such as ore and charcoal depots, charcoal piles, an ore roaster and others. The entire ironmaking process from iron smelting to post-reduction stages may have been conducted there (Orzechowski 2013: 241, 242, Fig. 127, 243; Pazda 2002a: 159–60, 161, Fig. 2, 162–213, 222–7; 2002b: 90, 98; 1994: 93–4, cat. Nos 75–6, 162–4; Krawczyk 1991: 129, 130, Fig. 1, 131; 1992: 89–91, 92, Fig. 1; Krawczyk et al. 1991: 123–7; Macewicz and Pazda 1990: 222–9; Chmielowska 2017: 62–3; Madera 2020: 200). At Buszyce (Buchitz), Site 9, Brzeg District, five smelting furnaces, ore depots and charcoal depots were uncovered. The iron smelting stage was carried out at Site 9, while further processing took place in a smithing workshop at Site 10 (Orzechowski 2013: 241, 242, Fig. 128, 243; Pazda 1994: 9–10, 11, Fig. 4, 12–25, 26, Fig. 15, 27–77, 79–80, cat. Nos 4 and 5, 102–16, 138–43; Bednarek and Pazda 1989: 40–4; Chmielowska 2017: 64–5; Madera 2020: 200). The Brzeg (Brieg) iron smelting region was likely in operation during Phase D (c. AD 375–450). It developed in a previously unpopulated area and was perhaps ancillary to the Bystrzyca (Weistritz)-Oława (Ohlau) settlement region. In other parts of Silesia, ironmaking developed as a consequence of settlement growth and thus increased demand for iron; settlement in this region may have originated in order to supply the workforce for market-oriented iron smelting (Orzechowski 2013: 243; Pazda 1994: 148–62, 168–72; Chmielowska 2017: 55, 59).
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Figure 15  Furnace Complex II at Psary (Hünern), Site 1. After Mamzer (1984b: 89, Fig. 3), redrawn after Orzechowski (2013: 236, Fig. 123). Aftedrawing: G. Żabiński.



A regional study has recently been conducted near Namysłów (Namslau) in the Widawa (Weide) smelting region. 13 sites with slag finds have been identified there. Possible traces of iron smelting were found at Sites 4 and 5 in Pielgrzymowice (Neudorf bei Bernstadt), Namysłów District. Site 5 was probably a small site, chiefly operating for local needs. Its chronology falls between the Late Pre-Roman Period (c. 200 BC–c. AD 1) and possibly the fourth or early fifth century AD. Surveys in other localities in this area have also identified possible traces of iron metallurgy (Lehnhardt 2019: 244–5, 246, Fig. 275, 247, 248, Fig. 280, 249–50, 251, Fig. 283, 252–9, 260, Fig. 299, 261, Fig. 300, 262, Fig. 301, 263, Fig. 302, 264–88, 289, Tab. 60, 291–6; 2020: 159–60; Lehnhardt et al. 2019: 179, Fig. 2, 180, Fig. 3, 181, Fig. 4, 182, Fig. 5, 183–223, 225, Tab. 5; Thelemann et al. 2015: 114–26).

Volume of iron production and its possible recipients

The volume of iron production can be assessed by examining relationships between the volumes of ore, slag and iron and then calculating the amount of metal produced. Experiments conducted in relation to Holy Cross Mountains ironmaking suggest that the raw bloom weight was around 10–17% of the original ore weight, while a weight proportion of c. 25–35% between the bloom and the slag block has been proposed. Using rich hematite from Rudki, Kielce District, the amount of iron is calculated to be c. 33% of the ore weight, for quality limonites c. 18% but only 10–15% for poor bog ores (Orzechowski 2013: 245–7; Orzechowski and Przychodni 2014: 252; Madera 2020: 198; Radwan 1962: 264–9; 1963: 144–6; 1964: 367–70; Pleiner and Radwan 1962: 310–18; Przychodni and Suliga 2016: 152–7, 167; Karbowniczek 2006: 158; Pleiner 2000: 85–6; Lehnhardt 2019: 23–5). Buchwald suggests that free iron would account for about 8% to above 20% of the ore weight (Buchwald 2005: 93). In an experiment conducted with hematite-rich Elban ore, a bloom of c. 5 kg was obtained from c. 45 kg of ore (Benvenuti et al. 2016: 4–5, 6, Tab. 1), giving a yield of about 11.1%. Varying ratios were reported from experiments by Crew (2013: 36–7, 40, 44, 45, Tab. 6). Experiments by Madera and colleagues resulted in iron yields of 20–30% of the ore weight (Madera et al. 2018: 440–6). Bielenin proposed that the weight of a raw bloom from a ‘standard’ Type Holy Cross Mountains Slag-Pit furnace was about 33 kg. After purification, an approximately 20-kg bar could be obtained (Bielenin 2006: 18; 1992: 186). Orzechowski suggested c. 15–18 kg, which means that the final weight of iron would be between 7.8% and 9.3% of the ore weight (Orzechowski 2013: 247; 2015: 441; 2019: 172–3).

Bielenin proposed a figure of 425,000 smelting furnaces for the Holy Cross Mountains region and its northern enclaves. He assessed the volume of production at about 400 tons of iron for not organized smelting sites and over 8,000 tons for organized ones (Bielenin 2006: 18–19; 1992: 190–1, 192, Tab. 35). Sz. Orzechowski proposed c. 600,000–650,000 furnaces, or at least over 550,000. He suggests that 600,000 furnaces may have produced between 9,000 and 10,800 tons throughout the entire period of operation of the region, although a majority of this iron was likely smelted about the mid-second century AD (Orzechowski 2013: 247–50; 2015: 441; 2018: 395; 2019: 173; 2022: 119; Orzechowski and Wichman 2006: 76, 81–8). In Masovia, there may have been as many as 120,000–150,000 smelting furnaces. Assuming the average weight of a Masovian slag block to be 60–80 kg and assuming 15 kg of iron per 100 kg of slag, the total production of wrought iron blooms was perhaps between 1,080 and 1,800 tons (Orzechowski 2013: 250–1; 2015: 443; 2018: 395; 2019: 173; 2022: 119; Woyda 2004: 135, 149; 2002: 123, 131). For Silesia, the total number of smelting operations in the Brzeg (Brieg) region may have been around 1,200, yielding more than 132 tons of iron (Pazda 1994: 167–8; Orzechowski 2013: 251–3; 2018: 395). The total production of about 630 Przeworsk Culture Silesian smelting sites was c. 500 tons, which is three times less than in Masovia and 20 times less than in the Holy Cross Mountains (Orzechowski 2013: 253; 2015: 443; 2019: 173; 2022: 119; Madera 2020: 200).

The majority of Silesian iron was smelted for local needs. Surplus metal that could be traded was made in selected areas only, first of all in the Brzeg (Brieg) region. Its iron may have been distributed to other parts of Silesia or even to neighbouring lands (Madera 2020: 200–1; Pazda 1994: 171–2; Orzechowski 2013: 254; 2015: 444; 2018: 397; Pazda 1980: 234–5, quoted after Orzechowski 2013).

In the Early Roman Period, Masovia was the only large-scale ironmaking region in the Przeworsk Culture. As organized iron smelting was still in its infancy in the Holy Cross Mountains in this period and there was a settlement decrease in Silesia, Masovian iron was perhaps distributed throughout the entire Przeworsk Culture territory (Orzechowski 2013: 254–5; 2015: 444; 2018: 397). In contrast, Woyda suggests that Przeworsk Culture communities met their own needs via local smelting activities. Thus, the output of the large centres was probably not related to local demand. Masovian iron may have served military-political aims of Jastorf-origin communities who settled in territories along the Danube and the Black Sea, and of the Marcomanni along the central Danube (Woyda 2004: 159–61; 2002: 138–40). Bielenin suggested that the Holy Cross Mountains and the Masovia region may have had different organizers and different recipients of their production. Masovia may have been linked to Jutland and north-western parts of Barbaricum (Bielenin 2006: 22–3).

The massive scale of iron production by the organized furnace complexes in the Holy Cross Mountains could suggest that this production was related to large external markets. As the mine in Rudki, Kielce District was believed to be a significant supplier of ore, the idea of organization of mass ironmaking must have originated in areas where underground mining was known, that is, in the sphere of Classical culture. Based on finds of Roman coin hoards, Bielenin believed that Holy Cross Mountains iron was exported to the Danubian provinces of Rome. This ironmaking was perhaps supervised by Roman officials or there may have been Roman trade posts in the region. Bielenin rejected the idea that this region was a raw material and weaponry hinterland for Germanic tribes during the Marcomannic Wars (c. AD 166–180). However, some of the Holy Cross Mountains iron may have reached Barbarians living between the Carpathians and the Danube limes (Bielenin 2006: 19, 21–3, 25–7; 2002: 19–20; Pleiner 2000: 46; 1965: 47–8, 74).

In contrast to the above, Godłowski maintained that the iron produced was mainly used by Przeworsk Culture communities. Although there was a high concentration of Roman coins in the Holy Cross Mountains, this was not vastly different from many other areas in Barbaricum. Moreover, the number of Roman imports such as metal, glass and terra sigillata along the River Kamienna valley was relatively low. Roman coins may have also been used by the local population in their internal economic activity, including the iron trade. The export of local iron to Rome would hardly have been profitable according to Godłowski, due to the existence of a large ironmaking region in Noricum, which had access to high-grade ores and much better technology. In contrast to the trade of amber, which is evidenced by written sources and by raw amber hoards, no mentions of the iron trade or finds of possibly exported semi-products are known. Moreover, total iron production of the Holy Cross Mountains (estimated in the 1960s at c. 4,000 tons) did not exceed local demand. All in all, Godłowski argued that the chiefly local use of this iron was much more probable than its exportation to Rome (Godłowski 1966: 98–103; 1973: 241–6; Piaskowski 1972e: 262–9; 1986: 534). Pleiner remarked that even the largest non-Roman ironmaking regions ‘barely achieved 10% of Roman production levels’ (Pleiner 2000: 47). This raises the question of whether there was a need for Rome to import iron from beyond the northern limes.

Orzechowski notes that the production of iron may have increased significantly in the second century AD and that this period of mass ironmaking may have lasted to the early third century AD. At just 100–150 years long, it would be difficult to assume a steady intensity of production throughout this time. Any surplus in Holy Cross Mountains iron may have been sent to Carpathian Basin populations. This is also suggested by similarities in the material culture (including metal artefacts) of these populations and the Przeworsk Culture. An increase in the demand for iron in the Carpathian Basin may have occurred before the Marcomannic Wars or thereafter, due to the devastation of war and the possible cutting off of local communities from Roman provincial iron. The export of Holy Cross Mountains iron to Rome, Orzechowski notes, was unlikely. However, it may have been sent to the Marcomanni and the Quadi, as a smelting centre in a remote hinterland may have been a good supply base for communities involved in a long conflict with Rome (Orzechowski 2013: 255–6; 2015: 444; 2018: 397–8; Bielenin 1992: 195–6; 2002: 17; Godłowski 1982: 60; quoted after Orzechowski 2013: 255–6).

Bloomery furnace types and organization of smelting sites

Bloomery furnaces

The most widespread type of bloomery furnace both in the Przeworsk Culture and in non-Roman Europe was a single-use slag-pit furnace, consisting of a slag-pit and a clay shaft. Sometimes, such a furnace was provided with a pit canal, which ran from the surface of the ground beyond the border of the shaft to the slag-pit (Orzechowski 2013: 94–5, 110–11; 2011: 42–3; 2015: 438, 440; 2019: 170–1; 2022: 111–13; Bielenin 1992: 75, 78, 79, Fig. 39B; 1973: 56, Fig. 31, 57; Woyda 2004: 148–9, 151, Fig. 16, 153, 154, Fig. 19; 2002: 130–1, 132–3, Fig. 15, 135, 136, Fig. 17; Lehnhardt 2019: 23, Fig. 11, 69–70).

There were in general three types of slag-pit: small (diameter up to 30 cm, depth up to 45 cm), typical (diameter 30–50 cm, depth up to 50 cm) and large (diameter and depth over 50 cm). Those with a diameter over 80 cm were termed ‘very large’ (Orzechowski 2013: 95–6, Fig. 40; 2015: 438, 440; Madera 2008: 171; Bielenin 1973: 50, 51, Fig. 25, 52). Furnaces with ‘very large’ slag-pits were especially notable in Silesia, occurring at 25 sites. Madera supposed that the idea for such ‘very large’ slag-pits may have come from Roman provincial workshops (Madera 2020: 193, Fig. 12, 194, Fig. 13, 196–7, 201–2; 2008: 171, 172, Tab. 1, 173, Fig. 1, 192, 196–9, cat. Nos 1–18; Baron 2014: 283, 284, Fig. 42i, 286, Fig. 44d,e; Madera et al. 2018: 439; Kamyszek and Żygadło 2023). Most slag-pits in all the regions in question fit within the range of 35–40 cm in diameter. Slag-pit walls were sometimes reinforced with clay linings and wooden pegs. Clay linings can often be found in Silesia, especially in furnaces with ‘very large’ slag-pits, including at Dobrzeń Mały (Klein Döbern), Site 8, Opole District (Orzechowski 2013: 97, 98, Fig. 43, 99, Fig. 45; Madera 2020: 195, Fig. 14, 196, 197, Figs 17–20; 2008: 193; Pawłowski 1979: 196, 199–200; 1977: 6; 1976: 53; Tomczak 1979: 173, Fig. 5, 175). Reinforcements with pegs are known from Tarchalice (Tarxdorf), Site 1 and Dębno (Schöneiche), Site 14, both Wołów District (Madera 2020: 197; 2008: 171–3, 189, Fig. 14, 193; Orzechowski 2013: 98, 100, 101, Fig. 46; Bielenin 1975: 175; Cehak-Hołubowiczowa 1960: 15; Hołubowicz 1956: 208, Fig. 1, 210, Fig. 4, 211; Domański 1972: 426; 1975: 455–6).

The two basic types of bloomery furnace in the Holy Cross Mountains were Type Kunów and Type Holy Cross Mountains Slag-Pit (Figure 16). The slag-pit diameter of the former was between 25 and 32 cm and its depth varied from 35 to 50 cm. Such furnaces usually occurred in small not organized furnace complexes. Slag blocks from such furnaces weighed between 8 and 12 kg. The slag-pit diameter of the latter type was c. 45 cm or sometimes more. Organized furnace complexes are composed of furnaces of this type. They yielded larger slag blocks, generally between 80 and 120 kg, but heavier blocks (172 kg) have also been reported (Orzechowski 2013: 100, 101, Fig. 47; Bielenin 1992: 75–8; 1973: 14, Fig. 1, 26; Bielenin and Radwan 1959: 298; Orzechowski et al. 2016: 21; Pleiner 2000: 160–2). These figures may sound impressive, but Pleiner suggested a weight of c. 100 kg for most slag blocks of the ‘Romano-Barbarian period’ (Pleiner 2000: 259). Buchwald (2005: 97) reported 100–200 kg or more. It must be remembered, however, that the raw bloom weight was only a small part of the weight of the slag.
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Figure 16  Types of Holy Cross Mountains bloomery smelting furnaces according to K. Bielenin. A, Type Kunów; B, Type Holy Cross Mountains Slag-Pit. After Orzechowski (2013: 101, Fig. 47). Afterdrawing: G. Żabiński.



Woyda identified five furnace types for Masovia (Figure 17). As pit canals were popular in this region, the shape and size of these canals became the main criterion for classifying them. About 70% of early furnaces were provided with pit canals or side extensions, while in the final phase of operation of this region such canals were rare. The diameters of the top and bottom parts of slag-pits varied. The former were between 30 and 50 cm, with 40–5 cm being the most frequent size; the latter varied between 40 and 90 cm, but most often 50–60 cm. Slag-pit depths ranged between 40 and 70 cm (60 cm on average). The size of slag-pits increased over time. Slag blocks from the early stage of the Masovian region may have weighed a mere 20 kg, while later finds reached 60–80 kg. The weight of slag blocks from the last stage may have been 100 or even 200 kg (Woyda 2004: 131, 149, 151, Fig. 16; 2002: 131–2, 133, Fig. 15; Orzechowski 2013: 100, 102, Fig. 48, 103; Mamzer 1984a: 70–1, 77–9). Madera believes that the presence of such large furnaces in Masovia might be the result of Silesian influence (Madera 2020: 202). Some slag-pits were also provided with so-called auxiliary pits, which may have in fact been a variant of pit canals (Orzechowski 2013: 103, 104, Fig. 49; Bielenin 1973: 51–2, 53, Fig. 28, 54).
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Figure 17  Masovian slag-pits according to S. Woyda. After Orzechowski (2013: 102, Fig. 48). Afterdrawing: G. Żabiński.



The smallest slag-pits of Silesian furnaces were about 35–40 cm in diameter, while the largest ones reached 100 or even 150 cm (Figure 18). The slag block from the large Furnace 720 at Dobrzeń Mały (Klein Döbern), Site 8, Opole District weighed 442 kg (Orzechowski 2013: 103; Pawłowski 1979: 195–6; 1976: 53; Tomczak 1979: 175; Madera 2020: 198). Controversy surrounded the furnaces at Tarchalice (Tarxdorf), Site 1, Wołów District. The idea that they may have been used twice (Cehak-Hołubowiczowa 1960: 13–14; Hołubowicz 1956: 212) has been rejected (Orzechowski 2013: 103, 105). Wooden reinforcements of slag-pit walls were found in 19 of 75 furnaces. The average furnace diameter was 70–80 cm, but some exceeded 90 cm. The upper parts of such extra-large slag-pits are much narrower than the bottom parts (Madera 2008: 174, 176, 178, 179, Fig. 6, 180–4, 185, Fig. 10, 188, 189, Fig. 14, 193, 196; 2020: 196–8; Madera et al. 2018: 439; Orzechowski 2013: 105, 106, Fig. 51, 107, Fig. 52, 108, Fig. 53, 109–10; Bielenin 1975: 175; Domański 2000: 192: 1972: 426).
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Figure 18  Silesian furnaces with extra-large slag-pits. A, Tarchalice (Tarxdorf), Site 1, Wołów District; B, Brzeg Dolny (Dyhernfurth), Site 60, Wołów District. After Madera (2008: 189, Fig. 14). Afterdrawing: G. Żabiński.



In Silesia, pit canals have been identified at Tarchalice (Tarxdorf), Site 1, Wołów District (Madera et al. 2018: 439; Orzechowski 2013: 111; Bielenin 1975: 177, 178–9, Fig. I, 181–2; Domański 1972: 431–3; 1975: 455–7) and could be supposed at Polwica (Polwitz), Site 4, Oława District and at Wrocław-Widawa (Breslau-Weide), Site 17, Wrocław District (Orzechowski 2013: 111; 2011: 43; Berduła and Dobrakowski 2002: 104, 111, Figs 9 and 10; Lehnhardt 2019: 87, 88, Fig. 82, 89, Figs 83–5, 90, Figs 86–7). In the Holy Cross Mountains, pit canals have been identified in 59 furnaces only, but their actual number may have been greater (Orzechowski 2013: 111, 113, Fig. 58, 114, Tab. 15; 2011: 43, 45–7, 48, Fig. 11; 2007: 206–7, Tab. 15; Orzechowski et al. 2016: 21–2, 33, Tab. 1, 38, Fig. 4; Bielenin 1992: 72, Fig. 33, 73, Fig. 34, Tab. 6, 73, Fig. 35; Lehnhardt 2019: 85–6, 87, Fig. 81). As in Masovia, pit canals in the Holy Cross Mountains are mostly associated with the early phase of this region and usually occur in not organized furnace complexes (Orzechowski 2013: 114; 2011: 48–9; 2006: 45). The main role of the pit canal was perhaps to provide an additional air supply. Moreover, smelters could observe slag accumulation and thus monitor the smelting process. A gradual abandonment of pit canals implies that ancient smelters improved their competences, which rendered such canals redundant (Woyda 2004: 149, 153, Fig. 18, 154, Fig. 19; 2002: 131, 135, 136, Fig. 17, 137, Fig. 18; Orzechowski 2013: 111–12, 114–15, 116, Fig. 60, 117; 2011: 43–4, 46, Fig. 9, 49–52; 2007: 208; Orzechowski et al. 2016: 23, 39, Fig. 6; Bielenin 1992: 72; Tomczak 2007: 181–2; Lehnhardt 2019: 73, Fig. 59, 86, 93–6).

Furnace shaft walls were the thickest at their base (usually below 10 cm), while in their upper parts they were 3–4 cm thick. More massive walls (up to 24 cm thick) were found at Przylesie Dolne (Seiffersdorf), Site 6 and Buszyce (Buchitz), Site 9 (both Brzeg District). Parts of broken furnace walls may have been reused to fit out new furnaces. Moreover, some furnaces were constructed from reusable clay ‘bricks’ (Orzechowski 2013: 117–19, 120, Fig. 52; Pazda 2002a: 207, 222, 225–6; 2002b: 85; 1994: 103–4; Madera 2020: 198; 2008: 193; Woyda 2004: 149, 151; 2002: 134; Bielenin 1992: 69–71; 1973: 54–5, Fig. 20, 56–7, 62; Bednarek 2001: 543). In terms of shaft height, c. 50 cm for furnaces with small slag-pits and c. 100 cm for those with ‘typical’ slag-pits have been proposed, but the actual values may have been higher. A maximum height of c. 150 cm was suggested for Masovian furnaces based on the thickness of their walls (Orzechowski 2013: 120; Suliga 2006a: 165–8; Woyda 2004: 152; cf. 2002: 134–5).

There was probably a preponderance of natural blast as air supply to smelting furnaces. Air supply systems included blast and tuyère openings, as well as tuyères themselves (‘blast bricks’ and pipe-shaped tuyères). The number of blast openings was usually between one and four (Orzechowski 2013: 121–2; Suliga 2006a: 165–7; Bielenin 1973: 21–3, 62–70; 1964: 365–6; Orzechowski and Przychodni 2014: 251; Madera 2020: 198). The most common clay tuyères in the Przeworsk Culture were cuboid ‘blast bricks’. Most finds of air supply systems in the Holy Cross Mountains were classified as blast openings. These were usually funnel-shaped with internal diameters of c. 4 cm and external diameters of c. 12 cm. Yet another argument for the prevalence of natural blast in this region was the location of smelting sites in areas with favourable wind conditions (Orzechowski 2013: 122, 123, Figs 64 and 65, 124; 2006: 41, Fig. 8, 42; 2007: 192–7, 202–3; Bielenin et al. 1990: 90–1, 92, Fig. 16).

There have been around 100 finds of shaft walls with openings in Masovia, with diameters of 1.5–2 cm. Another type of finds includes c. 14 × 11 cm clay cuboids with c. 2 cm wide openings. These cuboids have been labelled ‘reduction plugs’. In the initial stage of the smelting process, the air may have been supplied to the furnace with bellows via openings in the shaft walls. After the desired temperature had been reached, these openings were blocked with ‘reduction plugs’ and the air was supplied naturally through holes in these plugs (Woyda 2004: 151, 153; 2002: 134–5). According to Orzechowski, such ‘plugs’ were instead used in post-reduction hearths as part of forced blast systems. The same may be true of cuboid tuyères measuring c. 14–20 cm long and c. 9–11 cm wide (Orzechowski 2013: 124, 125, Fig. 67, 126, Fig. 68, 127; Woyda 2004: 155, 156, Fig. 22). Similar ‘blast bricks’ are also known from the Holy Cross Mountains. Again these may have been mainly related to post-reduction hearths (Orzechowski 2013: 127; Bielenin et al. 1996: 343, 346, Fig. 5; Pleiner 2000: 196).

In Silesia, two putative ‘blast bricks’ were reported from Miechowice Oławskie (Mechwitz), Site 12, Strzelin District (Bednarek 2001: 543; Orzechowski 2013: 128). Slagged pipe-like long bones from Przylesie Dolne (Seiffersdorf), Site 6, Brzeg District, may have been bellows ends or pipe-shaped tuyères (Orzechowski 2013: 128, 129, Fig. 70; Pazda 2002a: 167–8, 214, 218–19, 220–1, Figs 40 and 41; 2002b: 95–6, 98, Fig. 20). Pipe-like bones from Lizawice (Leisewitz), Site 3, Oława District were perhaps bellows ends (Orzechowski 2013: 128, 129, Fig. 71; Pazda 2002a: 218–19, 225, Fig. 44; 2002b: 98, Fig. 21). Natural blast was proposed for Dobrzeń Mały (Klein Döbern), Site 8, Opole District (Orzechowski 2013: 128; Pawłowski 1979: 200, Fig. 7, 201; 1977: 6–7; Tomczak 1979: 175).

In addition to single-use slag-pit furnaces, some features lend themselves to furnaces of other types. Possible single-use freestanding furnaces were found in Silesia at Buszyce (Buchitz), Site 9 and Przylesie Dolne (Seiffersdorf), Site 6 (both Brzeg District). Their diameters were between 130 and 150 cm. These furnaces were built in shallow pits, although Pazda believed that such pits were too small to accumulate slag (Orzechowski 2013: 131, Fig. 72, 132, 133, Figs 73 and 74; Pazda 2002a: 162–3, 164–80, Figs 4–16, 207, 208, Fig. 37.6-7, 209, 218, 222, 226, Fig. 45; 2002b: 85–6, 89, Figs 7–9, 95, 98, Fig. 22; 1994: 13, Fig. 6.1, 16, 17, Fig. 9, 18–19, Fig. 11, 20, 102–4). Orzechowski reports that no trace of openings for tapping the slag outside the furnace has been found and slag finds do not resemble tap slag. Therefore, such furnaces may have actually been multiple-use slag-pit furnaces with larger and shallower pits. After each smelting operation, the slag may have been removed via the opening in the lower part of the shaft (Orzechowski 2013: 132, 134; 2019: 171–2). Nine furnaces at Igołomia, Site 1, Kraków District in Lesser Poland, datable to Phase B2 (c. AD 80–160), were located in walls of sunken ateliers and were shaped like laboratory round-bottom flasks. The internal diameter of their shafts was 14–27 cm, while slag-pit diameters varied between 32 and 44 cm. The height of the entire structure may have been around 130 cm. After each smelting operation, slag was removed via the opening where the shaft joined the slag-pit (Orzechowski 2014: 294, Fig. 3, 295, Fig. 4, 296–8; 2013: 135–6, 137, Fig. 78, 138; 2019: 171; Pleiner 2000: 151, Fig. 36.6, 155–6; see also Madera 2008: 178). Possible domed furnaces are known from Greater Poland and Silesia (Orzechowski 2013: 138; Madera 2008: 188, Fig. 13, 188–9, 192, 197, cat. No. 3, 198–9, cat. Nos 14–17). A furnace (Feature 19) from Dobrzeń Mały (Klein Döbern), Site 8, Opole District was provided with a large circular chamber (134 cm in diameter) whose walls were c. 30 cm thick. In the furnace wall there was a 70–100 cm wide opening. Outside the furnace, this opening transformed into a pit measuring approximately 89 × 140 cm. This was perhaps a multiple-use domed furnace, analogous to Type Burgenland furnaces (Orzechowski 2013: 138, 139, Fig. 79; 2019: 171; 2022: 112; Tomczak 1979: 171, 172, Fig. 4, 173, 175; Madera 2008: 197, cat. No. 3; 2020: 198; Pleiner 2000: 145, 154, 161, Fig. 40.1, 165, 170).

Organization of smelting sites

Iron smelting workshops also included facilities related to the processing and storage of raw materials and to post-reduction stages. Small workshops often had a few to some dozen smelting furnaces situated at some distance from the dwelling area. Some of these furnaces may have been located beyond the main furnace zone, but the chronology of all such furnaces was not necessarily convergent. In most cases, new furnaces were built next to the remains of previous ones. Therefore, the size of not organized furnace complexes in the Holy Cross Mountains is usually between a few and several dozen square metres. In some not organized furnace complexes in this region, furnaces form small clusters which are perhaps a sign of one-time production activities. Both in the Holy Cross Mountains and in Silesia there are examples of a linear or triangular furnace arrangement (Orzechowski 2013: 145, 146, Fig. 82; 2015: 435; Pawłowski 1979: 194, Fig. 1; Holc et al. 1994: 238, Fig. 3). There are also examples in Silesia of furnaces whose walls adjoin one another. In other instances, the distance between furnaces was some dozen cm or between 1 and 2.5 m. There are also sites where the distance between individual features was 2, 5, 30 or even 60 m (Orzechowski 2013: 146, 147, Fig. 83; Madera 2006: 59, 60, Fig. 3, 61, Fig. 4; Bednarek 2002: 502, Fig. 2; 1997: 95, Fig. 2; Kramarkowa 1985: 106, quoted after Orzechowski 2013: 146; Pawłowski 1979: 194, Fig. 1, 195; Holc et al. 1994: 238, Fig. 3; Pazda 1968a: 374, 377; 1966: 295, Fig. 2).

At Dobrzeń Mały (Klein Döbern), Site 8, Opole District in Silesia (Figure 14), there was a cluster of four bloomery furnaces at the workshop’s centre, while the fifth furnace was situated 10 m to the south-west and the sixth c. 15 m to the north-east of the cluster. Thirteen putative heating hearths were located to the west, while another seven such features were situated to the north-west and to the south-east of the furnaces. Ten ore roasters and two roasted ore depots were found 3 m to the south-east of the furnaces. Therefore, all the ironmaking operations from ore preparation and smelting to post-reduction stages may have been conducted there (Orzechowski 2013: 148; Pawłowski 1979: 194, Fig. 1, 195–9).

As regards specialist iron smelting sites, Orzechowski proposed using the term ‘iron smelting settlement’ or ‘production settlement’ for such sites where ironmaking may have been one of the main activities, while sites with a few to a dozen or so smelting furnaces should be called ‘settlements with iron smelting traces’. ‘Production settlement’ would first of all apply to large sites in Masovia (Orzechowski 2013: 148–9; Woyda 2004: 131, 134; 2002: 122). The spatial organization of Masovian ironmaking settlements usually involved the separation of dwellings from the production zone. At Biskupice, Site 1, Pruszków District (Figure 12), the production zone, apart from bloomery furnaces, also included clay extraction pits, an area for ore processing and hearths. These and other parts of ironmaking infrastructure can also be found at other sites (Woyda 2004: 134–5, 136, Fig. 4, 137, 143, 147, 148, Fig. 14, 154–8; 2002: 123–6, 127, Fig. 5, 130, 136–8; Woźniak 2018: 365, Fig. 2, 367, 368, Fig. 4, 370, 374, 375, Fig. 6, 376). In Silesia, the term ‘production settlement’ would apply to Tarchalice (Tarxdorf), Site 1, Wołów District; Psary (Hünern), Site 1, Góra District; Polwica (Polwitz), Sites 4 and 5 and Skrzypnik (Runzen), Site 8 (both Oława District); Domasław (Domslau), Sites 10–12, Wrocław District and perhaps Opole-Malina (Groszowice) (Oppeln-Malino, Groschwitz), Site 114, Opole District (Orzechowski 2013: 149; Bielenin 1975: 186; Domański 1972: 422, 433; 1971: 191, Fig. 2, 229, 236–7; Madera et al. 2018: 437–9; Różycka 1969a: 129–33; Żygadło et al. 2012: 489–98; Suchan et al. 2009: 195–206).

In the transition area between the smelting zone and the settlement zone in the Holy Cross Mountains, there are several large settlements surrounded by ironmaking sites. The most important such complexes include: Nowa Słupia, Site 3, Jeleniów, Sites 19 and 136, Stara Słupia, Site 429 and Skały, Site 1 (all Kielce District); Łomno, Site 38 and Pokrzywnica, Sites 1 and 2 (both Starachowice District); and Nosów, Sites 3, 4 and 6, Ostrowiec Świętokrzyski District (Orzechowski 2013: 149; Bielenin 2002: 17–19). At Skały, Site 1, nearly 30 so-called ‘slag nests’, which may have been furnace clusters, were recorded within c. 0.5 km of the settlement. The area of the settlement itself was about 8 ha and 75 bloomery furnaces in four complexes were discovered there. All these complexes were probably organized ones. Another four complexes were located beyond the settlement zone (Orzechowski 2013: 149, 151, Fig. 86; 2006: 35–6, 37, Fig. 2, 38, Fig. 4, 39, Fig. 5, 40–3; Bielenin et al. 1996: 344, 345, Fig. 4, 351–2, 354–6, 360, Fig. 11). Large concentrations of slag were detected at Pokrzywnica, Site 1, two of which were excavated. In total, eight furnace clusters with 383 smelting furnaces, 12 possible post-reduction hearths, five dwelling features and a few unspecified pits were discovered within an area of c. 10 acres. In addition, another two clusters with 83 furnaces were examined. This gives 466 bloomery furnaces in total, although geomagnetic surveys suggest that there were at least a few thousand (Orzechowski 2013: 151, 152, Fig. 87; 2006: 43–5, 46, Fig. 11, 47, Fig. 12, 48–54, 55, Fig. 21, 56–9; Bielenin et al. 1996, 356–9, 360, Fig. 12, 361–5).

Ironmaking workshops near settlements were a minor part of furnace clusters in the Holy Cross Mountains. Most of the few thousand specialist ironmaking sites in this region were organized furnace complexes situated beyond settlements. These complexes displayed a regular arrangement, in which furnaces were grouped usually into two columns (sometimes one, three or four). In each line of such columns there were two to five furnaces and the columns were always separated by a path. Of 127 examined furnace complexes mentioned by Orzechowski, such a regular arrangement was observed in 83. The average number of furnaces within these complexes was 89, but some contained over 200 (Orzechowski 2013: 151, 153, 154, Fig. 88; 2015: 440, Fig. 5, 441; Bielenin 2006: 19–20, Fig. 7).

Specialist iron smelting workshops are also suspected from the Brzeg (Brieg) region in Silesia. In this region there are features which solely contain slag finds and sometimes fragments of furnace walls. These features are possibly the remains of smelting workshops operating beyond settlements. At Buszyce (Buchitz), Sites 9 and 10 and Przylesie Dolne (Seiffersdorf), Sites 6 and 7 (all Brzeg District), such features were perhaps part of settlement-production complexes with separate smelting and dwelling zones. At Buszyce (Buchitz), Site 9, such a workshop consisted of a central pit that met the needs of a group of three to four smelting furnaces. This cluster was surrounded with depots of raw materials. Six to eight such ateliers with 24–48 smelting furnaces were sited in an area of about 700 m2. At a distance of c. 250 m from Site 9 there was a smithing settlement at Site 10 (Pazda 1994: 9, Fig. 3, 10, 11, Fig. 4, 14–23, 24, Fig. 14, 25, 26, Fig. 15, 27–77, 102–16, 138–9, 141–3, 151; Orzechowski 2013: 154–5; 2015: 441). At Przylesie Dolne (Seiffersdorf), Site 6, smelting furnaces were situated around the workshop’s centre. These were accompanied with auxiliary features that served for the preparation and storage of smelting process components or were used in the post-reduction stage (Pazda 2002a: 159–60, 161, Fig. 2, 162–212, 215–16; 2002b: 84, Fig. 2, 91; Orzechowski 2013: 155; 2015: 441).

Iron smelting in the Przeworsk Culture beyond the main ironmaking regions

Orzechowski notes the popular belief that ironmaking was ubiquitous in the Przeworsk Culture and traces of smelting operations can be found at the majority of settlement sites. In fact, these remnants are usually unspecified slag finds, and smelting furnace finds are much rarer beyond the main ironmaking regions (Orzechowski 2013: 271, 272, Fig. 135; 2015: 435).

There seems to be no direct link between clusters of smelting sites beyond the main regions and the main settlement zones of the Przeworsk Culture. Finds related to ancient iron metallurgy are known from Greater Poland (Figure 19, Nos 4–9). This region is rich in bog ores and the discovery of so-called ‘princely’ graves might suggest the existence of political centres there. However, the scale of local iron smelting must have been much smaller than that in the Holy Cross Mountains and Masovia, since as few as over 80 sites with traces of metallurgy had been reported until the beginning of the twenty-first century. At least three main clusters may have existed in Greater Poland: in the basin of the upper and middle courses of the River Warta, in the basin of the River Wełna and in the basin of the middle course of the River Prosna. Local settlements with smelting furnaces are dated to the end of the Early Roman Period and to the Younger and Late Roman Period. Smelting furnaces were also found along the River Lubieszka and traces of iron metallurgy were reported in the Leszno and the Gniezno Lakelands. Moreover, in the northern part of Greater Poland there are smelting sites which bear traits both of the Przeworsk and the Wielbark Cultures (Orzechowski 2013: 271, 272, Fig. 135, Nos 4–9, 273; 2015: 434, Fig. 1, Nos 4–9, 436; 2019: 159, Fig. 1, Nos 4–9, 19, 165–6; Abramek 1987: 107–11; Siciński 2004: 165–78; cf. Muzolf and Muzolf 2015: 409–14).
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Figure 19  Przeworsk Culture iron smelting beyond the main regions. After Orzechowski (2019: 159, Fig. 1). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



1-1b, Holy Cross Mountains and its enclaves; 2, Masovia; 3, Silesia; 4–9, Greater Poland; 10–12, Cuiavia; 13–15, north-west Lesser Poland; 16–17, south-west Lesser Poland; 18, north-east Lesser Poland; 19, Podlachia.



Traces of Przeworsk Culture ironmaking have also been found in Cuiavia (Figure 19, Nos 10–12). High-quality bog ores can be found in the eastern part of this region. Three phases in the development of local iron metallurgy have been proposed. The first phase covered the Late Pre-Roman Period, when this new skill may have been brought to Cuiavia by Celtic smelters. A further development took place in the Early Roman Period. In the third stage, which commenced in the third century AD, ironmaking is likely to have become centralized (Orzechowski 2013: 272, Fig. 135, Nos 10–12, 273–4; 2015: 434, Fig. 1, Nos 10–12, 436; 2019: 159, Fig. 1, Nos 10–12, 166–7; Lehnhardt 2019: 200–3, 206, Fig. 214, 207, Figs 215–16). Small clusters of smelting sites also occurred in north-western Lesser Poland. In contrast, traces of iron metallurgy are very limited in the Upper Wisła region in south-western Lesser Poland (Figure 19, Nos 13–17). The most significant site is Igołomia, Site 1, Kraków District. It is dated to the Early Roman Period (Orzechowski 2013: 272, Fig. 135, Nos 13–17, 274–5; 2014: 291–2, 293, Fig. 1, 294, Fig. 3, 295, Fig. 4; 296–7; 2015: 434, Fig. 1, Nos 13–17, 436–7; 2019: 159, Fig. 1, Nos 13–17, 167; Pleiner 2000: 151, Fig. 36.6, 155–6). Evidence of iron smelting activity is even more sparse to the east of the River Wisła in north-eastern Lesser Poland (Figure 19, No. 18). Smelting furnaces and slag finds have been discovered on the right bank of the River Wisła to the east of the Holy Cross Mountains region. These remnants may have been related to influences from this ironmaking region. Slag finds and the putative remains of smelting furnaces are known from Sobieszyn, Site 14, Ryki District at the confluence of the Rivers Wieprz and Wisła (Łuczkiewicz 2002: 160, Fig. 2, 161–2, Fig. 5a; Orzechowski 2013: 272, Fig. 135, No. 18, 275; 2015: 434, Fig. 1, No. 18, 437; 2019: 159, Fig. 1, No. 18, 167; Lehnhardt 2019: 209–11, 212, Fig. 223, 213, Figs 224–6). Finally, an iron smelting region also existed in the upper basin of the River Narew in Podlachia (Figure 19, No. 19). This territory was the north-eastern extremity of the Przeworsk Culture in the Early Roman Period and it was later taken over by the Wielbark Culture. More recent research, however, relates these traces of iron smelting to the Stroke-Decorated Pottery Culture and to the Post-Zarubintsy milieu (Orzechowski 2013: 272, Fig. 135, No. 25, 276–7; 2012b: 293–9; 2015: 434, Fig. 1, No. 25; 2019: 159, Fig. 1, No. 26, 169–70).

Beyond the main centres of iron smelting in the Przeworsk Culture, the practice was scattered and conducted on a minor scale, and was unlikely even to have been able to fully meet the local demand for iron. Thus, it should be seen as complementary to mass ironmaking in the specialist centres (Orzechowski 2013: 277; 2015: 435, 437; 2019: 173–4).
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Research on Slag and Ore Finds from the Main Ironmaking Regions of the Przeworsk Culture

Previous research

In addition to iron smelting technology, early research on Przeworsk Culture iron metallurgy also focused on characteristics of metal produced in this culture, including questions of provenance. A key role in this research was played by Jerzy Piaskowski. In 1956, he discussed traits of iron metallurgy in the upper basin of the River Wisła in the La Tène and Roman Periods. This discussion also included the manufacturing technology of artefacts and their provenance (Piaskowski 1956: 45–52, Tabs I–IV, Figs 5 and 7–19). In 1959, Piaskowski and Różycka attempted to describe the characteristics of iron artefacts from the Holy Cross Mountains region. They suggested that local smelters chiefly used P-low hematite ores, with a small share of P-richer bog ores. In their opinion, metal from the Holy Cross Mountains had variable amounts of C (from ferritic iron to hypereutectoid steel), usually had a low P content (0.03–0.17%) and was probably neither heat-treated nor intentionally carburized. Other characteristics included metal microstructure and the presence of some trace elements. On the basis of these characteristics, Piaskowski and Różycka proposed that numerous iron artefacts, not only from the Roman Period but also from the Hallstatt and the La Tène Periods, in what is now Poland were probably manufactured in the Holy Cross Mountains (Piaskowski and Różycka 1959: 388–401). Piaskowski also suggested the presence of Holy Cross Mountains metal in artefacts from the Hallstatt and Early La Tène Periods from Silesia, Lesser Poland, Pomerania and Masovia, based on their very low P content and their heterogeneous but generally low level of carburization (Piaskowski 1959: 135–6; 1960c: 220; 1960b: 279).

Yet another early study by Piaskowski concerned finds of ore, blooms and slag from the Holy Cross Mountains and its neighbourhood. Almost all the ore and slag finds had a low P2O5 content (between 0.14% and 0.51%, although one ore sample contained 3.31%). Iron blooms were heterogeneously carburized and contained 0.030–0.090% P and up to 0.038% Mn. In conclusion, it was proposed that P-low hematite ores were mostly used in the smelting process, with a minor share of ores with higher P levels. Strong and heterogeneous carburization of three out of four blooms suggested that ancient smelters could not control the level of carburization (Piaskowski 1960a: 574–5, Tabs 1 and 2, 576, 577, Tab. 3, 578–9).

In a study of iron Celtic artefacts from Lower (western) Silesia, Piaskowski found highly variable amounts of P (max. 0.4%, min. 0.003%, usually less than 0.15% P). Levels of carburization varied from ferritic iron to hard steel. There was very little evidence of intentional carburization or forge-welding of iron and steel. It was concluded that some of these Celtic artefacts were made of metal from the Holy Cross Mountains (Piaskowski 1961b: 93, Tab. I, 94, Tab. II, 95–9). In a paper on Roman Period artefacts and slag from Greater Poland, Piaskowski also proposed that heterogeneously carburized artefacts with a low P content (in most cases below 0.18% and perhaps below 0.31%) had been made of Holy Cross Mountains metal. Of 60 artefacts studied, 75.0–86.7% may have been made of such metal. Regarding slag, in most cases high levels of P2O5 (above 1%) were observed. Therefore, Piaskowski concluded that ores high in P were mostly used in Greater Poland and ferritic iron artefacts with a high P content were mostly of local origin (Piaskowski 1961a: 178–80, 181–91, Tabs I–XIII, 192–3, Figs 1 and 2, 198–9, Figs 25 and 26, 203–4, Figs 45 and 46, 209–10, Figs 72 and 73, 212, Figs 80 and 81).

In 1961, Sedlak and Piaskowski reported on iron blooms, artefacts, and ore and slag finds from the Holy Cross Mountains. The content of P2O5 in slag was usually low (less than 0.75%), although finds with as much as 1.78% or even 4.70% P2O5 were also made. The level of P in blooms and artefacts was also low, mostly below 0.17%. Sedlak and Piaskowski proposed four types of Holy Cross Mountains metal: (1) heterogeneously carburized (from ferritic to c. 0.8% C), with a P content below 0.17% and with black slag inclusions (ancient metal); (2) soft ferritic iron with a low P content and black slag inclusions (possibly early medieval metal); (3) homogeneously carburized hard steel with c. 0.6–0.8% C, with a low P and high Mn content (probably modern period blast furnace refined metal); and (4) cast iron with a high P content (modern period metal). Regarding the ancient metal, Sedlak and Piaskowski concluded that local hematite low in P was mainly used by smelters in this region, resulting in P-low metal with varying (sometimes high) levels of carburization (Sedlak and Piaskowski 1961: 89–93, 94, Tab. 1, 95–6, 97, Tab. 3, 98, Tab. 4, 99–103; see also Różański 1960: 565–7).

Piaskowski also studied Late La Tène and Roman Period artefacts from Lower Silesia. Their P content varied (max. 0.349%, min. 0.021%) but was usually below 0.149%, and most artefacts were made of soft steel or ferritic iron. He suggested that the majority of these finds came from the Holy Cross Mountains, while some may have been made in Lower Silesia using metal from local P-rich ores (Piaskowski 1962b: 200–1, Tab. 1, 202, Fig. 1, 203–4, Tab. 2, 205, 206, Fig. 2, 207–11). Piaskowski came to a similar conclusion about Roman Period artefacts from northern Lesser Poland and Masovia. Heterogeneously carburized artefacts with a P content below 0.125% were made of Holy Cross Mountains metal, while those with a high P content may have been of Masovian origin. The latter suggestion came with the reservation that bog ores with high P levels were also widespread elsewhere, including the Holy Cross Mountains. Almost all artefacts from northern Lesser Poland were made of metal from the neighbouring Holy Cross Mountains region. Artefacts from this region were also numerous in Masovia, with few Masovian finds being of local origin (Piaskowski 1962a: 160–70).

In 1963, Piaskowski published an extensive study summarizing the characteristics that in his opinion allowed for the discrimination between ancient iron manufactured in the Holy Cross Mountains (termed ‘Holy Cross Mountains metal’) and other regions of what is now Poland. The many characteristics included metal chemistry, such as level of carburization, grain structure and hardness, technological processes such as heat-treatment in artefact making and the morphology of artefacts. Based on 162 artefacts dated to the first to fourth centuries AD from what is now Poland (including 37 from an area within a radius of 100 km from the Holy Cross Mountains), Piaskowski isolated four groups. Group 1 encompassed ‘Holy Cross Mountains artefacts’ – that is, finds that had all the characteristics of ancient Holy Cross Mountains metal. Group 2 included finds that, apart from traits of metal from this region, also had other characteristics. Such finds were termed ‘possible Holy Cross Mountains artefacts’. Group 3 included finds with more pronounced differences from Holy Cross Mountains artefacts. These finds were termed ‘artefacts probably made in other centres’. Group 4 encompassed finds clearly different from those made in the region in question. This group was termed ‘artefacts from other manufacturing centres’. Further analyses enabled Piaskowski to combine Groups 1 and 2 together as Holy Cross Mountains artefacts, while Groups 3 and 4 were considered finds of other provenance (Piaskowski 1963a: 10, 15–16, 21, 24, Tab. I, 25, 26–7, Tab. II, 28, Tab. III).

Piaskowski proposed that five ironmaking centres may have existed in what is now Poland in the Roman Period: (1) the Holy Cross Mountains; (2) the neighbourhood of Kraków-Nowa Huta; (3) vicinities of Poznań, Kalisz and Inowrocław in Greater Poland; (4) Upper and Lower Silesia along the River Odra and its tributaries; and (5) the vicinity of Bielsk Podlaski in Podlachia. The Holy Cross Mountains iron smelting region was the largest of these and about 70% of analysed iron artefacts from what is now Poland were likely made there. The main raw material in the Holy Cross Mountains was P-low hematite (possibly from the mine in Rudki, Kielce District), with a possible small share of ore with higher P content. Holy Cross Mountains slag finds contained between 0.12% and 0.58% P2O5 (0.296% on average). In contrast, the content of P2O5 in slag from Lower (western) Silesia was between 0.73% and 7.24% (2.98% on average). Piaskowski proposed that the ‘Holy Cross Mountains metal’ was heterogeneously carburized. In most cases, it was ferritic iron, soft (up to 0.3% C – such finds were the most common) or medium-carbon (0.3–0.5% C) steel, although some finds were made of harder metal (above 0.5% C). The P content of such metal was one of the main discriminating factors. On the basis of 122 analyses, it was proposed that the P content was generally low (0.03% on average). In about 93% of cases, it was between 0.012% and 0.18%, while in the remaining 7% of finds it was up to about 0.35%. Yet another remarkable trait of the ‘Holy Cross Mountains metal’ was the presence of homogeneously black slag inclusions. In Lower Silesia (only three artefacts were retrieved), the P content was between 0.149% and 0.349% (0.245% on average). The P content in Masovia (five artefacts) was between 0.149% and 0.610% (usually 0.35–0.60%, on average 0.439%) (Piaskowski 1963a: 28–30, 31, Map I, 32, Tab. IV, 33, Tabs V and VI, 35–6, 37, Fig. 2, 38, 39, Fig. 3, 40, 41, Tabs VIII and IX, 41, 56, 69–71).

Piaskowski argued that no intentional carburization and no forge-welding of iron and steel had taken place in the Holy Cross Mountains. Any signs of heat-treatment would be difficult to assess, as almost all studied artefacts came from cremation burials. In Lower Silesia, the use of P-rich bog ores was suggested. Piaskowski assumed that Lower Silesian metal had a low C content. It was thought that no intentional carburization, no forge-welding of iron and steel, and no heat-treatment were in use there. The same was supposedly true for Masovia and it was even proposed that Masovian metal was ferritic. As regards other iron smelting regions in what is now Poland, Piaskowski proposed that iron smelters from the vicinity of Kraków used local P-rich bog ores that resulted in poorly carburized metal with a P content of 0.25–0.50%. On the other hand, there were signs of intentional carburization and heat-treatment. In Greater Poland, bog ores with varying P content were used. The obtained metal was poorly carburized and usually contained 0.10–0.30% P (Piaskowski 1963a: 56–8, 72, 73, Tab. XVII, 74–6). Holy Cross Mountains blooms contained 0.030–0.167% P, 0.15–0.52% Si, up to 0.179% Mn and 0.01–0.225% S (Piaskowski 1963a: 68, 69, Tab. XIII).

In conclusion, Piaskowski proposed that artefacts containing less than 0.149% P could generally be considered to have been made of ‘Holy Cross Mountains metal’, provided that they were not imported from beyond what is now Poland. Using an upper limit of 0.08% P, it would be possible to distinguish about 68% of ‘Holy Cross Mountains metal’ artefacts from those of different origin. Piaskowski also discussed characteristics of iron from other ancient manufacturing centres in present-day Bohemia, Austria, Germany and other countries, suggesting that in some cases it would be possible to distinguish such iron from the ‘Holy Cross Mountains metal’ (Piaskowski 1963a: 77–80, 81, Tab. XVIII, 82–5).

Also in 1963, Piaskowski published a paper on the characteristics of iron from the region of Opole (Oppeln) in Upper (eastern) Silesia. On the basis of a dozen or so artefacts, he proposed that ancient Upper Silesian metal contained between 0.020% and 0.073% P (0.035% on average), being similar to the ‘Holy Cross Mountains metal’. Upper Silesian metal was also heterogeneously carburized, and in 88% of cases the carbon content was below 0.3% C. Thus, the proportion of iron and low-carbon steel artefacts was somewhat higher than in the Holy Cross Mountains. The manufacturing technology was also similar, as no evidence of intentional carburization or forge-welding was found (Piaskowski 1963b: 158, Tab. IV, 159–60, 161, Fig. 14, 162, Fig. 15, 163–4). Slag finds from the vicinity of Opole (Oppeln) were found to contain between 0.31% and 0.65% P2O5 (0.55% on average). One Upper Silesian sample from the vicinity of Prudnik (Neustadt) contained 0.98% P2O5 (Piaskowski 1963b: 164–5, 166, Tab. V, 167, Tab. VI). In conclusion, Piaskowski proposed that ancient iron artefacts from the region of Opole (Oppeln) were highly carburized [sic!] and underwent heat-treatment. They contained 0.020–0.073% P, less than 0.11% Si, less than 0.01% Mn, less than 0.017% S and traces of Ni. In terms of raw materials, he assumed the use of ores low in P. He also stated that the main difference between the Holy Cross Mountains metal and the metal from the Opole (Oppeln) region was the structure of slag inclusions (those from the Silesian region were supposedly multi-phase, with a brighter phase against a darker background). These differences were possibly caused by differences in ore chemistry (Piaskowski 1963b: 167, Tab. VII, 168–9). Piaskowski refined these discriminatory criteria in yet another paper, where he also reiterated his hypothesis concerning the use of Holy Cross Mountains metal in Hallstatt and Early La Tène artefacts (Piaskowski 1963c: 3–13, 17–27).

In a later study, Piaskowski addressed the characteristics of Masovian iron in more detail, restating his belief that ferritic metal with a high P content was used (0.35–0.60%). Due to the low number of artefacts available, Piaskowski examined slag finds in more detail. Masovian slag contained between 2.84 and 10.80% P2O5 (7.70% on average), so he concluded that local iron smelters may have produced brittle ferritic metal of low quality, with a P content of 0.4–1.0%. Intentional carburization or heat-treatment of such metal was impossible. The Masovian ironmaking region may have mostly produced low-quality artefacts for daily use, the metal not being suitable for more advanced artefacts such as swords (Piaskowski 1981b: 433–4, 435, Tab. 1, 436, Tab. 2, 437–45, 446–7, Tabs 7 and 8, 448–50).

The main characteristics of metal produced in the most important ironmaking regions of the Przeworsk Culture according to Piaskowski are summarized in Table 3.

Piaskowski’s theory of ‘Holy Cross Mountains metal’ immediately gave rise to a passionate debate. Although some scholars found the proposed discriminatory criteria sound, some serious issues were also raised, including the relatively small number of finds upon which the theory was based. It was argued that none of the studied artefacts was actually found at Holy Cross Mountains smelting sites or settlements, while a small proportion (over 20) came from cemeteries in the River Kamienna Valley. Moreover, the lack of evidence for Hallstatt Period iron smelting in the discussed region was pointed out. Criticism was also made of the tacit assumption of the existence of only one technology of manufacture in the Holy Cross Mountains region. Doubts were raised regarding the technological characteristics of metal proposed by Piaskowski, such as the levels of P or the degree of carburization. In general terms, critics argued that these characteristics would concern bloomery iron as such rather than specifically Holy Cross Mountains metal (see discussion in Piaskowski 1963a: 86–151).

According to Różański and Mazur (1966), Piaskowski assumed that the characteristics of the ‘Holy Cross Mountains metal’ did not change throughout the several hundred years from the Hallstatt to the Roman Period, thus supposing that no change occurred in individual components of ironmaking operations (ores, charcoal, furnace types) and artefact manufacturing processes (forging, heat-treatment). Moreover, they stated that the number of analysed finds (over 160) was insufficient and Piaskowski did not demonstrate that the proposed combination of the discriminatory criteria could not occur in metal made elsewhere. Thus, Różański and Mazur argued that these characteristics generally referred to bloomery metal smelted from ore low in P. In their opinion, the idea of ‘Holy Cross Mountains metal’ could not be verified until more reliable idenfitication methods were advanced (Różański and Mazur 1966: 375–80).
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Also in 1966, Nosek published the results of her study of five Late La Tène and Roman Period artefacts from the Holy Cross Mountains, which were made of iron high in P. She also analysed nine samples of local slag and ore, which mostly had a low content of P2O5 (less than 0.24%); however, three samples contained more than 1% P2O5. In conclusion, Nosek believed that caution was needed when proposing provenance hypotheses (Nosek 1966: 179, 180, Figs 1 and 2, 181, Tabs I and II, 182, Tab. III, 183).

Radwan (1967) noted the variety of iron ores found in the Rudki mine and underlined the lack of precision of the proposed discriminatory criteria. Furthermore, he stressed the fact that hardly any smithing workshops had been discovered in the Holy Cross Mountains. This would suggest that locally smelted iron was exported as processed bars of iron, and made into ready artefacts beyond the Holy Cross Mountains (Radwan 1967: 361–5).

The most serious doubts raised by Pleiner were related to the use of the P content as the main means of discriminating ‘Holy Cross Mountains metal’ and the supposedly very long existence of this ironmaking region (1,200 years, from the Hallstatt Period to the Roman Period), during which local ironworkers used given ores and given smithing technologies. Pleiner argued that both the iron smelting and the smithing technology in use in this ironmaking centre did not differ from those in other regions. Moreover, slag inclusions were of no use for discriminating ‘Holy Cross Mountains metal’ and bloomery metal was by definition heterogeneous in its chemistry. Although in fact about two-thirds of Roman Period iron artefacts from the territory of what is now Poland were made of metal low in P, the mine in Rudki was in Pleiner’s opinion not the only source of P-low iron ores. This would mean that many P-low artefacts could have been made elsewhere, too. Furthermore, Pleiner doubted that one ironmaking region was able to provide more than a half of the iron that was in use in other parts of what is now Poland. Altogether, Pleiner concluded that the method of discriminating ‘Holy Cross Mountains metal’ proposed by Piaskowski was deeply flawed (Pleiner 1967: 112–20).

In spite of the criticism, Piaskowski applied his criteria in his later studies (e.g. Piaskowski 1964a: 403, 405, 407–9; 1964b: 152–7; 1966: 223–8; 1967a: 211–14; 1967b: 61–96; 1968a: 154–62, 175–91; 1968b: 18–25; 1969: 61–70; 1971a: 182–7; 1972a: 448–52; 1972b: 78–9; 1972c: 94–122; 1972e: 245–69; 1973: 164–70; 1979a: 349–55; 1979b: 76–9; 1981a: 25–41; 1984: 3–51; 1986: 524–39; 2005: 466–7; 2006: 125–9; Piaskowski and Hensel 1979: 147–9). In these studies, however, only some of the original criteria suggesting Holy Cross Mountains provenance were given more attention, such as the uneven (mostly low) carburization level, the low P content and the characteristics of slag inclusions. Especially noteworthy is a paper of Piaskowski from 1972, in which he reported the results of analysis of 454 artefacts (mostly from cremation graves) from the Late La Tène Period and the Roman Period, as well as of nearly 50 artefacts from what is now Lithuania and western Ukraine. These finds were divided into four groups: (1) artefacts of Holy Cross Mountains origin; (2) those of other identified provenance, which were made of P-rich iron, with the exception of finds from the Opole (Oppeln) region in Silesia that were manufactured of P-low iron; (3) imports, such as pattern-welded Roman swords or tools that were carburized or forge-welded of iron and steel; and (4) artefacts whose origin could not be suggested. Piaskowski generally restated his observations on the characteristics of metal from individual manufacturing regions, claiming that the Holy Cross Mountains metal was low in P (less than 0.03% in most cases and very rarely over 0.3%) and was heterogeneously carburized (usually c. 0.3% C, but sometimes with a very high C content). The iron from the Opole (Oppeln) region in Silesia and perhaps that from the southern part of what is now Poland displayed similar characteristics, although the volume of its production was many times lower. The metal from other ironmaking regions was smelted of bog ores and was P-rich and usually poorly carburized. Thus, only the Holy Cross Mountains and the Opole (Oppeln) Silesia region were able to produce high-quality metal. As regards the significance of the Holy Cross Mountains ironmaking region, Piaskowski suggested that it was the main supplier of weaponry and tools of various kinds. The average share of artefacts made of the Holy Cross Mountains metal in the Przeworsk Culture in the Late La Tène Period and the Roman Period may have been c. 70%, or even 75–80%, if the weight of artefacts and not their number is taken into account. The output of other production centres was low and only partially met local needs. The import of iron artefacts from beyond what is now Poland was limited (less than 5%) (Piaskowski 1972e: 246–8, 257–63, 264, Fig. 5, 265, 268–79, Tabs 1 and 2).

In 2006, Kędzierski and Stępiński presented the results of analyses of several iron lumps (so-called gromps) from the Holy Cross Mountains region. The metal in these lumps was extremely heterogeneous, containing ferritic, ferritic-pearlitic, pearlitic-ferritic and hypereutectoid microstructures. The carbon content varied between 0.02% and about 3%. They also noted that the elevated content of P could support strong carburization of metal, as the presence of P could lower the metal’s melting point. Thus, liquid iron could locally be formed at about 1050°C. Due to the presence of the liquid phase, the metal could become strongly carburized, as in the liquid phase the presence of P is no obstacle to carburization (Kędzierski and Stępiński 2006: 175–6, 177, Fig. 1, 178–88, Figs 2–12, 192). Kędzierski and Stępiński also examined characteristics of metal in selected Roman Period iron artefacts and discussed the possibility of provenancing the metal in artefacts to raw materials. They argued that the C content could not be used as a criterion, as the levels of C are strongly influenced by post-smelting processes (forging) and by possible cremation funeral rites. The use of P content for provenance purposes was also questioned. There are numerous iron ores that contain P-bearing minerals and the partition of phosphorus between metal and slag is highly dependent on the smelting technology. Analogous to C, the distribution of P will strongly change in the course of forging and when the artefact remains in the funeral pyre. Kędzierski and Stępiński concluded that it would be extremely difficult to determine whether a given artefact was in fact manufactured using ‘Holy Cross Mountains metal’. Although this metal physically existed, in their view it did not possess the characteristics to be discriminatory enough (Kędzierski and Stępiński 2006: 189–91, Figs 13–15, 192–3).

Kaczanowski was also a critic of Piaskowski’s criteria, remarking that they lacked precision and clarity. Furthermore, no unambiguous metallurgical parameters would allow for discrimination between metal made in the Holy Cross Mountains and in other iron smelting regions in Central European Barbaricum. Kaczanowski also highlighted the issue of the distribution patterns of Holy Cross Mountains metal (as ready artefacts?) to more distant regions, noting that there was no archaeological evidence of trade with iron bars in the Przeworsk Culture (Kaczanowski 2006: 131–4).

This long-running debate was reviewed by Orzechowski. Apart from his criticism of the origin of Holy Cross Mountains iron smelting being dated to the Hallstatt Period, Orzechowski reiterated the most important reservations raised in earlier literature, such as the fact that not one of the artefacts studied was found in the very area of the discussed iron smelting region, or that most analysed finds came from cremation burials. This has ramifications for the P and C contents, which were so central to Piaskowski’s theory. Orzechowski stated that ores from the mine in Rudki, Kielce District were very heterogeneous in terms of their chemistry, also including the P levels. What is more, P-low ores can also be found in other regions. In conclusion, Orzechowski found Piaskowski’s proposals dubious and remarked that a new set of discriminatory criteria needed to be found, with an emphasis on trace elements (Orzechowski 2013: 157–62; 2020: 209–11; see also Bielenin 1992: 84, 86–7; Lehnhardt 2020: 163–4).

It should be noted, however, that at the end of the twentieth century provenance studies on Przeworsk Culture iron began to become strongly alienated from new research trends in the field. Although many researchers were critical of Piaskowski’s ideas, no attempt was made to verify the ‘Holy Cross Mountains metal’ theory based on data on the chemistry of ores and slag from the territory of the Przeworsk Culture, although such data were available in published works (for a list, see Żabiński et al. 2023). To make things worse, it seems that Piaskowski’s critics neglected the most recent developments of the last twenty years, concerning both new discriminatory variables (trace elements and isotopic data) and more sophisticated statistical methods. These advances are generally well-known, so only a brief summary is provided here, along with some general remarks on archaeological iron provenance.

A basic assumption behind any metal provenance study using geochemistry methods (be it elemental or isotopic) is that there should be a link between the artefact analysed and the source of metal in a broad sense. This link can be manifested in similarities between the artefact’s metal and the ore of which the metal was smelted, or between the metal and smelting waste. For ferrous artefacts, such a relationship can also involve similarities in slag inclusions (i.e. remains of metallurgical waste entrapped in the artefact’s metal) and the smelting slag at the ironmaking site. Difficulties are posed by the fact that during the smelting process, the metal’s composition is usually contaminated by materials other than ore and it may further alter when the raw metal is purified and then processed into an artefact. Such contaminations and alterations can also apply to slag inclusions, and new inclusions with different compositions are usually formed during the post-smelting stages. It is therefore necessary to focus on those geochemical tracers that are less prone to contamination. When dealing with slag inclusions, one must identify those which derive from the smelting process itself and not from post-smelting stages. Possible connections between smelting slag inclusions in artefacts and smelting slag (sometimes this also concerns ores) can be proposed on the basis of lithophile elements, which mainly pass into slag during the smelting process. On the other hand, metal-ore links can be suggested using elements and isotopes that are siderophile. These enter the metallic phase during the course of smelting. When trying to identify the origin of a metal artefact, it is necessary to consider a comprehensive range of potential production regions, bearing in mind the nature of metal use in a given society. There is also the possibility that there are no data available for the production region in question (Pernicka 2014; Schwab et al. 2006: 433–4, 442, 448; Buchwald and Wivel 1998: 74–9; Dillmann and L’Héritier 2007: 1810–11, 1813–15; Charlton et al. 2012: 2281–3, 2290–1; Dillmann et al. 2017: 109; Disser et al. 2020: 1–2; Pagès et al. 2022: 2; L’Héritier et al. 2023: 10; Brauns et al. 2013: 842; Liss et al. 2020: 3; Milot et al. 2022: 387–8).

One of the pioneering works in the field of archaeological iron provenance is a study by Hedges and Salter, who wished to demonstrate differences in the chemistry of slag inclusions in iron bars from southern England. These researchers included 17 major and trace element oxides and applied Linear Discriminant Analysis (LDA) as their method of discrimination (Hedges and Salter 1979). Buchwald and Wivel noted the high frequency of more or less steady ratios of several lithophile major oxides (e.g. SiO2/Al2O3, Al2O3/CaO and K2O/MgO) in slag inclusions in the metal. These oxides are termed Non-Reduced Compounds (NRCs), as they are not reduced in the bloomery process. Therefore, selected NRC ratios can be considered a signature of furnace charge and can be used to propose the provenance of artefacts. Using this method, Buchwald and Wivel suggested the existence of regional differences in slag and in slag inclusions in Scandinavian artefacts (Buchwald and Wivel 1998; Buchwald 2005; 2008).

The belief that several NRC ratios are usually constant in slag inclusions in successive processing stages from blooms to semi-products was verified by Dillmann and L’Héritier. These researchers also argued for the use of NRC ratios as smelting system signatures (using a given ore, fuel, fluxes and furnace lining). One reservation was that smelting-related slag inclusions in artefacts that underwent many manufacturing stages could be vastly outnumbered by slag inclusions of different origin (e.g. forging-related) and with different NRC ratios. Dillmann and L’Héritier also developed a protocol for the identification of smelting-related slag inclusions in the metal, using the determination coefficient (R2) of selected NRC ratios. This protocol also included calculation of the chemical composition of such inclusions as related to their surface (Dillmann and L’Héritier 2007).

A more sophisticated model for identifying smelting-related slag inclusions in artefacts using selected NRCs (MgO, Al2O3, SiO2, K2O, CaO and TiO2) was proposed by Charlton and co-authors. In this model, the log-ratio transformed contents of these NRCs were first processed by Principal Component Analysis (PCA) and then by Agglomerative Hierarchical Clustering (AHC) (Charlton et al. 2012). This PCA-AHC model was further modified by Disser and colleagues, who eliminated TiO2 from the dataset and argued that any eventual identification must be evaluated using the R2 determination coefficient (Disser et al. 2014). Both versions of these models were assessed by Żabiński and others (Żabiński et al. 2019; Imiołczyk et al. 2020; see also Merico et al. 2024a; 2024b; 2024c).

Regarding the provenance of artefacts, Charlton and colleagues processed the levels of the relevant NRCs (MgO, Al2O3, SiO2, K2O, CaO, TiO2 and MnO) in possible metal sources (smelting slag from known locations) using PCA, LDA and Kernel Density Estimation (KDE), and marked the boundaries of assemblage fields that could be perceived as possible production regions. Next, data on the chemistry of smelting-derived slag inclusions in artefacts were projected by PCA-LDA into this multivariate space. Provenance hypotheses were proposed based on relationships between artefacts and smelting slag fields. This approach was verified both on experimental and on actual archaeological data. The authors stressed the need to verify provenance hypotheses based on archaeological evidence, such as differences in the role of local and imported raw materials throughout cultures and periods. They also proposed that taking minor and trace elements into consideration could possibly enable better identification of provenance (Charlton et al. 2012; 2013).

The use of lithophile trace elements in iron provenance studies was to some extent based on the assumption that major lithophile elements could better identify smelting systems than metal sources (e.g. Blakelock et al. 2009). The use of biplots with trace elements (Ba, Sr, Rb, Ce, Cs, Zr, Th, La and Hf) demonstrated a reasonable separation between Gallo-Roman ironmaking sites in France and a link between bars and metal sources (Coustures et al. 2003; 2006). Desaulty and others confirmed the utility of trace element ratios (Yb/Ce, Ce/Th, La/Sc, U/Th, Nb/Y) as parameters to discriminate between ores and slag from different regions (Desaulty et al. 2008).

Leroy and co-authors integrated previous developments in their study of iron from the Ariège region in France. First, data assemblages for possible metal sources (ore and slag samples) and for artefacts were pre-filtered according to their MnO and P2O5 contents. LDA and AHC were then conducted on a variable set of major oxides and lithophile trace elements (Y, Nb, Cs, La, Ce, Nd, Sm, Eu, Yb, Hf, Th, U) and provenance hypotheses for artefacts were proposed (Leroy et al. 2012; see also 2018). Initial pre-filtering with MnO and MgO was also used by Pryce and colleagues (2014). L’Héritier and co-authors used a PCA-processed variable set composed of major oxides and lithophile trace elements in their study of iron used in the construction of Bourges Cathedral in France (L’Héritier et al. 2016; see also 2018). A major and lithophile trace element set of variables was used by Disser and colleagues in their study of iron clamps from the Carolingian bridge in Dieulouard, France. These researchers used PCA and AHC to identify possible iron sources (Disser et al. 2016a). This approach was used in a multi-step procedure in yet another study by these authors (Disser et al. 2016b; see also Bauvais et al. 2018a; 2018b; for cluster analysis and PCA, see Birch and Martinón-Torres 2014).

In the most recent iron provenance research using the lithophile trace element approach (sometimes combined with lithophile major elements), Bérard and colleagues studied the origin of late medieval plate armour and employed PCA and LDA to this end (Bérard et al. 2020; 2022b); in their study of late medieval cannons, however, they used PCA only (Bérard et al. 2022a). Berranger and co-authors studied Iron Age ferrous semi-products from north-eastern France. AHC was the only method of group identification, while PCA was used solely to visualize the results (Berranger et al. 2021). Pagès and colleagues examined the provenance of Roman iron bars from the River Rhône estuary. The data were initially pre-filtered with P2O5 and MnO levels. Then, they were processed by PCA in multiple steps, AHC playing a supporting role (Pagès et al. 2022). AHC and Discriminant Analysis (DA) were used in combination by Jouttijärvi (2020). Stepanov and colleagues used either a standalone PCA-based approach with major oxides (Stepanov et al. 2021), or a PCA-AHC method with major oxides and lithophile trace elements (Stepanov et al. 2020b). L’Héritier and co-authors combined several methods (PCA, LDA and AHC) in their lithophile trace element study of iron used in the construction of Bourges Cathedral (L’Héritier et al. 2020; see also Bérard et al. 2024). In another study, these researchers examined the provenance of iron used in the construction of Notre-Dame Cathedral in Paris, using lithophile major oxides and trace elements. The major oxides were analysed using biplots, while the trace elements were processed by AHC and by t-Distributed Stochastic Neighbour Embedding (t-SNE). These authors also used information on P2O5 and MnO levels to identify differences in the provenance of iron (L’Héritier et al. 2023). Attention is also drawn to a provenance study on Viking Age artefacts from the emporium of Ribe in Denmark by Lauridsen and co-authors. They used probability estimated with pairs of major oxides (K2O/MgO and SiO2/Al2O3) and also applied PCA to major and minor (mainly lithophile) oxides. One reservation, however, is the use of P2O5 and SO2 as part of the multivariate dataset for PCA (Lauridsen et al. 2023). Gramacki and Gramacki developed a multi-classifier majority voting method of classification of iron artefacts to their possible metal sources, using a combination of major oxides and lithophile trace elements (Żabiński et al. 2020). Vodyasov and co-authors analysed ore and slag samples dated to the first millennium AD from south-eastern Altai and discussed slag-ore relationships on the basis of lithophile trace elements (Vodyasov et al. 2023). Heal and colleagues studied Merovingian Period iron finds from Oegstgeest in the River Rhine estuary, and undertook a provenance study based on lithophile trace elements. The statistical treatment they applied was the aforementioned multi-step PCA-AHC approach (Heal et al. 2024). Rodier and co-authors focused on iron scraps and hammerscale from the Early Iron Age site of Weyersheim in France. They combined PCA with more traditional methods such as biplots and spider diagrams (Rodier et al. 2024).

The other trend in iron provenance studies is isotopic analyses, which can be combined with elemental approaches. Their main aim is to match the metal in artefacts to ores. Schwab and co-authors discussed possible relationships between iron artefacts from the Celtic oppidum in Manching in Germany and regional ores. They employed major oxides and lithophile trace elements (Cr, Sr, Zr, V) in slag inclusions in artefacts, Pb isotopic ratios (Pb itself is chalcophile), lithophile (Cr, V) and siderophile (Ni, Co, As, Cu) trace elements in the artefact metal, as well as Pb isotopic ratios, lithophile (Cr, V) and siderophile (Ni, Co, As, Cu) trace elements in ores. The authors indicated a local bog ore deposit as a possible source of metal for the studied artefacts. This combination of variables was necessary, as the levels of Pb isotopes in iron ores can be highly heterogeneous (Schwab et al. 2006; for the assessment of Pb isotopic analyses in iron provenance studies, see also Milot et al. 2022; Brauns et al. 2013; 2020).

Regarding the use of siderophile trace elements in iron provenance research, Benvenuti and colleagues discussed the utility of W and Sn to distinguish between Elba Island ores and other iron deposits in Italy and other parts of Europe. Apart from ores, differences in the levels of these elements can also be seen to some extent in slag and blooms from Elba and from other studied regions (Benvenuti et al. 2013; see also Benvenuti et al. 2016).

Based on data from two smelting experiments and Roman Period iron bars, Milot and co-authors suggested that Fe isotopic compositions in ores, slag and metal would be convergent enough to allow for the use of Fe isotopes as provenance tracers (Milot et al. 2016; for a criticism of this method, see Rose et al. 2019). In another study, Milot and co-authors examined the Fe isotopic composition of Roman Period bars and compared their results with those of an analysis of lithophile trace elements (Cs, Rb, Sm, Eu) in slag inclusions. A Fe isotopic metal-ore match was found in many cases and the results were verified with the use of trace elements. These researchers concluded that the best results could be obtained by combining multiple tracers (Milot et al. 2022). Harding and colleagues assessed the provenance of possible Viking Age artefacts from Britain using isotopic ratios of Fe, Sr and Pb (Harding et al. 2023).

Yet another recent isotopic method is based on the analysis of isotopic ratios of Os. This method was developed by Brauns and colleagues using experimental and archaeological data. They were able to demonstrate a reasonable match between the ores and the metal. Moreover, it was suggested that the Os isotopic composition did not undergo changes in the smelting process, which would make it an especially robust provenance tracer (Brauns et al. 2013). The utility of Os isotopic ratios was confirmed by other data from smelting experiments, in which constant Os isotopic ratios in ores, blooms and bars were demonstrated. Some exception can be posed by slag (especially tap-slag), as Os is highly siderophile and slag is highly depleted in this element. This would imply that although it would be difficult to successfully provenance tap-slag using Os isotopic ratios, this approach could still be used for furnace slag, as it will contain both some unreduced ore and reduced metal (Brauns et al. 2020). This approach was also verified on archaeological artefacts and iron ores from Cyprus (Schwab et al. 2022; for a positive assessment of the Os isotopic method, see Milot et al. 2022). Liss and co-authors employed siderophile trace elements (Os, Ir, Ru, Pt, Pd, Re) and Os isotopic ratios to trace the provenance of iron (Liss et al. 2020). A very interesting study was conducted by Dillmann and co-authors, who combined Os isotopic ratios and lithophile major and trace elements to study north Alpine Early Iron Age artefacts. These scholars used the multi-stage PCA-AHC method (Dillmann et al. 2017). In a recent study by Doračić and co-authors, the Os isotopic ratio method was used to suggest the provenance of iron in an early medieval sword (Doračić et al. 2022).

Pagès and colleagues have remarked that both these approaches have their advantages and disadvantages. The method based on studying the levels of lithophile trace elements in slag inclusions can allow for the reasonable discrimination of metal sources, as it employs even around 20 elements. However, it requires invasive sampling and advanced statistical processing. The isotopic approach considers the metal directly, but its discriminating potential can be much lower due to a strong overlap of isotopic signatures between ores and regions. Yet another problem is the limited number of reference works (Pagès et al. 2022: 2; Dillmann et al. 2017: 109). L’Héritier and co-authors reported the successful application of the Os isotopic approach, but noted that more studies would be needed to fully evaluate its potential. These researchers also addressed criticism of the Fe isotopic approach and stated that studies of ores, slag and slag inclusions using lithophile elements remained the most common method (L’Héritier et al. 2020: 2).

A recent study by Stepanov and colleagues on Roman Period iron tips of mining picks from Israel attempted to integrate several approaches: siderophile elements in the metal, lithophile trace elements in slag inclusions and Os isotopic analyses (Stepanov et al. 2023). A similar approach which integrates the elemental analyses and the Os isotopic examinations has been undertaken by Eliyahu-Behar and co-authors for ores and first millennium BC hematite artefacts from the southern Levant (Eliyahu-Behar et al. 2023).

Disser and co-authors have recently conducted an experimental analysis of possible alterations introduced by post-smelting stages to the chemistry of smelting-related slag inclusions in artefacts. They argued that smelting-related inclusions prevailed, as compared with the number of forging inclusions. They remarked, however, that the scenario could be different in the case of blades or other highly processed artefacts (Disser et al. 2020). Another recent experimental study by Stepanov and co-authors examined, among other things, the influence of smelting process operating conditions on slag and iron chemistry (Stepanov et al. 2022). An interesting study is that by Gosselin and colleagues of metal masses from Roman wrecks from the estuary of the River Rhône. These masses were highly carburized steel. This is in contrast to other finds from wrecks at this site and generally to other finds of iron semi-products such as bars, which are mostly iron or low-carbon steel. The results imply that also such steel masses may have been traded over long distances in the Roman world (Gosselin et al. 2023).

The progress in iron provenance studies is therefore evident. Thanks to more advanced analytical techniques, it is possible to study new potentially discriminant variables (elemental and isotopic data), which can then be examined with more refined statistical methods. Regrettably, almost none of these methods have been used so far to discuss the provenance of archaeological iron in what is now Poland. The sole exception is a recent study by Żabiński and co-authors, who discussed so-called ‘legacy data’ – that is, ore and slag chemistry data available in previous literature (mainly from the 1950s to 1980s). The dataset used by Żabiński and others was not at all perfect. The analytical methods used were not always specified and it can be assumed that in such cases the results were produced by optical emission spectroscopy and wet chemical analysis. Although the dataset contained as many as 240 observations from all the main ironmaking regions of the Przeworsk Culture and from the Kraków-Częstochowa Jura region (the latter being of medieval or present-day date), the only available variables were the four major lithophile elements (Si, Al, Ca, Mn). Apart from that, P was used for filtering purposes. In spite of these shortcomings, it was possible to suggest a reasonable separation between the three main ironmaking regions using the PCA-AHC approach. Thus, the reported results to a great extent confirm Piaskowski’s findings, with the caveat that it is also necessary to examine artefacts to fully assess his ‘Holy Cross Mountains metal’ theory (Żabiński et al. 2023). As the data analysed by Żabiński and colleagues will be referred to below, they are termed ‘legacy data’ for the sake of convenience.

Data and their characteristics

Of a few thousand known ironmaking-related sites in the three main iron smelting regions of the Przeworsk Culture, over 200 have been excavated, while the remainder were only surveyed. For the present study, 269 samples of slag (261) and ore (eight) were gathered from 60 sites, including 29 from the Holy Cross Mountains, 13 from Masovia and 18 from Silesia (Figures 20–2). Additionally, the chemistry of two slag samples possibly dated to medieval time from the Kraków-Częstochowa Jura was also analysed (giving a total number of 271 samples), but it was eventually decided not to include them in the dataset. The number of samples from the three main Przeworsk Culture iron smelting regions are as follows: the Holy Cross Mountains, 79; Masovia, 132 and Silesia, 58. This obviously raises issues of representativeness, as the highest number of samples is available from the relatively compact Masovian region, where only bog ores have been reported. Also, there is marked variation in the number of the samples from individual sites. There are sites for which 10 or even 20 samples are available (again, the situation is definitely the best for Masovia), but in the majority of cases only a few or even one sample per site is available. The geographical distribution of the sites from which the samples were obtained can also raise concerns. In the Holy Cross Mountains, for example, most samples are from the ‘production-settlement’ zone and from more peripheral sites, while only a handful are from the ‘clean’ production zone. The number of the Masovian samples is reasonably high, but they generally cover the southern and the eastern parts of the region. Moreover, although in territorial terms it was Silesia that was the largest smelting area, with as many as 12 local regions, the Silesian samples come from five of these only:



1.VI: Bystrzyca (Weistritz)-Oława (Ohlau), 13 samples;

2.VIII: Brzeg (Brieg), 10 samples;

3.X: Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln), 30 samples;

4.XI: Głubczyce (Leobschütz), one sample;

5.XII: Nysa (Neisse), four samples.



(see also Electronic Supplement 1).



The information on the archaeological context of the samples is also greatly imperfect. As many of the samples were the result of research conducted many years ago (in the 1950s to 1970s), the quality of context descriptions is usually well below present-day standards. In many cases, the samples are furnace slag from specific furnaces. A majority, however, are slag pieces from the sites’ cultural layer, stray finds or finds from features of unspecified function. Again, the situation is best for Masovia, where most samples are associated with well-defined contexts. The chronology of the finds is also far from perfect, as no radiocarbon dates were available and the chronology is dictated by the general dating of a given site, encompassing somewhere between some dozen and a few hundred years (see Chapter 2). Apart from that, a few samples from the Holy Cross Mountains are in all probability of early medieval date (see Electronic Supplement 1). These deficiencies are likely to have a strong influence on the results of the statistical analysis of the samples’ chemistry. However, it must be firmly stated that the number and the nature of the samples are mainly the result of availability. In other words, the corpus of samples represents that which could be obtained for the project, with hardly any room for selection. The most important characteristics of the samples that were analysed in this project are shown in Table 4.

One can, of course, ask to what extent such an assemblage can be considered representative. This issue is by no means restricted to the present study, as a low number of samples per site or their imprecise chronology is standard unfortunately. For instance, in the recent study by Pagès and colleagues on Roman Period iron bars, a total of 129 slag samples from six production regions in Roman Gaul were gathered. The number of samples per site varied between one and nine, usually just three to four. The chronology of these samples was at times quite precise (100–150 years), but in many cases it was only generally defined as Roman Antiquity or Antiquity. Moreover, the chronology of some samples did not align with the Roman Period, but instead possibly La Tène or the Early Medieval Period (Pagès et al. 2022: 6–7, Tab. 1). Disser and co-authors assessed 32 sites and 188 samples (156 slag and 32 ore finds) from seven production areas in their study on late medieval iron used in the construction of the Mutte Tower in Metz Cathedral. The number of samples per site was between one and 21 (fewer than six in most cases) and their chronology varied from the Late Hallstatt Period to the Middle Ages. A few samples were of undetermined chronology and some were produced by modern smelting experiments (Disser et al. 2016b: 496, Tab. 1; see also 2016a: 152). In their provenance study of Early Iron Age artefacts, Dillmann and co-authors examined a production area dataset composed of 225 slag and ore observations. This dataset (which, to a great extent, overlapped with that of Disser et al. 2016b) was also tainted with several imperfections, such as the number of samples per site (between one and 21, mostly up to six) and a very broad chronology from the Late Hallstatt Period to the Middle Ages, including finds of unspecified date and present-day experimental data (Dillmann et al. 2017: 110–11, Tab. 1). L’Héritier and colleagues studied the provenance of iron used in the construction of Bourges Cathedral against the backdrop of a reference set of 238 slag samples from three production regions. The chronology of these samples varied from the Roman Period to post-medieval times (L’Héritier et al. 2020: 6, Tabs 3, 7). The production region dataset provided by Buchwald for Denmark, Sweden and Norway that was used by Charlton and co-authors was also far from perfect, including over 120 observations and between one and 10 samples per smelting site. Furthermore, it was limited to a couple of major element NRCs (Charlton et al. 2012: 2289; Buchwald 2005). The same imperfections were evident in the study by Żabiński and colleagues, who addressed the ‘legacy data’ for Przeworsk Culture ironmaking (Żabiński et al. 2023: 5–6, 10). Some of the parts of the aforementioned slag and ore chemistry datasets (those of Disser et al. 2016b, Pagès et al. 2022 and Dillmann et al. 2017) were used by Heal and co-authors in their provenance study on Merovingian Period artefacts from the River Rhine delta. The total corpus included 262 samples (207 slag and 55 ore) with a broad chronology from the La Tène Period to the Middle Ages (Heal et al. 2024: 10, 12, Tab. 2). Therefore, it is fair to say that although the dataset used in the present study is certainly not ideal, in many respects it is similar to other production region data used in present-day provenance studies. Also, the non-contemporaneity of production region data is not necessarily an impediment per se. It is likely that the chemistry of metallurgical waste produced at contemporaneous sites using the same ores but different smelting methods (e.g. different clay for furnace walls and different ore pre-processing) could be more different that the chemistry of such waste produced by non-contemporaneous sites where the same ores and similar smelting technology were utilized.
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Figure 20  Distribution of the samples from the Holy Cross Mountains iron smelting region. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Figure 21  Distribution of the samples from the Masovian iron smelting region. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Figure 22  Distribution of the samples from the smelting regions in Silesia. Region borders after Madera (2002: 70, Map 2), redrawn after Orzechowski (2013: 226, Fig. 117). Afterdrawing: G. Żabiński. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.
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Analytical methods

The samples (c. 50 g in most cases) were first crushed into about 1 cm3 pieces in an agate mortar, after which they were pulverized in a Fritsch Pulverisette 6 Mono mill in a 250 ml tungsten carbide vessel with 15 tungsten carbide grinding balls (diameter 20 mm) until a grain size of usually less than 60 µm was obtained. Thereafter, the powder was sieved to eliminate larger particles. Chemical analyses were conducted at the Curt-Engelhorn-Zentrum Archäometrie gGmbH (CEZA) in Mannheim, Germany. The samples were vacuum-impregnated in Presi IP epoxy resin. After 12 h hardening, they were ground and polished, according to the method proposed by Shaheen and others (2017). The samples were then analysed using LA-QICP-MS method with a Resonetics Resolution M50 E Laser ablation system with an ATL SI-300, 193nm ArF Eximer Laser (spotsize between 2 and 100 μm) coupled to a quadrupole ICP-MS spectrometer (Thermo Scientific ICAPQ). The bulk analyses were conducted in line ablation mode with a beam size of 73–100 μm, a scan speed of 10 μm/s, a repetition rate of 10 Hz and a typical sample energy of 5 mJ/cm2. The ablated samples were introduced into the ICP-MS using Helium carrier gas. For tuning, NIST 610 and NIST 612 glass standards and a NOD-P1 resin-impregnated powder were used. The raw data recorded with the laser ablation signal were processed to quantify the elemental concentration in the samples. For this purpose, a blank gas signal of about 30 s was subtracted from the mean ablation signal intensity.

Data quality was controlled using a resin-impregnated BHVO-1 basalt powder that was analysed in each block during the course of the analytical session. Seven to ten measurements per sample were conducted, the final result being an average of these. For some samples, the analysis was repeated two or three times. The concentration of the following elements was measured: Na, Mg, Al, Si, P, K, Ca, Mn, Fe, Ag, As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, In, La, Lu, Mo, Nb, Nd, Ni, Pb, Pd, Pr, Rb, Sb, Sc, Sm, Sn, Sr, Ta, Tb, Th, Ti, Tm, U, V, W, Y, Yb, Zn and Zr. Measurement precision error was less than 5% for MgO, SiO2, CaO, MnO, Cu, Ni, As, Y, Ba, Sn, Pr, Tb, Dy, Ho, Er, Tm, Yb, Hf, Th and U, between 5% and 10% for Al2O3, K2O, TiO2, Rb, Zr, La, Sm, Eu, Gd, Lu, Ta and W, between 10% and 20% for Na2O, P2O5, Fe2O3, Sc, V, Co, Cr, Mo, Zn, Nb, Cs, Ce, Nd and Pb, and more than 20% for Be, Ga, Ge, Sr, Ag, Cd and Sb. The limits of detection (LoD) of the named analytical system for the different elements are reported in Table 5. In addition, uncertainty levels (ppm and %) are reported individually for each trace element in each observation. All the data can be found in Electronic Supplement 2, Sheet 1: Raw Data.
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Data processing and methods for selecting variables

As the vast majority of samples (261 out of 269) were slag finds, focusing on major elements forming the NRCs and lithophile trace elements seemed the natural choice (Pagès et al. 2022: 2). On the basis of findings of previous research, a set of 34 possibly useful variables was compiled: Mg, Al, Si, K, Ca, Ti, Mn, Ba, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Lu, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr (Bérard et al. 2024: 4, 5, Fig. 3, 6, Figs 4 and 5; 2022a: 3; 2022b: 90; 2020: 2588; Rodier et al. 2024: 3, 12, Fig. 11, 16, Fig. 16; Heal et al: 2024, 9; Vodyasov et al. 2023: 14–15, 16, Fig. 17; Lauridsen et al. 2023: 192, Tab. 11.7, 196, Fig. 11.11; Pagès et al. 2022: 13; Berranger et al. 2021: 8; L’Héritier et al. 2020: 8; 2016: 223; Stepanov et al. 2020b: 7; Żabiński et al. 2020: 3, 4, Tab. 2; Bauvais et al. 2018a: 294; Disser et al. 2016a: 152; 2016b: 498; Dillmann et al. 2017: 112; Leroy et al. 2018: 2150; 2012: 1086; Charlton et al. 2012: 2285, 2289; Desaulty et al. 2008: 1262; Coustures et al. 2006: 256–7; 2003: 600–2). Although a ‘common set’ could be identified, it is evident that the choice of given variables might vary greatly between individual studies (Table 6).

The recent study by Stepanov and colleagues (2023) requires highlighting. In their multivariate treatment of slag inclusions chemistry, they studied 29 mostly lithophile major and trace elements: Al, Ca, K, Mg, Th, U, Nb, V, Cr, W, Be, Ga, Sc, Hf, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu and Yb. They noted that some of these elements (V, Cr, W, Be, Ga and Sc) were not widely used in provenance studies, as they tended to go both into the metal and the slag during the bloomery process, or could be difficult to detect. The authors stated that they included these elements because their study concerned artefacts only and not the relationships between artefacts and ore bodies. Furthermore, a few of these elements were considered siderophile (V, Cr, W) and thus they were also used in the analysis of the metal’s signature alongside other elements, such as P, Mn, Co, Ni, Cu, As, Mo, Sn and Sb (Stepanov et al. 2023: 4, 10, Tabs 5 and 6, 12, Fig. 12b). In our study, however, no artefacts were examined and 261 out of 269 samples were various kinds of slag. Therefore, W was not included in the dataset.

The selection of variables for the purpose of identifying provenance using multivariate statistical treatments has been justified in various ways by different authors. Regarding the major elements, Charlton and co-authors used the oxides that are considered NRCs (Charlton et al. 2012: 2282–3, 2285–7, 2289). These elements were also used by Leroy and colleagues for the purpose of identifying the smelting system (Leroy et al. 2018: 2150). L’Héritier and colleagues stated that in most cases the contents of major elements would be too heavily polluted by furnace clay, charcoal fuel or flux, even if the same ore was used. Therefore, they would not be of much use in provenance studies (L’Héritier et al. 2016: 215). In another study, the same researchers argued that major elements were not enough and that trace elements were indispensable (L’Héritier et al. 2020: 2). Bauvais and co-authors argued that both major and trace elements selected for a provenance study should meet two requirements: they should be lithophile and should not be prone to pollution during metal processing (Bauvais et al. 2018b: 490–1). Disser and colleagues had reservations about the use of major elements (sensitivity to pollution from furnace clay, fluxes and so on in the course of smelting) but still found them to be useful for determining provenance, as some ores can demonstrate distinct patterns of such elements (Disser et al. 2016b: 498, 500). Dillmann and co-authors also reported that the use of major and trace elements was better than trace elements alone, as the former were able to characterize certain ore deposits (Dillmann et al. 2017: 109). Moreover, the use of major elements alongside trace elements was favoured by Stepanov and colleagues (2020b: 7) and by Pagès and others (2020: 5), although the latter study only discussed ore finds. Such a combination was also used by Żabiński and co-authors (2020). Both major and trace lithophile elements were used by L’Héritier and colleagues, although the major ones were limited to four oxides only: Al2O3, SiO2, CaO and K2O (L’Héritier et al. 2023: 11).
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Concerning the selection of lithophile trace elements, Pagès and colleagues stated that it was dictated by the number of trace elements analysed in previous studies on the discussed iron bars (Pagès et al. 2022: 13). Stepanov and colleagues reported that they had selected trace elements that pass from ore to slag without being affected by partitioning and without being contaminated by charcoal or furnace clay (Stepanov et al. 2020b: 7; see also Vodyasov et al. 2023: 14–15). Disser and colleagues selected strictly lithophile elements that were not prone to pollution. However, because Cs was close to or below the limits of detection, it was removed from the dataset. These researchers also used data mining tests to select discriminatory trace elements (Disser et al. 2016b: 498). Bérard and colleagues selected only those trace elements that were above the quantification limit (Bérard et al. 2024: 4; 2020: 2588; 2022a: 3; 2020b: 90; see also Berranger et al. 2021: 8), while Leroy and others used strictly lithophile trace elements, but only those that could be quantified with acceptable accuracy (Leroy et al. 2012: 1086). L’Héritier and co-authors remarked that their set of lithophile trace elements was routinely applied in provenance studies (L’Héritier et al. 2020: 8; 2023: 10).

Based on the above, the data reported here (all 271 samples that were analysed) were scrutinized as regards their limits of detection and uncertainty levels for the contents of potentially useful trace elements (the issue of variable selection is discussed below). Generally, the quality of the data was fairly good. In all observations, the measured concentrations of elements were above the limits of detection. As for the uncertainty levels, these were below 10% on average for almost all the elements, Hf being the sole exception (12.44% on average). The uncertainty levels were close to or above 100% for just five variables (Cr = 2 cases; Hf = 4; Sc = 1; Ta = 1; Zr = 2), accounting for 10 out of 7,560 measurements that were performed (24 potentially relevant elements × 315 observations, as several analyses were done for some of the 271 samples). The uncertainty level was above 40% for 12 variables (Ba = 1 case; Ce = 1; Cr = 4; Dy = 4; Eu = 1; Gd = 1; Hf = 18; Nb = 2; Ta = 3; Y = 1; Yb = 3; Zr = 14), that is 50 cases altogether. Therefore, the total number of measurements with high uncertainty levels (between 40% and above 100%) was 60, or slightly more than 0.79% of the entire dataset (for details, see Electronic Supplement 2, Sheet 1: Raw Data). These findings are briefly summarized in Table 7.

Bearing in mind the quality of the data, several options were available. The simplest solution would be to discard all the 23 samples with uncertainty levels above 40%. However, that would entail a considerable loss of data, which is why we did not consider it. Another way to proceed would be to exclude the variables with poor uncertainty levels. This, however, raises the question of whether the removal of potentially discriminatory variables because of one to four uncertain measurements for most of them is the best way to go. Even in the case of Hf, the number of uncertain measurements was only 18, or slightly higher than 5.7% of the total number of observations. Therefore, we decided to replace the values with uncertainty levels above 40% with the lowest possible value for a given element in a given observation – that is, the measured value minus the uncertainty level. When the measurement uncertainty was close to 100% or more (which means that a given element could not be quantified reliably), such values were replaced with the lowest value that could be reliably quantified for a given region (see, for example, Baxter and Hancock 2018: 7; Charlton et al. 2012: 2281; Żabiński et al. 2020: 3; Tomczyk and Żabiński 2024: 105; another possible option for measurements below the limits of detection is to use theoretical values equal to half of the detection limit, see Pagès et al. 2020: 10, Tab. 2). Then, averages were calculated for the samples for which multiple analyses were conducted. Eventually, all ppm values were converted to wt%.

It must be said that there are other, more refined approaches to the problem of missing data. We did consider two more sophisticated data imputation techniques with regard to the ‘legacy data’ concerning smelting slag and ore chemistry in the Przeworsk Culture. These methods were the Predictive Mean Matching (PMM) in the Multiple Imputation by Chained Equations (MICE) approach and the ‘nearest neighbour’ method. When processing the ‘legacy data’, the results obtained by data when missing values were replaced by the lowest regional values were compared with those obtained with imputed data, as well as with the data when the observations with missing values were removed. In each case, the results were in general similar. As the missing values would usually have only involved instances where the levels of given elements were too low to be recorded, Żabiński and others assumed that the replacement of the missing values with the lowest regional values would still be the best, although certainly not an ideal choice (Żabiński et al. 2023: 13–14). For the same reason, this was the option we preferred here.
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Before discussing the selection of ultimately relevant variables (i.e. those that allow for the separation between the discussed iron smelting regions) for multivariate treatment, something needs to be said about P2O5 and MnO. There is no question that these compounds have strong discriminatory potential, but reservations have been raised regarding their use in multivariate analyses. It is clear that P2O5 cannot be considered due to its easily reducible nature. This compound partitions in the smelting process and goes both to slag and metal (Dillmann and L’Héritier 2007: 1816, Tab. 4; 1817–18; Charlton et al. 2012: 2282, 2284; Disser et al. 2016b: 486; Bauvais et al. 2018a: 294). Both P2O5 and MnO were used in previous studies for data pre-filtering before multivariate analyses (Leroy et al. 2012: 1085, 1088; Pryce et al. 2014: 152–3, 156, Fig. 13, 157, Fig. 14; Bauvais et al. 2018a: 298, 300, Tab. 1; Pagès et al. 2022: 14–15, 16, Fig. 9; see also L’Héritier et al. 2023: 17–18, 21, Tab. 5 and Bérard et al. 2024: 4–5, Tab. 2; for an attempt at employing P2O5 in multivariate analysis, see Lauridsen et al. 2023: 194–5, 196, Fig. 11.11).

Buchwald and Wivel considered MnO an NRC (Buchwald and Wivel 1998: 77). In contrast, Dillmann and L’Héritier argued that MnO became more or less reduced in the bloomery smelting process, although they did state that its behaviour has not been studied enough (Dillmann and L’Héritier 2007: 1816, Tab. 4). In the opinion of Bauvais and co-authors, both MnO and P2O5 were not NRCs, as they are dependent on local thermodynamic conditions (Bauvais et al. 2018a: 294). However, the results of experimental studies suggest that Mn passes either entirely or to a great extent into slag in the course of the bloomery smelting process and its content in bloomery metal is low. This suggests that it behaves in a similar manner to NRCs (Serneels and Crew 1997: 79, 82; see also Starley 1999: 1128). A possible difficulty in interpretation may be caused by the fact that, analogous to some siderophile elements, the Mn level in iron ores is frequently more variable than that of many other lithophile elements. Because of this, the content of Mn in slag can also be more variable (see, for example, Pagès et al. 2020: 7, 9, Fig. 8; Crew 2000: 41; Serneels and Crew 1997: 82; on siderophile elements, see Benvenuti et al. 2013; Abd El-Rahman and Serneels 2022). It should also be noted that MnO or Mn were included in a number of previous studies as part of their multivariate dataset (Charlton et al. 2012: 2285–7, 2289; Pryce et al. 2014: 156; Disser et al. 2016b: 498; Dillmann et al. 2017: 109; Leroy et al. 2018: 2150; Żabiński et al. 2020: 3, 4, Tab. 2). We therefore decided to include Mn in the dataset for multivariate treatment, while P was used for filtering purposes only. However, for reasons discussed below, this variable was not used in the initial stage of the analysis, but in the last step (Żabiński et al. 2023: 10, 14).

We now turn to the selection of variables for the multivariate set. The number of possible candidates was 33 (Mg, Al, Si, K, Ca, Ti, Mn, Ba, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr), as Lu – which was only used by Vodyasov and colleagues (2023) and Stepanov and others (2023) – was not considered. However, it was decided to check whether all of these do in fact have the potential to discriminate between the iron smelting regions in question. For this purpose, we used boxplots and analysis of variance (ANOVA) with the Tukey and Bonferroni tests for statistically significant differences between pairs of regional groups. As an alternative to ANOVA, we used the Kruskal-Wallis test (Żabiński et al. 2023: 10–11, 12, Fig. 5).

Selection of the statistical approach and the method of data transformation

Statistical analysis

The selection of the statistical approach used was based both on findings reported in previous literature and the nature of the data at our disposal. It must be remembered that no artefacts were available to determine the provenance of, which is why we focus solely on relationships between the slag and ore observations from the smelting regions in question. Verification of the feasibility of a provenance study in the discussed ironmaking regions was solely undertaken using ‘theoretical artefacts’ (see below). The methods that were applied in previous literature can be divided into supervised and unsupervised. Supervised methods, such as LDA, also use information on the group pertinence of observations, while unsupervised approaches, such as PCA and AHC, do not. A comparison of these methods was offered by Leroy and others, who stated that PCA would be of little use, as it would maximize the spread of the chemistry of smelting slag inclusions in artefacts, rather than discriminate between artefacts. In contrast, LDA would model differences between smelting slag inclusion groups in artefacts and would allow for a graphical display of inter-group separations. Thus, artefacts could be successfully linked to smelting systems (Leroy et al. 2018: 2144).

L’Héritier and colleagues argued that both supervised (LDA) and unsupervised methods (PCA and AHC) had their advantages and disadvantages, which is why the best way to proceed is to combine the two approaches (L’Héritier et al. 2020: 2). As regards separation between three production areas (slag data) discussed in their study, L’Héritier and others reported that PCA could not produce a sufficient discrimination and better results were provided by LDA (L’Héritier et al. 2020: 9, Fig. 5, 10, Fig. 6). In the next step, they performed AHC to isolate clusters within the data regarding production areas and artefacts that were projected on a PCA graph (L’Héritier et al. 2020: 10, 11, Figs 7 and 8). Eventually, provenance hypotheses were generated using LDA conducted on two classes. Each production area was compared with an artefact, which involved 201 LDA tests being carried out (3 production areas × 67 artefacts) (L’Héritier et al. 2020: 11–12, Fig. 10, 13, Tab. 4). In cases where no production area could be proposed, PCA was once more conducted (L’Héritier et al. 2020: 13, 14, Tab. 5; see also Bérard et al. 2024: 4, 5, Fig. 3, 6, Figs 4 and 5, 7, Fig. 6, 8, Fig. 7). It is of note that the use of LDA was limited to the analysis of graphs only. The chief advantages of this approach – confusion matrices with separations and overlaps of production regions, and prediction tables with possible classifications of artefact observations – were not utilized. L’Héritier and others explained that the LDA’s prediction option was not used because of unknown production regions that would not be considered by this option (i.e. each artefact would be assigned to a production area anyway), so analysis of the LDA graphs was the sole consideration (L’Héritier et al. 2020: 11). Similarly, Bérard and co-authors used PCA in the first stage of their attempt at matching the chemistry of smelting slag inclusions in plate armour parts with possible metal production regions. These PCA-based findings were verified using LDA graphs only. The researchers argued that LDA enabled them to ‘graphically maximize the separation between the groups’ (Bérard et al. 2022b, 90, 93, 94, Fig. 4, 95, Fig. 6, 96, Fig. 7; 2020: 2588–9, 2590, Figs 6 and 7, 2591, Fig. 8). In their study of iron ores, Pagès and co-authors argued that unsupervised methods could be very effective, but only upon the condition that the groups they define were consistent with archaeological evidence. Furthermore, the results of such methods could easily be influenced by the total data variance. These researchers concluded that such an approach was not sufficient to conclusively propose the provenance and could lead to wrong interpretations regarding similarities between observations, especially concerning iron ores. Therefore, they selected LDA in the belief that it would allow for comparisons of data with varying densities and would effectively deal with variability in regional ore comparisons. It was assumed that LDA would sufficiently be able to discriminate between the chemistry of different data groups. Pagès and others remarked that they used this method ‘for descriptive rather than predictive purposes’. In fact, the use of LDA was limited to graphs only. It is also worth noting that only F1-F2 axes were included in the graphs, containing between 60.8% and over 77% of the variance (Pagès et al. 2020: 5, 8–10, 11, Fig. 9, 12, Fig. 10, 13, Fig. 11).

In research using unsupervised methods, Disser and colleagues discussed the chemistry of smelting slag inclusions in artefacts and the chemistry of possible production areas first using PCA and then AHC. In the second step, the PCA-AHC treatment was repeated only using data for a given artefact and data for a possible production region that was suggested for this artefact in the preceding stage (Disser et al. 2016a: 154, 155, Fig. 4, 156, 157, Figs 6 and 7). The selection of this method was explained comprehensively in another study by the same authors. In their opinion, LDA can produce reasonable results, but requires the availability of iron products of undoubted local origin, which can only be fulfilled by the excavation of iron smelting sites. This requirement may be hard to meet for all possible sources of metal. PCA was preferred as it allows for visualization of the importance of each chemical element for each data group. Also, as an unsupervised method, PCA analyses the chemistry of finds independently of their archaeological context (Disser et al. 2016b: 494, 499). AHC was applied to isolate and identify observation clusters with similar chemistry. In this study, AHC was conducted on PC scores and not on transformed chemistry data, as it was assumed that such an approach would lead to more robust data clustering. On the other hand, as it was believed that the last principal components (PCs) might carry noise, it was decided to focus on the first PCs containing about 90% of information. For clustering purposes, Ward’s method was preferred, as it was considered optimal for minimizing the intra-group variance and maximizing the inter-group variance. Clusters were identified using the so-called ‘elbow-type method’, in which the AHC dendrograms were truncated at a height from which there is no notable decrease in the total variance of the dataset. The clusters obtained were verified with regard to their archaeological veracity by identifying the find places of slag and ore. In Step 1, this PCA-AHC treatment only included data for production areas (slag and ore). Artefact data were added in Step 2 and possible production areas for artefacts were proposed. In Step 3, the PCA-AHC analysis was conducted again for the artefact data and for a single production area suggested in Step 2. If both artefact and production area data went into the same class, the provenance of a given artefact from a particular production area could be assumed (Disser et al. 2016b: 499–500, 501, Fig. 1, 502, Fig. 2, 503, 504, Fig. 4, 505, Fig. 5). In their conclusion, Disser and co-authors noted that unsupervised methods were crucial in the initial stages of analysis. In later steps, however, after the production area dataset is cleaned, supervised methods can also prove useful, as their prediction options can help to clarify cases of overlapping groups of artefacts (Disser et al. 2016b: 507–8).

An analogous multi-step PCA-AHC method, including artefact-artefact comparisons, was conducted by Dillmann and colleagues. Here, the later analytical steps included more comprehensive ranges of PCs with more than 99% of information (Dillmann et al. 2017: 112, 114, Fig. 4, 115, Fig. 5, 116, Fig. 6, 117, 118, Fig. 9, 119, Fig. 10, 120, Fig. 11). This approach was also adopted by Bauvais and co-authors, with the caveat that AHC was conducted on transformed values of trace elements and not on PC scores (Bauvais et al. 2018a: 298, 300, Fig. 4, 301). The PCA-AHC method using Ward’s clustering algorithm was used in another study by Bauvais and colleagues. The authors noted rightly that PCA alone could only offer preliminary insights into the relationships between observations, and that AHC was thus necessary as a more precise method. To ensure such precision, Bauvais and colleagues considered PC scores responsible for more than 95% of the total variance (Bauvais et al. 2018b: 491–2, 493, Fig. 26, 494, Fig. 27, 495, Figs 28 and 29, 496, Fig. 30, 497, Fig. 31, 498, Fig. 32). AHC on transformed values of trace elements as a principal research method was also used by Berranger and colleagues, while the sole function of PCA was to visualize the results obtained (Berranger et al. 2021: 8, 14, 15, Fig. 8, 16, Fig. 9, 17). A similar method (i.e. AHC on transformed values of trace elements) was used by L’Héritier and co-authors. These values were also processed by t-Distributed Stochastic Neighbour Embedding (t-SNE), while major element data were analysed using conventional biplots. These researchers reported that the construction iron they studied may have originated from six to eight possible sources (L’Héritier et al. 2023: 11, 16–20, 21, Fig. 14, Tab. 5, 22, Fig. 15, Tab. 6, 23, Fig. 16, 25–6, 27, Fig. 17, 28). Recently, Eliyahu-Behar and co-authors used hierarchical clustering of chemistry data of ores and artefacts as one of the methods to demonstrate group relationships (Eliyahu-Behar et al. 2023: 9–10, 16, Fig. 7, 17, Fig. 9).

Heal and co-authors used an approach that is rooted in the method of Disser and colleagues. These researchers note that their first PCA was conducted to ‘de-noise’ the dataset (Heal et al. 2024, 9). In fact, the PCA graphs that are provided in the supplementary materials to their paper include c. 77.5% of the total data variance (min., 58.4%; max., 84.7%) (Heal et al. 2024: Supplement 4). Then, the PC scores were processed by AHC, but in the first stage the procedure only involved the slag inclusions in the finds from the discussed site, with no data on possible production regions. This was done in the belief that if the slag inclusions from the artefacts were directly compared with their possible regions of production, some inclusions in one and the same find could be attributed to different sources. Thus, the aim of this ‘intra-site’ analysis was to determine whether any finds from the site in question were of the same provenance. It was only in the second stage (the so-called ‘inter-site’ stage) that finds from the site were individually compared with the complete production region dataset. The AHC analyses were repeated until a given sample could be assigned to a single production region (Heal et al. 2024: 9–10, 14, 17, 20, Fig. 21, 21, Tab. 5, 22, Fig. 22, 23, see also Supplement 4). It must be stated here that we are unsure how to understand the reservation that individual slag inclusion observations from a single artefact could be assigned to different production regions. If production region data overlap (and as argued below, is often the case), such an attribution would be a natural result. It would simply mean that these production regions do not differ enough to make it possible to distinguish between the chemistry of slag inclusions in the metal they produced.

An interesting case is posed by a recent study by Pagès and co-authors on the origin of Roman iron bars from the River Rhône estuary in relation to six possible production regions. The authors conducted PCA on transformed values of trace elements, and argued that a relationship between observations would be confirmed if there was a match between them on PC graphs including a major share (over 75%) of the total variance, while AHC was used as a supporting tool. Unsupervised methods were selected due to their neutrality as opposed to such an approach as LDA. It was argued that the latter might result in an incorrect grouping of artefacts (e.g. those from the same smelting systems) into different classes (Pagès et al. 2022: 13–14). In this study, the statistical treatment also proceeded in several stages. First, artefact data (smelting slag inclusions) were compared using PCA graphs (Pagès et al. 2022: 14, Fig. 8). Then, production area slag data were filtered using P2O5 and MnO levels. Next, trace element data for production area were PCA-processed (Pagès et al. 2022: 14–15, 16, Fig. 9, 17, Fig. 10, 18, Fig. 12). Then, PCA and sometimes AHC were performed on the production area and artefact data together and tentative provenance hypotheses were suggested, also bearing in mind the P2O5 levels (Pagès et al. 2022: 15, 18, 19, Fig. 13). These hypotheses were then scrutinized by running PCA on one artefact group and the production area that was suggested in the preceding stage. This was done to determine whether these artefact groups in fact matched the production areas. In a single case, the result was additionally checked with AHC. In conclusion, a match between some bars and the production regions was proposed, while other artefacts were considered to be of unknown origin (Pagès et al. 2022: 15, 17, 18, 20, Tab. 3, 21, Fig. 14, 22–9, Figs 15–22, 30–1, Figs 23 and 24, 32–3).

An exclusively PCA-based method was used by Bérard and co-authors. They proposed provenance hypotheses for iron in late medieval cannons based on the chemistry of groups of smelting slag inclusions isolated by PC graphs. Here, these graphs contained only the first four PCs with 90% of data variance (Bérard et al. 2022a: 4, 5, Fig. 5, 6, Fig. 6, 7, Fig. 7). PCA was also used by Lauridsen and colleagues; in this case, however, the PCA graph gathered only 81.20% of variance (Lauridsen et al. 2023: 196, Fig. 11.11). Stepanov and colleagues also recently used PCA only in their multivariate treatment, the graph showing 86.6% of variance (Stepanov et al. 2023: 12, Fig. 12b; see also Vodyasov et al. 2023: 16, Fig. 16).

Stepanov and co-authors explained their use of PCA instead of bivariate plots based on the fact that PCA values, unlike variables in biplots, are not linearly correlated. The authors argued that this would allow for a more coherent grouping. However, they also made use of AHC in the final research stage (Stepanov et al. 2020b: 7, 10, 11, Fig. 9, 12, Fig. 10, 13–14, 15, Fig. 14, 16, Fig. 15, 17, Fig. 16).

Rodier and colleagues used PCA as the sole multivariate method. However, in the belief that data transformation may cause a potential loss of information, they also applied conventional biplots and spider diagrams. In the case of the latter, the set of variables was even more extensive than that used for PCA (Rodier et al. 2024: 4–9, Figs 3–8, 10–11, Figs 9 and 10, 12, Fig. 11, 13, Fig. 12, 14–15, Figs 14 and 15, 16, Fig. 16, 17, Fig. 17).

Following this overview, let us discuss which statistical treatment we thought would be best for the data that are discussed in this work. LDA as a supervised approach requires high inter-class variability and low intra-class variability if it is to yield reasonable data separation. Moreover, it assumes the equality of covariance matrices within data groups. If this equality is not assumed, Quadratic Discriminant Analysis (QDA) is an alternative. QDA, however, requires that the number of observations in each studied group cannot be lower than the number of variables (Żabiński et al. 2020: 6). The three main iron smelting regions of the Przeworsk Culture differ markedly in terms of numbers of observations (max., 132; min., 58). In general, it is not reasonable to include regional provenance information in the dataset for geological reasons. As shown in Chapter 2, there are differences in the levels of certain elements in Masovian ores. Several types of iron ores are found in the Holy Cross Mountains, even in the underground mine at Rudki, Site 2, Kielce District. Only limonite ores are reported from Silesia, but considerable differences in their chemistry are naturally to be expected due to the large area of this geographical region. It was proposed in Chapter 2 that several major elements (Ca, Al, Mn and P) might be discriminatory factors. It is important to note that these elements were also indicated as discriminating variables by ANOVA and the Kruskal-Wallis test (see below). However, considerable overlap might anyway be expected. If a supervised method were to be used, it would be better to divide the observations into several sub-regional groups. Such groups were isolated for Silesia on archaeological grounds, but the number of samples available for them varied widely (between one and 30). Different zones were also proposed for the Holy Cross Mountains, but the sample coverage for them was very uneven. In addition, different ore types in this region do not seem to be distributed in clusters that can be easily separated using geographical criteria (see Chapter 2, Figure 7). Yet another option would be to use sites as groups, but it must be remembered that there are sites with 20 samples and some with just one. Thus, the covariance equality assumption and the prerequisite that the number of observations in groups not being lower than the numbers of variables could not be met. Furthermore, it was shown in Chapter 2 that although at certain sites the number of smelting operations was small (a few or a dozen or so), there were also sites operating for several centuries where thousands of furnaces were discovered. This is especially the case of sites in the Masovian ironmaking region, such as Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts, and Biskupice, Site 1, Pruszków District. It is unclear, therefore, whether a single source of ore was used throughout the entire existence of such sites. In other words, it would be hard to assume a priori that all the samples from such sites will form a chemically coherent group. Bearing all of this in mind, it is unlikely that the condition that within-class variability is lower than between-class variability would be fulfilled, and it is highly probable that a supervised method would result in a strong overlap of observations. Yet another reason that could militate against the use of LDA or other supervised approaches is the fact that such methods could demonstrate separations and overlaps between the studied regions, but they would not divide regional observations into sub-regional groups, which is highly likely to be the case in this study due to the reasons discussed above.

It thus seemed natural to use unsupervised methods (for a brief discussion, see Żabiński et al. 2023: 8–9) as they pose none of the named requirements and they produce clusters that are based solely on the chemistry of observations. However, it is not completely reliable to use PCA as the main or even the only approach. Even taking c. 90% of the total variance into consideration does not guarantee successful group identification, as the remaining 10% of variance can still contain important information on relationships between observations. Yet another reason is the fact that conclusions based only on a visual inspection of graphs can be very prone to human error, especially when there are numerous and overlapping observations. For this reason, it is recommended to use a clustering algorithm such as AHC (Tomczyk and Żabiński 2024: 126, 129, Fig. 17, 130, Fig. 18; Żabiński et al. 2023: 9). Furthermore, due to the possible lack of representativeness if the entire variance is not included, one should consider all the PCs in the AHC procedure. It was decided to conduct AHC on PC scores and not on transformed variables, following Disser and others (2016b). AHC can also be conducted on transformed values of chemical elements, as done by, for example, Bauvais and others (2018a), Berranger and colleagues (2021) and L’Héritier and co-authors (2023). However, PCA was considered a useful step for two reasons. First, it allows for the convenient visualization and initial examination of group separation and overlap. Second, it may provide hints about the number of clusters to be isolated in the AHC stage. Although the ‘elbow-type method’ generally performs well, in some cases the selection of the truncation level is debatable. This was suggested by Dillmann and co-authors, who recommended verifying AHC clustering with PCA results (Dillmann et al. 2017: 112; see also Merico et al. 2024a: 11, Supplementary Materials, Supplementary Fig. S1, where the dendrogram was truncated at a much too high level; for a correct truncation, see 2024b: 9, Supplementary Materials, Supplementary Fig. S8 and 2024c: Supplementary Information, Supplementary Fig. S3).

It is also known that strong data overlaps and the lack of a normal distribution of data often occur in the case of iron slag and ore observations (see Charlton et al. 2012: 2284), as well as generally in the chemistry of archaeological artefacts (see Glascock 2016: 8; for non-ferrous alloys, see Tomczyk and Żabiński 2024). If such data are processed with graphs only (be it PCA or LDA ones), this overlap can only be assessed generally through a visual inspection. LDA (and other supervised methods) will also produce a confusion matrix, demonstrating how observations from individual groups separate or overlap. On the other hand, if PCA is coupled with AHC, such overlapping observations will be isolated into separate classes, which can greatly facilitate the task of group evaluation (Tomczyk and Żabiński 2024: 107).

Data transformation

The data analysed here are so-called ‘compositional data’, in that they sum to a constant unit. In this case, it is 100%, provided that all the variables measured sum to 100%. However, the levels of individual elements will vary a great deal, even by a few orders of magnitude. In addition, the contents of individual elements in slag and in slag inclusions in artefacts will be strongly influenced by varying contents of FeO in iron ores, by the thermodynamics of the smelting process and by the later stages of metal processing. It is therefore necessary to provide all the variables with a similar weight. If this step is omitted, results of multivariate analysis will be dominated by variables with the highest variance, which are often the variables of greatest magnitude.

Several strategies of data transformation have been proposed (e.g. Charlton et al. 2012: 2283–4; Baxter and Hancock 2018: 7–8; Baxter 2015: 106–11; Żabiński et al. 2020: 3–4, with a comparison of their performance in Supplementary Materials, 21–32; Disser et al. 2016b: 498; Stepanov et al. 2020b: 7; Merico et al. 2024b: 3). A transformation known as centered log-ratio or CLR (as it centres the variables around 0) was proposed by Aitchison (1986). It can be expressed using the following equation:



y = log[image: x over g (x 1 … x N)]



where

y = the transformed value,

x = the value of the variable in a given observation,

g(x1 … xN) = the geometrical mean of individual variables for a given observation



This transformation has routinely been used in studies of archaeological iron provenance (Leroy et al. 2012: 1086; Disser et al. 2016b: 499; Dillmann et al. 2017: 109–10; Bauvais et al. 2018a: 294; 2018b: 491; Bérard et al. 2020: 2588; 2022a: 3–4; 2022b: 90; 2024: 4; L’Héritier et al. 2020: 9; 2023: 11; Stepanov et al. 2020b: 7; 2023; Berranger et al. 2021: 8; Pagès et al. 2022: 13; Vodyasov et al. 2023; Eliyahu-Behar et al. 2023: 9 – in this case, with Z-score normalization; Heal et al. 2024: 9; Rodier et al. 2024: 3). The majority of these studies, however, adopted a different equation:



XE = log([E]) – [image: 1 over N N over k = 1] log ([EK]) 



This rather complex formula is to be read as ‘the transformed value is a log of a given element minus 1 divided by the number of variables which are multiplied by the sum of logs of all considered variables’ and it obviously yields identical results to the previous one. Therefore, CLR was selected as the method of data transformation using the first equation, for the sake of its computational simplicity (see Żabiński et al. 2023: 9).

In most of the named studies, only trace elements were used for the purpose of determining provenance. As shown in Table 6, a combined major/trace element dataset was used in a few studies only (Disser et al. 2016a: 152; 2016b: 198–9; Dillmann et al. 2017: 109; Bauvais et al. 2018b: 490–1; Stepanov et al. 2020b: 7; Żabiński et al. 2020: 3, Tab. 1, 4, Tab. 2). However, two different strategies of data transformations were used. Disser and co-authors transformed major and trace elements separately (Disser et al. 2016b: 498–9). Dillmann and colleagues did the same before all transformed data were combined into one dataset (Dillmann et al. 2017: 109–10, 114, Fig. 4; see also L’Héritier et al. 2023: 11). Stepanov and co-authors cited both the work of Disser and colleagues and Dillmann and others, so it can be supposed that they followed the same path (Stepanov et al. 2020b: 7). In contrast, Żabiński and co-authors first combined the major and trace elements into a dataset by bringing them to the same scale (wt%) before transforming them together using CLR (Żabiński et al. 2020: 4, 5, Fig. 1).

As these two approaches can produce different results in multivariate analyses, it was decided to verify both strategies using data provided by Disser and colleagues. Using PCA-AHC analysis conducted on a variable set of six major and 14 trace elements (see Table 6), these authors believed that all the studied iron clamps (11 samples, 92 smelting slag inclusion observations) from the Mutte Tower in Metz Cathedral were made of iron from the ‘Minette’ ore (Disser et al. 2016b). To check the performance of the two transformation approaches, the provenance of this iron was first studied using CLR transformed values of the 14 trace elements only, as it was assumed that they would be a more reliable indicator being less prone to pollution during the ironmaking process. The result was the same as that obtained by Disser and co-authors – all observations were linked to the ‘Minette’ ore (for calculation details, see Electronic Supplement 3, Sheets: STEP 1 CLR T DATA to STEP 2 CLR T DATA). Next, a dataset with all 20 elements, which were separately (i.e. six major and 14 trace elements) transformed by CLR, was studied to the same effect. A minor difference was that this time all 92 observations went into one class solely with ‘Minette’ data, whereas in the previous case one artefact observation was classified to another ‘Minette’ group (for calculation details, see Electronic Supplement 3, Sheets: STEP 1 CLR M CLR T DATA to STEP 2 CLR M CLR T DATA). In the next stage, all 20 variables were transformed together with the result being drastically different. Namely, all 92 artefact observations were in a class on their own with no production region data, thus implying an unknown source of iron (for calculation details, see Electronic Supplement 3, Sheets: STEP 1 CLR M+T DATA to STEP 2 CLR M+T DATA). To identify the reasons behind this, a dataset composed solely of CLR transformed values of the six major elements was analysed. In this case, the result was less conclusive. 75 observations were in the ‘Minette’ class, one in the ‘Bajocian-Bathonian’ class and 16 in a class on their own (for calculation details, see Electronic Supplement 3, Sheets: STEP 1 CLR M DATA to STEP 3.2 CLR T DATA). As major elements are believed to be less reliable at identifying provenance, it was decided to check how major and trace elements influenced the final results in both methods of data transformation. To this end, their contribution to the total data variability in all the PCs was examined, with special emphasis on the first PCs which bear most information. When the major and trace element data were transformed separately, the trace elements accounted for 59.33% of the total variability in the data, whereas the contribution of the major elements was 40.67%. When the CLR transformation was conducted on the major and trace elements together, these percentages were 53.44% for the major elements and 46.56% for the trace elements (for details, see Electronic Supplement 3, Sheet: Conclusions). Although the prevalence of the less reliable major elements may seem not to be all that significant, as shown above it produced a completely different clustering of the artefact observations. Therefore, to avoid a possible distortion of the trace element data, it is recommend conducting separate transformations on the major and trace elements.

Bearing all of the above in mind, the following research protocol is proposed to meet the needs of our study (see also Żabiński et al. 2023: 10):



1.A set of 33 potentially discriminatory variables for multivariate statistical analysis was compiled based on previous literature: Mg, Al, Si, K, Ca, Ti, Mn, Ba, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr. In addition, P was used for filtering purposes.

2.The values of trace elements whose levels were not measured with sufficient certainty (60 observations altogether) are replaced. If the measurement uncertainty was above 40% but below 100%, the value was replaced with the lowest possible value of this element in a given observation (i.e. the measured value minus the uncertainty level). If the uncertainty was close to (e.g. 98%) or above 100%, the value was replaced with the lowest reliably quantified value for a given region.

3.Average values were calculated for samples for which multiple analyses were conducted and all ppm values were converted to wt% values. Thus, all variables were combined into one dataset.

4.Variability in the contents of all 34 candidate elements (including P) was visualized using boxplots, and ANOVA was conducted on the not transformed (NT) values of these elements. Discriminant variables were selected based on the results of the Tukey and the Bonferroni tests, which indicated statistically significant differences between regional pairs. It must be remembered, however, that ANOVA is a parametric test and the data need to meet two requirements. These are the normal distribution of the data and the homogeneity of variance in each studied group of observations. The normal distribution of data is assessed by the Shapiro-Wilk test, while the Levene test is used to evaluate the homogeneity of variance. If these requirements cannot be met, the alternative (albeit less viable) is to use the Kruskal-Wallis test, which is a non-parametric method.

5.The values of the elements selected in Step 4 were transformed separately for the major and the trace elements using the centered log-ratio (CLR). Then, ANOVA (and, if necessary, the Kruskal-Wallis test) was conducted again on the transformed values to test their discriminatory power.

6.If not all of the transformed variables were found to discriminate between the studied regions, a further CLR transformation would be performed on the not transformed values of the elements which passed the discrimination test. If all of the transformed variables were discriminatory, this step would be omitted.

7.The transformed variables were processed with covariance-type PCA using Pearson’s correlation coefficient of similarity. It was also decided to conduct t-Distributed Stochastic Neighbour Embedding (t-SNE) to compare and contrast its results with those produced by the PCA.

8.AHC (dissimilarity type, Euclidian distance, Ward’s method of agglomeration) was performed on the resulting PC scores (100% of the total variance). It is also possible to apply AHC directly to the transformed variables. However, we decided to include PCA because it allows for an assessment of individual variables’ contribution and offers a convenient way of visualizing the results that are produced in the course of the analysis. In addition, it can provide useful pointers concerning the truncation level in the AHC stage. Concerning the truncation method, dendrograms are first truncated automatically based on the principle of maximum inertia. Should the need arise, the truncation can be repeated manually using the ‘elbow-type method’. This truncation procedure isolates individual observations into classes and its aim is to obtain possibly ‘clean’ classes, i.e. classes that mainly contain observations from one region only.

9.The observations were ultimately divided into sub-classes by filtering the classes produced by AHC according to the levels of P. A threshold of 1.0% P2O5 (about 0.437% P) was used, thus dividing the classes into P-low and P-high. It is also possible to pre-filter the observations with the P levels and then process them with PCA and AHC, but this would require conducting PCA-AHC for each of the two datasets separately.

10.Finally, the obtained sub-classes are discussed based on the region of origin and the find place of the observations. In this way, we were able to verify whether the obtained eventual classification was archaeologically sound.



Calculations in this study were conducted with XLSTAT Ver. 2021.5.1 and R Ver. 4. 1. 3 coupled with R-Studio Ver. 1.1.463. All calculation details with the obtained results and relevant R codes are provided as Electronic Supplements.

Statistical analysis of the data: results and discussion

Slag and ore finds

In Step 1, the set of 34 potentially discriminatory variables was selected (Mg, Al, Si, K, Ca, Ti, Mn, Ba, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr, together with P for filtering purposes). In Step 2, the values of the trace elements with not sufficiently reliable measurements were replaced according to the principles above. In Step 3, the average values for samples with multiple analyses were calculated (for details, see Electronic Supplement 2, Sheet 2: Working Data). Then, all the ppm values were converted to wt% and the variables were combined into one dataset (Electronic Supplement 2, Sheet 3: Ready Data).

In Step 4, similarities and differences in the variability of the 34 elements in the studied regions were first studied using boxplots. P was also included, due to its potentially strong discriminatory potential in the filtering stage. In this case, the boxplots were prepared on the observation values prior to data transformation (hereafter ‘not transformed’ or NT data). The results are shown in Figure 23 (for calculation details, see also Electronic Supplement 2, Sheet 4: Boxplots NT Data).

The boxplots suggested that all candidate variables have the potential to be regionally discriminatory. To verify this, the variables were analysed with ANOVA. The Tukey and the Bonferroni tests confirmed that there were statistically significant regional differences in the case of all variables. However, no variable met the requirement of a normal distribution and for only a few was there homogeneity of variance (for calculation details, see also Electronic Supplement 2, Sheet 5a: ANOVA NT Data). Therefore, the Kruskal-Wallis test was performed. It demonstrated that the analysed samples did not come from the same population. Moreover, the Dunn test with the Bonferroni correction demonstrated statistically significant differences between regional pairs for all the variables in question (for calculation details, see also Electronic Supplement 2, Sheet 5b: Kruskal-Wallis NT Data). Thus, nearly all of the elements were included. However, we decided to discard Ti and Ba, although they have sometimes been used in provenance studies (Ti: Charlton et al. 2012: 2282, 2283, Tabs 1 and 2, 2284, 2285–7, 2289; Buchwald and Wivel 1998; Buchwald 2005; Ba: Coustures et al. 2003: 600–2, 2006: 256–7; Bérard et al. 2020: 2588; cf. Żabiński et al. 2020: 3, 4, Tab. 2). This decision was made based on the fact that the levels of both elements varied considerably (Ti between 0.005wt% and 0.42wt%, Quartile 3 = 0.10wt%, 0.08wt% on average; Ba between 0.0004wt% and 1.62wt%, Quartile 3 = 0.34wt%, 0.25wt% on average). Therefore, they could not be unequivocally classified as major or trace elements, which might have distorted the result of the CLR transformation conducted on the major and trace element data separately.

Step 5 included the CLR transformation (separate transformations for the major and the trace elements) of the values of the 31 selected variables (P was excluded) (for calculation details, see also Electronic Supplement 2, Sheet 6: CLR Data 1). ANOVA was conducted again on the CLR transformed values and it indicated that all of the elements had the potential to discriminate between the studied regions. As in the case of the not transformed (NT) values, the two requirements of ANOVA were not met, including that only one variable (Ca) demonstrated a normal distribution of data. A total of 12 variables met the homogeneity of variance requirement (for calculation details, see Electronic Supplement 2, Sheet 7a: ANOVA CLR Data 1). Thus, the Kruskal-Wallis test was performed on the CLR transformed values. It produced results analogous to those obtained with the NT values, indicating that the analysed samples did not come from the same population. The statistically significant differences between regional pairs of all the considered variables were confirmed by the Dunn test with the Bonferroni correction (for calculation details, see also Electronic Supplement 2, Sheet 7b: Kruskal-Wallis CLR Data 1). Based on this result, all the variables were retained in the dataset, thus making Step 6 redundant.
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Figure 23  Boxplots with values of possible discriminatory elements in the three iron smelting regions of the Przeworsk Culture. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.
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In Step 7, the CLR values of the elements were processed by PCA (for calculation details, see Electronic Supplement 2, Sheet: PCA CLR Data 1), the results of which are shown in Figure 24. These graphs are obviously not fully representative, as they represent only 86.91% of the total variability (PC1 and PC2 = 67.40%; PC1 and PC3 = 49.87%; PC1 and PC4 = 46.57%; PC1 and PC5 = 46.01% variability). However, they suggest both a separation between the Holy Cross Mountains and Masovia, as well as a zone of overlap between the two regions. The Silesian observations fall within the ‘in-between’ region, overlapping with both the Holy Cross Mountains and Masovian observations, although the overlap between Silesia and the Holy Cross Mountains is more pronounced. Also apparent are concentration zones of observations from each of the regions. The general impression based on the PCA graphs is that the data fall into three main groups. The first is the Holy Cross Mountains group, the second is a mixed group with a preponderance of Silesian observations, and the third group is mostly composed of the Masovian data. However, many of the observations are widely scattered, suggesting the existence of regional sub-groups. This is most apparent in the case of the Holy Cross Mountains observations, where at least one such sub-group seems to be formed by outlying data. The same might tentatively be proposed for Masovia. Here, apart from the main mostly Masovian group, there could be a further sub-group, more mixed but still chiefly composed of the observations from this region.

The PCA results obtained for these three ironmaking regions based on the ‘legacy data’ (with Si, Al, Ca and Mn only) are in general quite similar. There is also a reasonable separation between the Holy Cross Mountains and Masovia, while Silesia is in the ‘in-between zone’, demonstrating more of an overlap with the Holy Cross Mountains than with Masovia (Żabiński et al. 2023: 11, 18, Fig. 11). Therefore, the result of this stage of the analysis matches recent findings regarding the relationships between the three main iron production regions of the Przeworsk Culture.

This result can be compared and contrasted with that produced by the t-Distributed Stochastic Neighbour Embedding (t-SNE) method. First of all, however, it is worth discussing this method in more detail. The main aim of Stochastic Neighbour Embedding is to offer a low-dimensional visualization of high-dimensional data while retaining as much of the data structure as possible. To this end, Stochastic Neighbour Embedding converts high-dimensional Euclidian distances between datapoints into similarities that are based on conditional probabilities. In its t-Distributed Stochastic Neighbour Embedding variant, the similarity between two points in the low-dimensional space is calculated not on the basis of the Gaussian distribution but using the Student-t distribution. This is done to address the crowding problem, that is, the gathering of datapoints at the centre of the graph, which obliterates the borders between clusters formed by these datapoints, as well as to address optimization issues related to the proper modelling of low-dimensional points on the map (van der Maaten and Hinton 2008: 2579–88). Initially, PCA is used to reduce the dimensionality of the dataset before the resulting multidimensional data are converted into a 2D scatterplot (van der Maaten and Hinton 2008: 2589). The data visualization produced by the t-SNE method is able to retain the data’s local structure and to display their global structure, including data clusters. On the basis of experimentation, van der Maaten and Hinton maintain that t-SNE performs better than other data visualization techniques (van der Maaten and Hinton 2008: 2599–600).
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Figure 24  PCA graphs with observations from the three iron smelting regions of the Przeworsk Culture. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia. Variables: Mg, Al, Si, K, Ca, Mn, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr.



On the other hand, this method is a probability-based approach and for this reason it will produce somewhat different results in each and every analysis of the same data. Because of this, L’Héritier and co-authors repeated the procedure several times and selected the result with the lowest Kullback-Leibler divergence (L’Héritier et al. 2023: 11, 23, Fig. 16), which is the divergence between the conditional probability of similarity of two datapoints in the high-dimensional space (P probability) and conditional probability of similarity of two datapoints in the low-dimensional (2D or 3D) map (Q probability) (van der Maaten and Hilton 2008: 2581).

To test the performance of the t-SNE method, 10 analyses were conducted and the four results with the lowest Kullback-Leibler divergence are displayed in Figure 25 (for calculation details, datasets and the R code, see Electronic Supplement 4). Compared with the PCA graphs in Figure 24, the t-SNE plots seem to offer a better visual separation of the smelting region in question, as distances between observation clusters are more pronounced. On the other hand, the t-SNE plots in general suggest more or less the same as the PCA graphs, that is, the existence of three main regional groups: an almost exclusively Holy Cross Mountains one, a chiefly Masovian one and a mixed one in which a majority of the observations come from Silesia. Within these main clusters, it is possible to search for sub-groups, with the caveat that these (e.g. regarding the Holy Cross Mountains) are better visualized in the PCA graphs in Figure 24. Moreover, the bottom-right graph in Figure 25 with the most compact and best separated groups is remarkable for its highest Kullback-Leibler divergence, that is, it shows the greatest difference between the high-dimensional (original) data structure and the low-dimensional one. Apart from that, the t-SNE plots do not inform us of how much of the total variance they gather, which obviously raises questions of representativeness. Overall, the t-SNE method offers better visualization of the data, but (at least in this case) it does appear to be the only advantage of this approach.

In Step 8, AHC was conducted on the PC scores (100% of the total variability) that were generated in the previous step. The results are shown in Table 8 and Figure 26 (for a detailed class composition, see Electronic Supplement 2, Sheet 8: CLR Data 1 Result; for calculation details, see Electronic Supplement 2, Sheet: AHC L16 CLR 1 Data).

Let us now say something about the selection of the truncation level. As stated above, a general rule is that the truncation should be done at a height from which there is no significant decrease in the total variance (in other words, at the level at which there is a decrease in the agglomeration rate of observations). After such a truncation, the within-class variance must be lower than the between-class variance. Truncation at a level of 13 would easily meet this requirement (within-class variance 35.75%, between-class variance 64.25%), but at the cost of too strong a split of the observations from individual sites with multiple samples into different classes (for calculation details, see Electronic Supplement 2, Sheet: AHC L13 CLR 1 Data). In contrast, truncation at a level of 16 (which was ultimately selected) retains the desired within-class variance versus between-class variance (40.72% vs. 59.28%), and does not generate too strong a split effect. Its complete removal cannot be always expected, as it is likely that observations from different sites in different regions will be similar (see below). It is also worth noting that truncation at an even higher level (i.e. less radical) of 30 is also possible. In this case, four classes would be produced: a ‘clean’ Holy Cross Mountains Class 1 (gathering together Classes 1, 3 and 6 produced by the truncation at the level of 16) with 44 observations, a mixed Class 2 with 78 observations (equal to Class 2 resulting from the level 16 truncation), a mixed Class 3 with 42 observations (equal to Class 4 produced by the level 16 truncation) and a mostly Masovian Class 4 with 105 observations (equal to Class 5 produced by the level 16 truncation) (for calculation details, see Electronic Supplement 2, Sheet: AHC L30 CLR 1 Data). Therefore, only the Holy Cross Mountains classes would be affected, with no change in the remaining classes. On the other hand, such a truncation would only just meet the within-class variance versus between-class variance requirement (merely 49.10% vs. 50.90%) and could thus obliterate differences in chemistry between possible sub-groups in the Holy Cross Mountains region. The presence of different iron ores in this iron smelting region (see Chapter 2) strongly suggests the existence of such sub-groups. Moreover, their presence could naturally be inferred from the PCA graphs (Figure 24). For all these reasons, truncation at a level of 16 was assumed to be the best choice.
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Figure 25  t-SNE graphs with observations from the three iron smelting regions of the Przeworsk Culture. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia. Variables: CLR values of Mg, Al, Si, K, Ca, Mn, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr.
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Figure 26  PCA-AHC dendrogram with observations from the three iron smelting regions of the Przeworsk Culture. Truncation level 16. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia (for a detailed view, see Electronic Supplement 2, Sheet 8: CLR Data 1 Result and the companion website).



Regarding the details of the AHC procedure, of 269 observations in total, merely 136 (50.56%) went to classes that can be termed ‘clean’ or ‘almost clean’, that is, classes containing solely or mostly (more than 75%) observations from a single iron smelting region. This naturally means that there is strong inter-regional overlap, especially between the two most important regions (i.e. the Holy Cross Mountains and Masovia). For the Holy Cross Mountains, three ‘clean’ classes were isolated. On the one hand, this could match the remark concerning the presence of several ore types in this region (see Chapter 2). These classes, however, cover only 55.70% of all the observations from this region. The only ‘almost clean’ Class 5 for Masovia encompasses a higher share of all the Masovian observations (69.70%), but this figure is still far from satisfactory. Truncation at a lower level (i.e. 13) would produce an ‘almost clean’ class for Silesia, yet another mixed class and an additional small ‘clean’ class for Masovia but for the reasons cited above it was decided not to employ this step. A detailed inspection of Figure 26 (see the Companion Website) reveals that for some sites with multiple samples, all the observations were in the same class (e.g. Biskupice, Site 1, Pruszków District and Warszawa-Białołęka, Site NN, Warszawa District, in Class 5, which is mostly Masovian; Rudki, Site 2, Kielce District, which forms the ‘clean’ Holy Cross Mountains Class 6; Daniec (Danietz), Site 7 and Dobrzeń Mały (Klein Döbern), Site 8 (both Opole District) and Lizawice (Leisewitz), Site 3, Oława District in Class 2). On the other hand, many observations at such sites are to some extent split between different classes which group geographically distant cases.

This result was verified by repeating the statistical analyses with different sets of variables. These included a selection of only those elements that discriminate between all three regions as indicated for the not transformed (NT) data by ANOVA (i.e. Mg, Mn, V, Sr, Nb, Cs, Pr, Nd, Sm, Eu, Gd, Tb and Dy); using the elements indicated by the Dunn test with the Bonferroni correction in the Kruskal-Wallis test (i.e. Mn, Rb, Sr, Zr, Cs and U); using trace elements only (i.e. Sc, V, Cr, Rb, Sr, Y, Zr, Nb, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, Hf, Ta, Th and U); and using the set of six major elements (Mg, Al, Si, K, Ca and Mn) and 14 commonly used trace elements (Ce, Eu, Gd, Hf, La, Nb, Nd, Pr, Sm, Tb, Th, U, Y and Yb) (see Table 6). However, in each case the outcome (also including the P-filtering stage) was worse than that obtained when using the complete set of 31 variables and P as a filter, albeit the result produced by 20 variables was quite close to it. All of this strongly suggests that the result that was achieved was not due to improper variable selection but rather to the very nature of the data available.

In theory, the obtained result might seem somewhat disappointing, especially in relation to other recent studies, where an ideal separation between production regions was reported (e.g. Disser et al. 2016b: 500, 501, Fig. 1, 502, Fig. 2; Dillmann et al. 2017: 112, 115, Fig. 5, 116, Fig. 6). However, apart from the shortcomings of our dataset, there are marked differences between it and those of Disser and co-authors and Dillmann and colleagues. The first dataset concerned five production regions in Lorraine within a radius of more than 100 km, but with ores of different geological age and type (Disser et al. 2016b: 495, 496, Tab. 1, 503, Fig. 3). These regions were also included in the second study, alongside three southern German production regions. Limonites constituted the main ores in these three regions, but these were of different kinds (Dillmann et al. 2017: 110, Fig. 2, Tab. 1, 111). Therefore, it is not surprising that slag and ore finds from these regions could be isolated into distinct clusters with no overlaps.

A somewhat different result was reported by Pagès and co-authors, who studied the provenance of Roman Period iron artefacts in relation to six production areas: Eastern Condroz and Entre-Sambre-et-Meuse in present-day Belgium, Sénonais-Pays-d’Othe and Puisaye in present-day Central France, as well as Montagne Noire and Canigou in present-day Southern France. Pagès and others believed that these six production areas formed three chemistry groups, which were geographically coherent (i.e. Belgium, Central France and Southern France) in a PCA projection (Pagès et al. 2022: 7, Fig. 3, 15, 17, Fig. 10). However, PC1 and PC2 on the graph provided accounted for only 64.30% of the total variance.

This case may be more like the present study, in that the types of ore in these three geographical areas were more similar to each other. The ores in Eastern Condroz, Entre-Sambre-et-Meuse (Belgium), Sénonais-Pays-d’Othe and Puisaye (Central France) were limonites, while limonites, hematites and siderites were reported for Montagne Noire and Canigou (Southern France) (Pagès et al. 2022: 5, 6–7, Tab. 1, Fig. 3, 8–10). We processed the production region dataset provided by these researchers using PCA and AHC in line with the approach discussed above and five classes were obtained. Although Classes 1, 3 and 4 solely contained observations from one of the three geographical areas, only Class 5 included observations from one production region only. Moreover, there was also a mixed Class 2 with observations from the Montagne Noire, Eastern Condroz and Entre-Sambre-et-Meuse regions (i.e. Southern France and Belgium together) (Table 9; for calculation details, see Electronic Supplement 5, Sheet: STEP 1 REGIONS). This clearly demonstrates that even observations from regions that are very distant in terms of geography but where similar ore types were used can be close in terms of their chemistry. A closeness in chemistry of iron ores of similar kinds from distant locations was also reported recently by Vodyasov and colleagues (2023: 13).

As discussed in Chapter 2, the Holy Cross Mountains region is the only one in which different types of ore with more diverse geological histories occurred, while bog limonites alone are reported from Masovia and Silesia. It has been recently suggested by Orzechowski that although various types of limonite were the most common ores used in the Roman world, large ironmaking regions in the Roman Empire also used ores of different geological provenance and mineral composition. Orzechowski also proposes that bog and lake limonite ores were the main raw material for Barbarian iron smelting (Orzechowski 2022: 106–7; for a different opinion on the use of iron ores in Ancient Rome, see Milot et al. 2022, 395). For this reason, it might naturally be supposed that, for example, bog limonites from all three iron smelting regions of the Przeworsk Culture may sometimes demonstrate similar chemistries. This receives support from a closer inspection of the obtained classification of individual observations. For the Holy Cross Mountains, a considerable number of samples come from sites that are either distant from or peripheral within the main smelting area (the ‘clean’ production zone and the ‘production-settlement’ zone). This applies in particular to Grzybów, Site 6, Staszów District (Nos 14–23); Kliszów, Site NN, Pinczów District (No. 28); Mierzanowice, Site 1, Opatów District (Nos 34–43) and Zochcin, Site 1, Opatów District (Nos 78–9) (Figure 18). These sites yielded 23 samples altogether, or nearly a third (29.11%) of the total number of samples (79) from this region. They are situated close to watercourses, so the use of bog ores might be assumed. As can be seen in Figure 26 (see the Companion Website and Electronic Supplement 2, Sheet 8: CLR DATA 1 Result), only two observations from Mierzanowice and two observations from Zochcin went to the ‘clean’ Holy Cross Mountains Class 1. As many as 11 observations were scattered between the mixed Classes 2 and 4, while eight were classified to the mostly Masovian Class 5, being the only Holy Cross Mountains observations in this class. On the other hand, three ‘clean’ Holy Cross Mountain Classes 1, 3 and 6 (44 observations altogether, Nos 1, 4–9, 11–13, 24–7, 33, 37, 42, 44–50, 57–9, 61, 63–5, 67–79) mostly gathered the observations within or close to the centre of the main smelting area (Figures 20 and 26; see also Electronic Supplement 2, Sheet 8: CLR DATA 1 Result).
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Masovia yielded 132 samples altogether, of which 92 (69.67%) (Nos 80–93, 96–9, 102–7, 111–12, 114, 116–18, 120, 122–3, 125, 127–33, 137, 149–52, 155–8, 160, 163, 165–7, 169–72, 174–82, 184–6, 188–91, 193–7, 199–211) went to Class 5 (105 observations in total), where they constituted 87.62% of all cases. This class offers a fairly even territorial coverage of the Masovian smelting region, as it includes all but one site from this area. Although the observations from only two sites – Biskupice, Site 1, Pruszków District (Nos 80–8) and Warszawa-Białołęka, Site NN, Warszawa District (Nos 201–11) – were grouped entirely in Class 5, for most other sites the majority of observations went into Class 5. These included Brwinów, Site 4, Pruszków District (Nos 89–93, 96–9, nine observations out of 15); Falenty Nowe, Site 3, Pruszków District (Nos 102–7, 111 – seven out of 10); Grodzisk Mazowiecki (Wólka Grodziska), Site 12, Grodzisk Mazowiecki District (Nos 112, 114, 116–18, 120, 122–3, 125, 127–31 – 14 out of 20); Kanie, Site 2, Pruszków District (Nos 132, 133, 137 – three out of six); Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts (Nos 149–52, 155–8 – eight out of 10); Młochów (Żabieniec), Site 2, Pruszków District (Nos 160, 163, 165 – three out of seven); Parzniew, Site 6, Pruszków District (Nos 166, 167, 169–72 – six out of eight); Pruszków (Malichy)-Reguły, Site 7, Pruszków District (Nos 174–82, 184 – 10 out of 12); Stare Babice, Site 2, Warszawa-Zachód District (Nos 185–6, 188, 190 – four out of six); and Tłuste, Site 2, Grodzisk Mazowiecki District (Nos 191, 193–7, 199–200 – eight out of 10). The only site with all observations outside this class was Kraśnicza Wola, Site 1, Grodzisk Mazowiecki District, situated at the periphery of the region’s south-east. The observations from this site went into the mixed Classes 2 (two cases) and 4 (nine cases). It is worth noting that in the latter class the Masovian observations constitute the majority of observations (25 out of 42). These two mixed classes also include all other Masovian observations which did not go into Class 5 (Figures 21 and 26; see the Companion Website and Electronic Supplement 2, Sheet 8: CLR Data 1 Result). The fact that the observations from one and the same site were classed differently might tentatively be explained by the use of different sources of ore (and other components of the smelting system) at such sites. This is especially likely for larger sites, which operated over longer periods of time (such as Brwinów, Site 4, Pruszków District; Milanówek-Falęcin, Site, 8, Grodzisk Mazowiecki and Pruszków Districts; perhaps Parzniew, Site 6, Pruszków District; Pruszków (Malichy)-Reguły, Site 7, Pruszków District; and Tłuste, Site 2, Grodzisk Mazowiecki District), or because of local differences in the composition of ores. Neither can be proved or disproved without a detailed study of local ores.

For Silesia, 43 of 58 observations (i.e. 74.14%) went into Class 2 (78 observations altogether), thus forming its most numerous part. 24 of these Silesian observations (Nos 222–30, 243, 246–57, 262–3) come from the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region (No. X), being the lion’s share of the 30 samples from this region. Other observations included six (Nos 216, 218–20, 259–60) of the 10 samples from the Brzeg (Brieg) region (No. VIII), one (No. 213) of the four samples from the Nysa (Neisse) region (No. XII) and the single observation (No. 241) from the Głubczyce (Leobschütz) region (No. XI). The remaining 11 observations in Class 2 (Nos 231–40, 269) came from the more peripheral Bystrzyca (Weistritz)-Oława (Ohlau) region (No. VI), accounting for all but one observation from this area. Thus the Silesian observations in Class 2 mostly come from the central part of this region. The remaining 15 Silesian observations are scattered between the mixed Class 4 (10 cases) and the ‘almost clean’ mostly Masovian Class 5 (five cases) (Figures 22 and 26; see the Companion Website and Electronic Supplement 2 and the Companion Website, Sheet 8: CLR DATA 1 Result).

Step 9 included the refinement of the classification of observations by filtering them based on their P content, using a threshold of 1.0% P2O5 (~0.437% P) and then dividing the classes into P-low (A) and P-high (B) sub-classes. A summary of the results can be found in Table 10, while a more detailed account is provided in Table 12.

As can be seen, the use of the P filter significantly improved the separation between the studied regions. Of nine sub-classes, as many as seven are ‘clean’ or ‘almost clean’ and the total share of observations in these such sub-classes increased to more than 70%. A new ‘almost clean’ Sub-class 2A was isolated, almost entirely Silesian (94.12%) in provenance. Thus, whereas Silesia previously accounted for no ‘clean’ or ‘almost clean’ classes, the new Sub-class 2A includes more than a half of all the observations from this region. A new ‘almost clean’ and mostly Masovian (80.77%) Sub-class 4B increased the share of the Masovian observations in the ‘clean’ or ‘almost clean’ classes to 85.61%. In contrast, this refinement led to no real change for the Holy Cross Mountains, as P-filtering simply split the previous Class 1 into 1A and 1B, both composed entirely of observations from this region. The overlap between the two most important smelting regions – the Holy Cross Mountains and Masovia – remained very strong (78.20%), in terms of the total number of observations in the sub-classes where both regions are represented. However, if the mostly Masovian Sub-classes 4B and 5B are omitted (they gather 10 Holy Cross Mountains observations only), the overlap is dramatically reduced to 19.91%.

Differences between the Holy Cross Mountains and Masovia were apparent at the AHC stage, in which three ‘clean’ Holy Cross Mountains and one ‘almost clean’ Masovian class were isolated. This result was refined by P-filtering, which separated the ‘almost clean’ Masovian Sub-class 4B from the mixed Class 4 and produced the ‘almost clean’ Sub-class 2A for Silesia by splitting the mixed Class 2. All of this demonstrates the utility of P as a discriminatory variable between the studied regions, which is generally in line with the observations by Jerzy Piaskowski.

Considering the ‘clean’ and ‘almost clean’ sub-classes only, nearly all the observations from the Holy Cross Mountains (95.45%) and every one of them from Silesia are low in P. In contrast, all of the observations from Masovia were assigned to P-high sub-classes. This changes, however, if all of the sub-classes are taken into account. Although the proportion for Masovia remains close to 100% P-high (i.e. 96.97%), only 62.03% of the observations from the Holy Cross Mountains were assigned to P-low sub-classes. The same is true for Silesia, where the proportion of observations in the P-low sub-classes falls to 67.24% (Table 11). A detailed explanation of this phenomenon is offered below as part of a more comprehensive treatment of the P-filtered sub-classes.

Let us return here to the results obtained with the ‘legacy data’ for the Przeworsk Culture ironmaking regions. Apart from much fewer variables, the ‘legacy data’ also differ from the present data regarding some other important issues. Although the number of Holy Cross Mountains observations (80) was almost identical to the present dataset (79), the number of Masovian samples (64, of which a half came from the same locality) was half that of our dataset (132), while the number of Silesian observations was significantly higher (84 versus 58). It was likely for these reasons that the number of AHC classes and P-filtered sub-classes were different from the present study. The ‘legacy data’ were ultimately divided into 14 sub-classes, 11 of which were either ‘clean’ or ‘almost clean’, including five Holy Cross Mountains, four Silesian and two Masovian ones. Of the 240 ‘legacy data’ observations for the three main regions and from Jura, 161 (67.08%) were assigned to the ‘clean’ or ‘almost clean’ sub-classes. For the three regions, the proportions were as follows: the Holy Cross Mountains, 59 of 80 observations (73.75%); Masovia, 52 of 64 observations (81.25%); Silesia, 50 of 84 observations (59.52%) (Żabiński et al. 2023: 5, 12–13, 15–17, 19, Fig. 12, 20, Tab. 2, 21–6, Tab. 3). Therefore, the separation seems to be significantly higher for the Holy Cross Mountains and slightly better for Silesia, which raises the question of why an apparently better result was obtained with just five major elements than with the more than 30 variables used in the present study. It would appear that to a great extent the answer lies in the geography (and the underlying geology) of the Holy Cross Mountains samples analysed. Regarding the data used in the present study, nearly a third (23 of 79 observations) come from the peripheries of this region (cf. Figure 20). In contrast, for the ‘legacy data’ 75 of 80 Holy Cross Mountains observations (93.75%) came from the core area of this region, or the zone with the greatest concentration of smelting sites (Żabiński et al. 2023: 6, Fig. 2). As mentioned earlier, different ore types were used in this zone, while mostly limonites can be expected in the peripheries. It thus should be of no surprise that the chemistry of the latter could be similar to that of limonite ores from Masovia and Silesia.
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Table 11  Share of the observations from the three iron smelting regions of the Przeworsk Culture in the P-low (A) and P-high (B) sub-classes



	Region
	Number of observations
	P-low (A)
	P-high (B)



	Observations in the ‘clean’ or ‘almost clean’ P-low (A) and P-high (B) sub-classes
	 
	 
	 



	HCM
	44
	42 (95.45%)
	2 (4.55%)



	MAS
	113
	0 (0.00%)
	113 (100.00%)



	SIL
	32
	32 (100.00%)
	0 (0.00%)



	Observations in all the P-low (A) and P-high (B) sub-classes
	 
	 
	 



	HCM
	79
	49 (62.03%)
	30 (37.97%)



	MAS
	132
	4 (3.03%)
	128 (96.97%)



	SIL
	58
	39 (67.24%)
	19 (32.76%)




Abbreviations: HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.



It could be debated to what extent the results reported in the present study could be ‘improved’ by not taking the most peripheral observations (21 in total) from the Holy Cross Mountains region into consideration (Nos 14–23, Grzybów, Site 6, Staszów District; No. 28, Kliszów, Site NN, Pinczów District; and Nos 34–43, Mierzanowice, Site 1, Opatów District; see Figure 20). Without these observations, a significantly better result was obtained already at the AHC stage, which allocated 60.48% of the data to the ‘clean’ or ‘almost clean’ classes and produced three such classes for the Holy Cross Mountains and two for Masovia. The proportion of the Holy Cross Mountains and the Masovian observations in such classes was 74.14% and 73.48% respectively. The use of P-filtering improved the result significantly. Two ‘clean’ Silesian sub-classes emerged, accounting for 60.34% of observations from this region. The number of ‘clean’ Holy Cross Mountains sub-classes was four, although there was no increase in the share of observations (one of the AHC classes was simply split into two) in such classes. In contrast, a new ‘almost clean’ Masovian sub-class was created, thus raising the proportion of this region’s observations in the ‘clean’ or ‘almost clean’ classes to 86.36%. After P-filtering, the overall number of observations in such classes increased to 79.44% (see Electronic Supplement 2, Sheet 9: CLR Data 1A). It might be speculated that the removal of further observations could perhaps refine the result even more. Such removals might involve slag finds that may possibly have been related to post-reduction stages. In Masovia, this would include No. 183 from Pruszków (Malichy)-Reguły, Site 7, Pruszków District, and in Silesia Nos 216–21 from Buszyce (Buchitz), Sites 9 and 10, Brzeg District; Nos 253 and 257 from Prószków (Proskau), Site 2, Opole District; No. 266 from Turawa (Turawa), Site 1, Opole District and No. 269 from Wrocław-Żerniki (Breslau-Neukirch), Site 1, Wrocław District. However, we did not explore this option for obvious reasons. Instead, it seems more productive to conduct Step 10, involving a detailed inspection of the effects of the P-filtering procedure on the complete dataset (Table 12) and a discussion on the archaeological soundness of the results obtained.
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First of all, we considered the clustering of observations from the same sites or localities (when exact site information was missing) in individual classes. Of 269 samples, 246 came from sites or localities yielding multiple samples. Of this group, as many as 215 (87.40%) were classified into the same sub-classes. This of course does not mean that all samples from a given site or locality were assigned to the same sub-class (this issue is discussed in more detail below). It would be of great interest to inspect relationships between ore and slag samples from the same sites or localities. Unfortunately, the available dataset included eight ore samples only (see Table 4). It should be noted, however, that more ore samples (83 of 240 observations, i.e. 34.58%) were available in the case of the ‘legacy data’. In total, 193 observations were from sites with multiple observations, of which 110 included both ore and slag data. A slag-ore match was found in 28 cases, or 25.45% of all instances where both ore and slag data were available (Żabiński et al. 2023: 17–18, 20, S1 Dataset).

In the Holy Cross Mountains, two samples of ore were from Rudki, Site 2 and one from Rudki, Site 1 (both Kielce District, with no slag samples from these sites). In Masovia, two samples of ore were from Brwinów, Site 4, one from Młochów (Żabieniec), Site 2 (both Pruszków District) and one from Stare Babice, Site 2, Warszawa-Zachód District. All these sites also yielded slag samples. The sole Silesian site with both ore and slag samples was Bielice (Bielitz), Site 1, Nysa District. As can be seen in Table 12, the only ore sample from Rudki, Site 1 was assigned to the ‘clean’ Holy Cross Mountains Sub-class 3A, while two samples of ore from Rudki, Site 2, were classified to their own ‘clean’ Holy Cross Mountains Sub-class 6A. This result is interesting, as it confirms the observation made in Chapter 2 about the variety of ores in Rudki. Furthermore, the fact that these two samples (both hematite ‘cream’) from the underground mine at Rudki, Site 2 were assigned to a separate class with no slag finds could theoretically be in line with such an observation. As noted in Chapter 2, in previous research it was supposed that local hematite ‘cream’ was likely not the main type of ore extracted at this site for use as a raw material in iron smelting.

On the other hand, this result may hinge on the fact that only two samples from the Rudki mine were available to us. In the case of the ‘legacy data’, six samples from this site were analysed (including three hematite ore, one limonite ore and two slag finds). Four samples (two slag and two ore finds, one of which was hematite and the other limonite) were assigned to Sub-class 2A, a mixed sub-class of mostly Silesian and Holy Cross Mountains observations. The fifth sample (hematite ore) was assigned to the mostly Holy Cross Mountains Sub-class 5A, while the sixth (hematite ore) ended up in the small Sub-class 6A, which was composed solely of three observations from this region (Żabiński et al. 2023: 12, 20, 21–6, Tab. 3). This suggests that the significance of hematite ores from the Rudki mine for ironmaking could change if more samples were to be analysed. This might also allow the better exploration of a possible match between the Rudki mine hematite ores and slag finds from this region. Sadly, this would be extremely difficult to accomplish due to the complete destruction of this archaeological site as a result of twentieth-century industrial activity (see Chapter 2).

The only sample of ore from Bielice (Bielitz), Site 1 was assigned to the mostly Masovian Sub-class 4B, together with one of three slag samples from this site. Of the Masovian ore samples, that from Stare Babice, Site 2, was also assigned to the chiefly Masovian Sub-class 4B, together with one of five slag samples from its parent site. Both ore samples from Brwinów, Site 4, were assigned to the mostly Masovian Class 5B, together with seven of 13 slag samples from this site. The single ore sample from Młochów (Żabieniec), Site 2, was assigned to the mixed Sub-class 2B together with two of six slag samples from this site (Table 12; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result).

Further insight can be gleaned by an inspection of the geography of the ‘clean’ and ‘almost clean’ sub-classes. For the Holy Cross Mountains, the ‘clean’ Sub-class 1A (33 observations in total) covers a broad area with a diameter of more than 20 km. A few observations from this sub-class (Nos 1, 8, 24 and 33) come from the ‘clean’ production zone, while the majority (Nos 4, 9, 11–13, 27, 44, 45, 47–50, 69–70, 74–6) come from the western part of the ‘settlement-production’ zone. This part is close to or within the core area of this smelting region, or the zone of the highest concentration of smelting sites. There is also a group of samples from the north-western area of the ‘settlement-production’ zone (Nos 5, 6, 58–9, 61, 63–5, 67, 78–9) and one observation (No. 37) that can be considered peripheral to the core area (Figure 20). The composition of this sub-class clearly implies that iron ores low in P were the main raw material in the core area of the Holy Cross Mountains region (see also Żabiński et al. 2023: 28–9, Tab. 4).

This idea receives strong support from the data on ore chemistry in this region listed in Table 1 in Chapter 2. Of 17 ore samples (Table 1, Nos 1–17), the locations of finds are known for 13 (Table 1, Nos 1–4, 9–17). This dataset is certainly not fully representative, due to its small size, analytical methods that fall below present-day standards and the fact that as many as seven observations are from one locality (i.e. Rudki, Kielce District). In this dataset, 12 observations come from the area with the highest concentration of smelting sites (Table 1, Nos 1–4, 10–17), while only one (Table 1, No. 9) is from the region’s northern enclaves. The observations from the region’s core area are in most cases clearly P-low (up to 0.07% P), with only three (Table 1, Nos 3 and 4, Kunów, Ostrowiec Świętokrzyski District; No. 10, Podchełmie, Kielce District) displaying higher P levels (0.48%, 0.56% and 1.44% P respectively).

In terms of individual sites yielding multiple samples, Sub-class 1A includes both samples from Chmielów, Site 4, Ostrowiec Świętokrzyski District (Nos 5 and 6); four of five samples from Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District (Nos 9, 11–13); one of 10 samples from Mierzanowice, Site 1, Opatów District (No. 37); five of seven samples from Nowa Słupia, Tereny Dymarkowskie, Kielce District (Nos 45, 47–50); seven of 11 samples from Ostrowiec Świętokrzyski, Site 14, Ostrowiec Świętokrzyski District (Nos 58–9, 61, 63–7); and both samples from Zochcin, Site 1, Opatów District (Nos 78 and 79). The small Sub-class 1B, which included just two observations, can be considered an extension of Sub-class 1A with more elevated P contents; these two observations were from two sites already present in Sub-class 1A: Mierzanowice, Site 1, Opatów District (No. 42) and Nowa Słupia, Tereny Dymarkowskie, Kielce District (No. 46) (Table 12 and Figure 20; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result).

The third ‘clean’ Holy Cross Mountains Sub-class 3A (seven cases) is more coherent geographically, as it gathers samples from the north-western part of the ‘settlement-production’ zone (Nos 7, 25–6, 57) and from the western part of this zone, which is close to or within the zone with the greatest density of smelting sites (Nos 68, 71, 77). This sub-class includes a single site with multiple samples, that is, both observations from Janik, Site NN, Ostrowiec Świętokrzyski District (Nos 25 and 26) (Table 12 and Figure 20; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result).

The fourth ‘clean’ Sub-class 6A from this smelting region includes just two ore samples from Rudki, Site 2, Kielce District (Nos 72 and 73), where the ancient underground ore mine discussed in Chapter 2 is located. This site is situated in the border area between the ‘clean’ production zone and the ‘settlement-production’ zone, but evidently within the area with the highest number of ironmaking sites (Figure 20). Sub-class 6A is chemically closer to the other ‘clean’ Holy Cross Mountains sub-classes (1A, 1B, 3A) than to other regional groups. As discussed above, a higher AHC truncation level would combine Classes 1, 3 and 6 into a single class (see Figure 26). However, its separate location may suggest a somewhat distinct place within the Holy Cross Mountains assemblage. A summary map of the distribution of Holy Cross Mountains observations assigned to ‘clean’ sub-classes can be found in Figure 27.
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Figure 27  Distribution of the samples in the ‘clean’ sub-classes from the Holy Cross Mountains iron smelting region. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Sub-class 1A, red; Sub-class 1B, blue; Sub-class 3A, green; Sub-class 6A, brown.



Regarding the ‘almost clean’ Masovian sub-classes, there is no need to address Sub-class 5B further, as it is fully consistent with Class 5 isolated by AHC and was dealt with above. On the other hand, P-filtering produced Sub-class 4B with 26 observations, 21 of which were from Masovia. These come from the following sites: Brwinów, Site 4, Pruszków District (Nos 94–5, 100); Grodzisk Mazowiecki (Wólka Grodziska), Site 12, Grodzisk Mazowiecki District (No. 121); Kanie, Site 2, Pruszków District (Nos 134, 136); Milanówek-Falęcin, Site 8, Grodzisk Mazowiecki and Pruszków Districts (No. 153); Młochów (Żabieniec), Site 2, Pruszków District (No. 159); Parzniew, Site 6, Pruszków District (Nos 168, 173); Pruszków (Malichy)-Reguły, Site 7, Pruszków District (No. 183); and Stare Babice, Site 2, Warszawa-Zachód District (Nos 187, 189). Thus, Sub-class 4B to a great extent includes such observations from these sites that were not a part of Sub-class 5B. The only exception is Kraśnicza Wola, Site 1, Grodzisk Mazowiecki District, which was not represented in Sub-class 5B at all. Sub-class 4B includes the majority of observations from this site (Nos 138–9, 141–3, 145–7, eight of 11), while the remaining three were assigned to the mixed Sub-classes 2B and 4A. So, there is a great deal of overlap between Sub-classes 4B and 5B in terms of their geography (Table 12 and Figure 28; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result).

The P-filtering procedure in Step 9 isolated the only Silesian ‘almost clean’ Sub-class 2A containing 34 observations, including 32 of the 58 Silesian observations. In contrast to the Holy Cross Mountains and Masovian sub-classes, the geography of Sub-class 2A is more complex. The dominant group of 19 observations are from the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region (No. X). They come from the following sites: Daniec (Danietz), Site 7, Opole District (Nos 222–4, all of the three observations from this site); Kąty Opolskie (Konty), Site 8, Opole District (Nos 228, 229, the two from this site); Kotórz Mały (Klein Kottorz), Site 1, Opole District (No. 230, the only one from this site); Opole-Malina (Oppeln-Malino), Site 114, Opole District (Nos 243, 246, 248–51, six of nine from this site); Opole-Półwieś (Oppeln-Halbendorf), Site 27, Opole District (No. 252, the only one from this site); Prószków (Proskau), Site 2, Opole District (Nos 253–6, four of five from this site); and Turawa (Turawa), Site 1, Opole District (Nos 262, 263, two of six from this site). The second largest group includes 10 observations from the Bystrzyca (Weistritz)-Oława (Ohlau) region (No. VI). These come from the following sites: Lizawice (Leisewitz), Site 3, Oława District (Nos 231–7, 239, 240, nine of 10 observations from this site) and Wrocław-Żerniki (Breslau-Neukirch), Site 1, Wrocław District (No. 269, one of three). The remaining three cases include the single observation (No. 241) from Mionów (Polnisch Müllmen), Site 1, Prudnik District, which is the only observation from the Głubczyce (Leobschütz) region (No. XI), and two observations from Przylesie Dolne (Seiffersdorff), Site 6, Brzeg District (No. 259, the only one from this site) and Site 7 in the same locality (No. 260, one of two from this site) in the Brzeg (Brieg) region (No. VIII). Therefore, the territorial extent of Sub-class 2A in Silesia is nearly the same as that of Class 2, with the exception that the Nysa (Neisse) region is not represented (Table 12 and Figure 29; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result).
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Figure 28  Distribution of the samples in the ‘almost clean’ sub-classes from the Masovian iron smelting region. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Sub-class 4B, green; Sub-class 5B, blue.



Let us now turn to the differences in the distribution of observations in the P-low and P-high sub-classes for the Holy Cross Mountains and Silesia. As stated above, if only the ‘clean’ or ‘almost clean’ sub-classes are considered, nearly all Holy Cross Mountains and all Silesian observations are assigned to P-low classes. However, if all the sub-classes are included, the proportion of observations from these regions in the P-high classes is increased significantly. In the Holy Cross Mountains, of 30 observations in P-high sub-classes (1B, 2B, 4B and 5B), the lion’s share (25 or 83.33%) come from sites that were distant from (or even very peripheral to) the core area of this region with the greatest concentration of smelting sites. These included Bodzechów, Site 1, Ostrowiec Świętokrzyski District (Nos 2, 3, the only two observations from this site); Grzybów, Site 6, Staszów District (Nos 14–23, all of those from this site); Mierzanowice, Site 1, Opatów District (Nos 34, 36, 38–40, 42, six of 10 from this site); Ostrowiec Świętokrzyski, Site 1, Ostrowiec Świętokrzyski District (Nos 52–6, all of those from this site); and Ostrowiec Świętokrzyski, Site 14, Ostrowiec Świętokrzyski District (Nos 60 and 62, two of 11 from this site). Only five (16.67%) come from sites within this core area, namely Kunów, Site 1, Ostrowiec Świętokrzyski District (Nos 29–32, all of those from this site) and Nowa Słupia, Tereny Dymarkowskie, Kielce District (No. 46, one of seven from this site) (Table 16 and Figure 20; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result). This might reasonably be explained by the use of bog ores with often elevated P content in the more distant or peripheral areas. Furthermore, this provides further grounds for the assumption that P-low iron ores were the main raw material used in the core area of the Holy Cross Mountains iron smelting region.

Turning to Silesia, differences in the distribution of observations in the P-low and P-high sub-classes can to some extent be explained by the vast size of this geographical region, where local differences in ore chemistry (including P levels) and other components of the smelting system might naturally be expected. A substantial number of the Silesian observations (19 of 32) in the ‘almost clean’ Silesian Sub-class 2A come from the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region (No. X). As noted above (see Table 3), Piaskowski reported similarities in the contents of P in ores, slag and metal from the Holy Cross Mountains and Upper Silesia – roughly speaking, the Opole (Oppeln) region – suggesting that P-low ores were the chief raw material in both these regions. This receives further support from the fact that of the remaining 11 observations from the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region, six – Opole-Malina (Oppeln-Malino), Site 114, Opole District, Nos 244, 245 and Turawa (Turawa), Site 1, Opole District, Nos 261, 264, 265, 266 – were assigned to P-low mixed Sub-class 4A, and the other five – Dobrzeń Mały (Klein Döbern), Site 8, Opole District, Nos 225, 226; Izbicko (Stubendorf), Site 2, Strzelce Opolskie District, No. 227; Opole-Malina (Oppeln-Malino), Site 114, Opole District, No. 247; Prószków (Proskau), Site 2, Opole District, No. 257 – were assigned to P-high mixed Sub-class 2B (Table 12 and Figure 22; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result). Thus, the total number of observations from the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region (No. X) in the P-low Sub-classes 2A and 4A is 25 (i.e. 83.33% of all the observations from this area). Unfortunately, no data concerning ore chemistry was available for this region, which is why it is not possible to determine how close a match there is between the slag chemistry data and local ore chemistry patterns.
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Figure 29  Distribution of the samples in the ‘almost clean’ Sub-class 2A from the smelting regions in Silesia. Region borders after Madera (2002: 70, Map 2), redrawn after Orzechowski (2013: 226, Fig. 117). Afterdrawing: G. Żabiński. Some Silesian regions with no samples are not shown. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Yet another issue involves possible differences in the raw material base for the organized and not organized smelting sites in the Holy Cross Mountains (for a classification of sites to these two types, see Electronic Supplement 1). As mentioned in Chapter 2, previous research suggested that organized and not organized smelting sites may have used different resources. Of the sites for which samples were available, the following were classified as organized sites:



1.Baszowice, Site 1, Kielce District (No. 1).

2.Chmielów, Site 4, Ostrowiec Świętokrzyski District (Nos 5, 6).

3.Cząstków, Site 2, Kielce District (No. 8).

4.Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District (Nos 9–13).

5.Hucisko, Site 3, Kielce District (No. 24).

6.Jeleniów, Site 2, Kielce District (No. 27).

7.Łomno, Site 23, Starachowice District (No. 33).

8.Podchełmie, Site 1, Kielce District (No. 69).

9.Stara Słupia, Site 6, Kielce District (No. 75).

10.Szeligi (Górne), Site 1, Starachowice District (No. 76).



The following were classified as not organized sites:



1.Bodzechów, Site 1, Ostrowiec Świętokrzyski District (Nos 2, 3).

2.Boleszyn, Site 1, Ostrowiec Świętokrzyski District (No. 4).

3.Kunów, Site 1, Ostrowiec Świętokrzyski District (Nos 29–32).

4.Ostrowiec Świętokrzyski, Site 1, Ostrowiec Świętokrzyski District (Nos 52–6).

5.Ostrowiec Świętokrzyski, Site 14, Ostrowiec Świętokrzyski District (Nos 57–67).

6.Pokrzywnica, Site 3, Starachowice District (No. 70).

7.Worowice, Site 1, Ostrowiec Świętokrzyski District (No. 77).

8.Zochcin, Site 4, Opatów District (Nos 78, 79).



Both organized and not organized furnace complexes were found at:



1.Rudki, Site 1, Kielce District (No. 71).

2.Skały, Site 1, Kielce District (No. 74).



In terms of their geography (Figure 30), areas with organized and not organized sites do overlap at times. On the other hand, most organized sites are found clustered within the core area of the Holy Cross Mountains region, where the highest density of smelting sites was found. In contrast, about a half of not organized ones were found in the territory to the east of here (Figure 20). To what extent, one might ask, does this reflect sample chemistry. The ‘clean’ Holy Cross Mountains Sub-class 1A contains 13 observations from organized sites and 11 from not organized ones, plus one observation from the site containing both furnace arrangements (Skały, Site 1). However, the ‘clean’ Holy Cross Mountains Sub-class 3A contains two observations from not organized sites plus a single observation where both kinds of furnace complex were found (Rudki, Site 1). Mixed Sub-class 4A has one observation from an organized site and one from a not organized one. Moreover, mixed Sub-class 2B includes 13 observations, all from the not organized sites. It must be remembered, however, that the majority of observations from the not organized sites (seven cases) in Sub-class 1A come from a single site (i.e. Ostrowiec Świętokrzyski, Site 14). The remaining four observations from this site are in different sub-classes: 2B (2), 3A (1) and 4A (1) (Table 12; see also Electronic Supplement 2, Sheet 8: CLR Data 1 Result). Altogether, the distributions of the observations from both organized and not organized sites in the sub-classes above suggest that a great part of organized iron smelting sites was intentionally established in the core area of the Holy Cross Mountains iron smelting region, where good quality ores with a low P content were available.
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Figure 30  Distribution of the smelting sites in the Holy Cross Mountains iron smelting region, both organized and not organized, that were included in this study. Background map: We acknowledge the use of imagery provided by NASA’s Global Imagery Browse Services (GIBS), part of NASA’s Earth Observing System Data and Information System (EOSDIS). Rivers: River network data after FAO AQUASTAT. © FAO 2023. https://data.apps.fao.org/aquamaps/ (accessed 7 May 2023). With permission from FAO.



Another matter concerns Ca levels in the Masovian observations. As noted in Chapter 2, the possible intentional addition of Ca to the smelting batch in Masovia has been debated. Piaskowski noted that although limestone was used in the blast furnace iron smelting process to bind excess silica, no intentional addition of lime in ancient bloomery smelting in Masovia was likely, which is also implied by CaO/SiO2 proportions in Masovian slag. Piaskowski stated that the level of CaO in slag finds from Masovia was actually higher than in such finds from the Holy Cross Mountains. However, the level of CaO did not exceed that of slag finds from other ironmaking regions which relied on bog ores (Piaskowski 1981b: 439–40, 441, Tab. 4, 442, Tab. 5, 443, Fig. 4, 444, Tab. 6).

In contrast, Hensel proposed that lime was used in the bloomery furnace process to bind and remove the P that was commonly present in local bog ores (Hensel 1986: 33–5, 49, 63, 74, 78, 80, Tab. 1, 81, Tabs 3 and 4, 82, Tab. 5; see also Ratajczak and Rzepa 2011: 191). Pleiner stated that the Ca content in bloomery slag was usually 3–6% and generally less than 8%, while a higher content (16–17%) was rare and was likely the result of Ca-rich furnace linings and perhaps fuel ash, with lime flux being less likely. He concluded that fluxes may have been added during the bloomery smelting process, but these were perhaps FeO-rich pieces of slag. However, he did acknowledge that limestone had routinely been used as a flux in the blast furnace process and lime had also been applied to moderate the presence of P during the refining of blast furnace cast iron (Pleiner 2000: 136, 252; for the use of CaO in the refining stage to remove P from the metal, see also Dillmann and L’Héritier 2007: 1817).

Hensel’s findings were replicated by Woyda (2004: 146; 2002: 126, note 45). Orzechowski, in contrast, was very critical of Hensel’s assumption, based on the findings of Piaskowski. Orzechowski also noted the opinion of geologists, according to whom some Masovian ores were too rich in SiO2 to be smelted without fluxes. On the other hand, they found no traces of flux use in the slag they analysed. Orzechowski stressed that the presence of lime kilns at smelting sites did not necessarily mean that lime was part of the smelting process, as it may have also been used for other purposes (household use, leather processing or medicinal use) (Orzechowski 2013: 73–4). He concluded that more research on the problem of flux use in Przeworsk Culture iron smelting was required. Features which suggest lime kilns should be re-analysed and conclusions based on present-day ore finds are unreliable, as it is not known whether such ores were in fact used by ancient smelters. Furthermore, he believed that the role of CaO at relatively low temperatures in the bloomery furnace would have been minor. Finally, based on the opinion of Piaskowski, Orzechowski thought the intentional use of fluxes unlikely (Orzechowski 2013: 74–5). The use of CaCO3 to eliminate P in the bloomery smelting process was considered by Thelemann and colleagues, who suggested that Ca oxides found in slag might also be due to the presence of Ca compounds in ores, fuel ash or furnace clay (Thelemann et al. 2017: 480). Woźniak was of the opinion that lime production in Masovia was a significant aspect of the local economy. It was also his opinion that further research is needed to clarify any possible role of lime in the smelting process in this region (Woźniak 2018: 372, 374, 376).

Stepanov and colleagues recently reported that the presence of lime in the bloomery furnace charge would in theory produce a better yield. This is because FeO will be replaced by CaO in slag components (fayalite and wüstite) and thus more iron oxide would be available for reduction. Even more important is the fact that low-viscosity and possibly wüstite-rich slag will be produced, meaning that the bloom obtained will be processed more easily (Stepanov et al. 2022: 11–14; see also Hedges and Salter 1979: 162). Stepanov and co-authors have also conducted laboratory experiments which consisted of smelting 20 g ore samples with charcoal in crucibles at a maximum temperature of 1250°C. Their results suggested that if Ca-rich and Al and Mg compounds are present in the charge as flux additives, and if moderately reducing conditions are maintained, SiO2 in the ore can be bound and the resulting slag will have a low viscosity and melting temperature. Therefore, a reasonably consolidated bloom can be obtained from ores with a potentially insufficient Fe content (Stepanov et al. 2020a: 4, 20; a similar role in binding SiO2 can also be fulfilled by Mn, see Thelemann et al. 2017: 479; on the possible benefits of using lime flux, see Suliga 2006a: 166).


Table 13  Levels of Ca in slag from the three iron smelting regions of the Przeworsk Culture



	 
	Holy Cross Mountains
	Masovia
	Silesia



	Observations
	76
	128
	57



	Minimum
	0.180
	0.314
	0.336



	Maximum
	6.718
	7.361
	12.364



	1st Quartile
	0.868
	1.985
	1.194



	Median
	1.186
	2.716
	2.144



	3rd Quartile
	1.881
	3.502
	3.359



	Mean
	1.644
	2.742
	2.610



	Variance (n – 1)
	1.717
	1.508
	5.153



	Standard deviation (n – 1)
	1.310
	1.228
	2.270
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Figure 31  Boxplot showing levels of Ca in the slag observations from the three iron smelting regions of the Przeworsk Culture. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.



A first step in solving the above dilemma is to determine whether the Ca levels in the slag finds from the studied regions do in fact differ significantly. As can be seen from Table 13 and Figure 31 (see also Electronic Supplement 2, Sheet 10: Ca Data 1), the Ca contents in slag from the three regions are generally within the limits indicated by Pleiner (2000: 136, 252). On the other hand, the levels of Ca in the slag observations in Masovia are clearly higher that in those from the Holy Cross Mountains, which is why the PCA graphs (Figure 24) do show a correlation between Ca and Masovia. However, the Masovian Ca levels do not strongly differ from those in Silesia. The maximum value is in fact much higher in the latter region, although the mean, median and Q3 values are somewhat higher for Masovia. It is important therefore to determine whether these differences are due to the ores alone, or if there is another reason. On the basis of literature data (Chapter 2, Table 1), it has been demonstrated that the levels of Ca in ores were significantly higher in Silesia and Masovia than in the Holy Cross Mountains. It is worth examining these differences in more detail – as the number of ore samples analysed for the present study was merely eight, this scrutiny will combine the present data with those reported previously. Such a combination is not ideal, since many of these ore samples came from different sites than those which yielded samples analysed for the needs of the present study. Thus, any findings would be highly tentative.

On the basis of ore samples (Table 14 and Figure 32; see also Electronic Supplement 2, Sheet 10: Ca Data 1), it is clear that the Ca levels were lowest in the Holy Cross Mountains (as was the case for slag), with those in Masovia being somewhat lower than in the Silesian samples. This implies that the ores cannot be solely responsible for the Ca content of Masovian slag. In general, the Ca levels in Masovia (and the other two regions) do not suggest the intentional addition of any Ca-rich mineral (Pleiner 2000: 136, 252; see also Piaskowski 1981b: 440, 441, Tab. 4, 442–4). Therefore, these somewhat higher Ca levels in the slag from Masovia might be the result of something else, such as the use of Ca-rich clays for furnace construction, as it is known that marlstone deposits were present in this region (Woźniak 2018: 374, 376; Woyda 2004: 146; 2002: 126, note 45). Results of the analysis of a single clay sample from a smelting furnace from Biskupice, Pruszków District (no site number was given, but it was probably Site 1) dated to c. AD 400 were reported by Buchwald. The CaO content in this sample was just 0.9wt%. Buchwald believes that the presence of many quartz particles implies that a clay-sand mixture was used in the construction of the furnace. This was not the lowest value, however, as values of 0.2–0.5wt% were reported for samples from other parts of Europe. Other results were clearly higher, being even 1.5–5.7 wt%. The highest values (3.4–5.7wt%) were obtained from samples with adhering slag and charcoal. Regarding the sample with the highest value of 5.7wt% (Krogdal Vang, Gribskov Commune, Zealand, Denmark), Buchwald openly states that the sample composition was greatly influenced by the chemistry of slag and charcoal ashes. This may also be the case for some of the other samples with high CaO values (Buchwald 2005: 225, Tab. 9.6, 226–7, Tab. 9.7, 228).

As noted in Chapter 2, Rovira and co-authors believed that Ca-rich sand was used as flux at the Roman Republican (first century BC) iron smelting site in Los Callejones in Almería in present-day Spain. This was based on the results of slag analyses, which demonstrated the CaO content to be in the range 5.83–10.0wt% in tap slags and 23.6–37.0wt% in glassy slags. The latter were suggested to be related to a smelting stage in which the furnace charge was composed solely of flux. Furthermore, a high value of 13.2wt% CaO was found in the glassy matrix of a piece of slag entrapped in a bloom from this site (Rovira et al. 2004: 5, Tab. 2, 6. Tabs 3 and 4). These researchers did, of course, acknowledge the possibility that CaO passed into the slag from ashes or the furnace walls (if limestone blocks had been used in furnace construction), but assumed that the main parent material of this compound was flux. In this case, it was local Ca-enriched silica sand (Rovira et al. 2004: 3, 7). It should also be noted that goethite ore samples from this site demonstrated a very high FeO content, being between 80.9wt% and 95.9wt% (Rovira et al. 2004: 4, Tab. 1), or 92.47wt% on average. This translates into a very high Fe content of 62.88–74.54wt% (71.87wt% on average). Thus, a moderate addition of Ca-rich sand could help in slag formation without running the risk that the entire iron will be entrapped in slag. On the other hand, as stated in Chapter 2, ores with a very high Fe content were not widely available. On the basis of ore chemistry data, the Fe content was much lower in the Przeworsk Culture iron smelting regions, exceeding 60wt% in a handful of Holy Cross Mountains samples only (cf. Chapter 2, Table 1).

Further research is required to clarify the above and it should obviously also involve analyses of the chemistry of clay in furnace walls. On the other hand, in the light of available evidence on the chemistry of slag, it can be said with some certainty that there are no real grounds for believing that there was any intentional addition of Ca-rich minerals to the smelting batch in Masovia. The same conclusion was arrived at during analysis of the ‘legacy data’ for Przeworsk Culture iron smelting. For this dataset also, the Ca levels in Masovian slag finds were significantly higher than those in the samples from the Holy Cross Mountains and Silesia. The contents of this element were higher in the ore samples from Masovia than in those from the Holy Cross Mountains. However, no marked differences were noted between the Masovian and Silesian ores in terms of their Ca content (Żabiński et al. 2023: 29, 30, Tab. 5, 31, Tab. 6).


Table 14  Levels of Ca in ore from the three iron smelting regions of the Przeworsk Culture



	 
	Holy Cross Mountains
	Masovia
	Silesia



	Observations
	21
	25
	38



	Minimum
	0.044
	0.438
	0.071



	Maximum
	2.073
	4.610
	13.365



	1st Quartile
	0.157
	0.572
	0.715



	Median
	0.200
	0.972
	1.108



	3rd Quartile
	0.443
	1.808
	1.712



	Mean
	0.392
	1.292
	1.646



	Variance (n – 1)
	0.213
	0.905
	5.054



	Standard deviation (n – 1)
	0.461
	0.951
	2.248




Note: Eight samples from this study and literature data (see Table 1 in Chapter 2).
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Figure 32  Boxplot showing levels of Ca in the ore observations from the three iron smelting regions of the Przeworsk Culture (eight samples from this study and literature data, see Table 1). HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.



Let us now make some general remarks concerning the significance of individual elements in the chemistry of the ‘clean’ and ‘almost clean’ regional sub-classes that were isolated in Step 9. For the sake of brevity, only those characteristics that differed greatly between individual sub-classes will be discussed here; more detailed coverage is provided in Electronic Supplement 6. Figure 33 visualizes the distribution of individual elements in all the isolated sub-classes.
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Figure 33  Boxplots with the distribution of discriminant elements in the sub-classes isolated in Step 9.
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The ‘clean’ Holy Cross Mountains sub-classes are obviously remarkable for their low P levels. The P content in the P-high Sub-class 1B is still lower than in the Masovian Sub-classes 4B and 5B. The P levels in the Silesian Sub-class 2A are closer to those in the Holy Cross Mountains sub-classes than to those in the Masovian ones. Furthermore, there is a clear difference between the two Masovian sub-classes, as the P content is clearly higher in Sub-class 5B than in 4B. The levels of Si are the highest in the Masovian Sub-class 4B and the lowest in the Holy Cross Mountains Sub-class 6A, which includes two hematite samples from the mine in Rudki, Site 2, Kielce District. The Holy Cross Mountains Sub-classes 1A and 1B have a similar Mg content, with the Silesian Sub-class 2A again quite close to them. On the other hand, the level of Mg in the Holy Cross Mountains Sub-class 3A is more similar to that in the Masovian Sub-classes 4A and 4B. The contents of Al are the lowest in the Masovian Sub-class 5B and in the Holy Cross Mountains Sub-class 6A, while in other regional sub-classes they are of roughly similar values. The Silesian Sub-class 2A and the Holy Cross Mountains Sub-class 3A demonstrate a remarkably high Mn content, while the levels of this element are clearly much lower in other regional sub-classes, save the Masovian Sub-class 5B. The Holy Cross Mountains Sub-classes 1A, 3A and 6A display the lowest Ca contents, although the differences between the Silesian Sub-class 2A and the Masovian Sub-classes 4B and 5B are not that pronounced. Sub-class 4B demonstrates the highest levels of K, while the contents of this element in the other Masovian Sub-class 5B are much lower. On the other hand, this sub-class displays some similarities to the Holy Cross Mountains Sub-class 3A in terms of K content.

As far as trace elements are concerned, the Holy Cross Mountains Sub-class 6A and the Masovian Sub-class 5B are the poorest in terms of Sc, while the Holy Cross Mountains Sub-classes 1A, 1B and 3A display the highest levels of this element. The Masovian sub-classes demonstrate the lowest contents of V. The levels of this element are clearly the highest in the Holy Cross Mountains (Sub-classes 6A, 1B and 1A), and there are similarities between the Holy Cross Mountains Sub-class 3A and the Silesian Sub-class 2A. The levels of Rb are the highest in the Masovian Sub-class 4B, with the other Masovian sub-class (5B) displaying values similar to the Holy Cross Mountains Sub-class 3A. Similarities between the Holy Cross Mountains Sub-classes 1A and 1B and the Silesian Sub-class 2A are again noteworthy. The contents of Sr are the highest in the Masovian Sub-class 5B and the lowest in the Holy Cross Mountains sub-classes. However, similarities between the Masovian Sub-class 4B and the Silesian Sub-class 2A can clearly be seen. The Holy Cross Mountains Sub-class 3A is clearly the richest in Y, while the Masovian sub-classes and the Holy Cross Mountains Sub-class 6A are the poorest in this element. Similarities between the Silesian Sub-class 2A and the Holy Cross Mountains Sub-classes 1A and 1B are also notable. Concerning Zr, there is similarity between the Silesian Sub-class 2A and the Holy Cross Mountains Sub-class 3A, while the contents of this element differ considerably in the two Masovian sub-classes. Such differences are also apparent for the contents of Nb. In contrast, the Holy Cross Mountains Sub-classes 1A and 1B, the Silesian Sub-class 2A and the Masovian Sub-class 4B are close to each other. The levels of Cs are similar in most Holy Cross Mountains sub-classes (save 6A) and in the Silesian Sub-class 2A, while the contents of this element in the Masovian sub-classes are lower, although these also markedly differ from each other. The Holy Cross Mountains Sub-class 3A is the richest in La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm and Yb. The levels of these elements are clearly higher in the Holy Cross Mountains Sub-classes 1A and 1B and (to a varying extent) in the Silesian Sub-class 2A than in both Masovian sub-classes. As far as Hf is concerned, the contents of this element are the highest in the Masovian Sub-class 4B, which is considerably different from Sub-class 5B. The levels of Hf also differ in the Holy Cross Mountains Sub-classes 1A and 3A, while the latter seems to be close to the Silesian Sub-class 2A. The two Masovian sub-classes also display different Ta contents. However, the levels of this element are to some degree convergent in the Holy Cross Mountains Sub-class 1A, the Silesian Sub-class 2A and the Masovian Sub-class 4B. This is true also for the levels of Th. Regarding U, the Holy Cross Mountains Sub-class 3A is again the richest in this element, while the Silesian and the Masovian sub-classes demonstrate the lowest contents of U.

A ‘provenance study’

The analysis of the chemistry of the samples from the three main iron smelting regions of the Przeworsk Culture demonstrate both a reasonable regional separation and considerable inter-regional overlap, including the significant scattering of observations from individual sites between sub-classes. Therefore, it is pertinent to ask to what extent a successful provenance study of artefacts would be possible in such circumstances. Unfortunately, in the absence of real archaeological artefacts, a response to this question must be to a great degree hypothetical. Nevertheless, we did attempt to undertake a provenance study of ‘theoretical artefacts’ (for a similar approach, see Tomczyk and Żabiński 2024: 129, 132–4, Case Study 4). Three such artefacts were conceptualized, their chemical compositions being averages of the chemistries of the observations from three selected sites: Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District (Holy Cross Mountains); Biskupice, Site 1, Pruszków District (Masovia) and Opole-Malina (Oppeln-Malino), Site 114, Opole District (Silesia) (for details, see Electronic Supplement 7, Sheet 1: CLR Data 1 Artefacts). Such ‘theoretical artefacts’ are of course greatly imperfect, not least because only one observation per artefact was produced this way, while real-life studies (such as those discussed above) usually involve a dozen or so observations of smelting-related slag inclusions per artefact. Successive analytical steps were analogous to the procedure applied to the ore and slag dataset. First, PCA was conducted on the CLR transformed chemistry data and AHC was carried out on the resulting PC scores. After Step 1, only those classes that contained the named ‘theoretical artefacts’ were selected for the next stages, which involved a new PCA-AHC treatment of the data resulting from previous steps. Our overall aim was to determine whether the ‘theoretical artefacts’ would be assigned to a ‘clean’ class composed solely of the artefact observation and the observations from a given smelting region. The preferred option would be to obtain a ‘clean’ class with the artefact observation and the observations from its parent site only. P-filtering was an option in the final stage for the sake of removing production region observations with P levels that would not match the P content of the ‘theoretical artefact’ to be provenanced.

After Step 1, seven classes were isolated. The Holy Cross Mountains artefact was assigned to Class 1, which included 38 smelting region observations. These were almost exclusively Holy Cross Mountains ones (including four out of five from Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District) and only one from Masovia. The Masovian artefact was assigned to Class 5 with 74 smelting region observations. These were mostly Masovian (68 cases, with four of nine observations from Biskupice, Site 1, Pruszków District) and only six observations from Grzybów, Site 6, Staszów District in the Holy Cross Mountains. The Silesian artefact was assigned to Class 2. It encompassed 75 smelting region observations, of which 18 were from the Holy Cross Mountains, 14 from Masovia and 43 from Silesia, including seven of nine observations from Opole-Malina (Oppeln-Malino), Site 114, Opole District. Therefore, Classes 1, 2 and 5 were selected for further analysis (for details, see Electronic Supplement 7, Sheet 1: CLR Data 1 Artefacts).

As regards the ‘theoretical artefact’ from Grzegorzowice, Site 25, Ostrowiec Świętokrzyski District, already in Step 2 a ‘clean’ Holy Cross Mountains Class 1 was obtained. Apart from the artefact itself, it included 21 smelting region observations, with just one observation from the artefact’s parent site (for details, see Electronic Supplement 7, Sheet 2: STEP 2 HCM). In Step 3, the new ‘clean’ Class 2 was composed of five smelting region observations only, including that from the artefact’s parent site (for details, see Electronic Supplement 7, Sheet 3: STEP 3 HCM). In Step 4, the artefact was assigned to Class 1, with one observation from Chmielów, Site 4, Ostrowiec Świętokrzyski District. P-filtering was of little use in this case, as all the observations from Class 2 that was isolated in Step 3 were P-low (for details, see Electronic Supplement 7, Sheet 4: STEP 4 HCM). Therefore, proving provenance was only partially successful for the Holy Cross Mountains ‘theoretical artefact’, since it was classified to its parent region but not to its parent site.

Concerning the ‘theoretical artefact’ from Biskupice, Site 1, Pruszków District, in Step 2 it was classified to the mostly Masovian Class 1. This class contained 26 observations from Masovia (the number of those from the artefact’s parent site was only three) and six observations from the named site in Grzybów in the Holy Cross Mountains (for details, see Electronic Supplement 7, Sheet 5: STEP 2 MAS). After Step 3, the Masovian artefact was assigned to Class 1, together with four observations from Grzybów, Site 6, Staszów District and only one from its parent site (for details, see Electronic Supplement 7, Sheet 6: STEP 3 MAS). However, Step 4 split this class into three new ones and the ‘theoretical artefact’ from Masovia was assigned to Class 3, with only one Masovian observation from Biskupice, Site 1, Pruszków District (for details, see Electronic Supplement 7, Sheet 7: STEP 4 MAS). On the one hand, this artefact in theory performed better, as its ultimate class included an iron smelting region sample that was not only Masovian, but was also from the artefact’s parent site. It must be remembered, however, that this was only one of nine observations from this site and almost until the very end of the statistical analysis the Masovian ‘theoretical artefact’ was accompanied by the Holy Cross Mountains observations. These observations came from one of the Holy Cross Mountains’ peripheral sites, whose chemical similarity to many Masovian observations was demonstrated in the analysis of the slag and ore dataset. It must also be remembered that Biskupice, Site 1 was one of the largest ironmaking sites in Masovia. It may have been in operation for more than 400 years, and there may have been a few thousand smelting furnaces there. For this reason, a single source of ore and other necessary components is unlikely (see Chapter 2). This could naturally translate into a strong variance of slag chemistry data that could easily overlap with data from other sites or regions.

Regarding the Silesian ‘theoretical artefact’, Step 2 isolated an almost exclusively Silesian Class 5 including 30 observations. Apart from the artefact in question, this class contained only one Masovian observation and seven observations from the artefact’s parent site (for details, see Electronic Supplement 7, Sheet 8: STEP 2 SIL). After Step 3, the sole Masovian observation was still present in the artefact’s class (14 observations altogether, including the artefact itself) and the number of observations from Opole-Malina (Oppeln-Malino), Site 114, Opole District, fell to four (for details, see Electronic Supplement 7, Sheet 9: STEP 3 SIL). However, in Step 4 the Silesian ‘theoretical artefact’ was assigned to the ‘clean’ Silesian Class 7, with three observations from its parent site and no other sample. One of these three observations was removed by P-filtering, as its P content was above the 0.437% threshold, in contrast to the remaining two observations and to the artefact itself (for details, see Electronic Supplement 7, Sheet 10: STEP 4 SIL). Therefore, this result can be considered somewhat better than that for the Masovian ‘theoretical artefact’, as the Silesian artefact was eventually categorized together with two observations from its parent site.

Overall, on the basis of this analysis it can be supposed that not in every case could the provenance of an artefact be tracked to its parent site, especially due to the fact that in many cases the number of observations per site was low. Moreover, some misclassification at the regional level is obviously possible, bearing in mind the considerable amount of inter-regional overlap. Furthermore, the outcome might have been somewhat different if the ‘theoretical artefacts’ had been produced in a slightly different way, such as examining the distribution of observations from a given site on a PC graph and taking the average value of the most central ones only (as done in Tomczyk and Żabiński 2024: 132). The outcome might also have been different if the P-filter had been applied in the initial stage of the analysis to remove production region observations with a P content being too different from those of the artefacts. Yet another option would be to analyse each artefact individually against the production region dataset, as done by Pankiewicz and co-authors (2025). Such an analysis, albeit not perfect, strongly suggests that the discussed smelting regions do offer the potential for successful provenance studies of real archaeological artefacts, at least to their regions of origin.

For the sake of verification, the obtained result was checked using the t-SNE method (Figure 34; for calculation details, datasets and the R code, see Electronic Supplement 4). Out of the 10 analyses conducted, only the result with the lowest Kullback-Leibler divergence was selected. On the t-SNE graph, the ‘theoretical artefacts’ are only generally assigned to smelting regions, but the final result was fully convergent with that produced by the PCA-AHC approach. It is worth noting that the Holy Cross Mountains artefact was plotted to the zone occupied by the Holy Cross Mountains observations only, with no data from other regions in its neighbourhood. The nearest neighbours of the Masovian artefact were smelting region observations from Masovia, but a few Holy Cross Mountains observations were also quite close to it, in line with the PCA-AHC analysis. The Silesian artefact was also closely surrounded by observations from its parent region and one Masovian observation in its more distant vicinity, which matches the result from Step 3 of the PCA-AHC procedure. Thus, it can be safely assumed that t-SNE fully confirmed the PCA-AHC result with regard to the regional provenance of the ‘theoretical artefacts’ under study.

Conclusions

The main conclusion that can be drawn from this study is perhaps a rather pessimistic one for those who would have hoped that a combination of major and trace element data could facilitate the complete isolation of individual iron smelting regions in all cases. This was in fact achieved in some of the discussed studies, such as those by Disser and colleagues (2016b) and Dillmann and co-authors (2017). However, it can be assumed that the results of these two studies were mainly due to the fact that the regions in question used iron ores that differed considerably with regard to their mineral composition, which obviously translated into their chemistry. A more detailed analysis of production area chemistry data by Pagès and others (2022) clearly showed that ores of similar type can display similar chemistry, even if they come from such geographically distant regions as Belgium and Southern France. Thus, slag and ore observations from such regions could be assigned to one and the same class by a multivariate statistical analysis.

This seems to be the case with the three main iron smelting regions of the Przeworsk Culture in Magna Germania. As limonite bog iron ores were the most widespread raw material for iron smelting in this culture, it is hardly surprising that the analysis of the slag and ore chemistry demonstrated a considerable overlap of observations from these regions. This was in spite of the fact that a combination of major and trace elements including a broad array of 31 variables was employed in the multivariate analysis and P-filtering was applied. Based on this, it can be proposed with reasonable certainty that even a high number of variables will not produce a full separation of production regions if the data overlap too much. However, the results of data analysis reported here should not be perceived as worse than the results obtained previously for other regions of Europe, but rather as better reflecting the local circumstances. It can tentatively be supposed that it would be similar for other parts of non-Roman Europe where ironmaking was also based on bog or lake limonites. For instance, in the recent study Lauridsen and co-authors demonstrated a considerable overlap between observations from Denmark, Norway and Sweden (Lauridsen et al. 2023: 193, Fig. 11.9, 194, Fig. 11.10, 196, Fig. 11.11). The results reported in this book also receive support from a study by Jegorov on ancient and medieval slag and iron finds from the territory of present-day Estonia, where bog ores were also the only raw material for iron smelting in the period in question. Of the six ironmaking regions discussed by Jegorov, only two displayed very distinct slag chemistry (in all probability, due to different geology), whereas the remainder demonstrated considerable inter-regional overlap (Jegorov 2023). These data were re-analysed (data courtesy S. Jegorov; a new publication by Jegorov and colleagues is forthcoming), which allowed for the full confirmation of these findings.
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Figure 34  t-SNE graph with observations from the three iron smelting regions of the Przeworsk Culture and with three ‘theoretical artefacts’. HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia. Variables: CLR values of Mg, Al, Si, K, Ca, Mn, V, Ce, Cr, Cs, Dy, Er, Eu, Gd, Hf, La, Nb, Nd, Pr, Rb, Sc, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb and Zr.



All this could imply that provenance studies of iron artefacts beyond the borders of the Roman Empire on a super-regional scale could involve greater risk, due to possible similarity of observations from distant areas. Such an overlap of observations from very distant regions owing to their geology is well-known in Pb isotopic provenance studies of non-ferrous artefacts (e.g. Tomczyk and Żabiński 2024: 95, 122–3, Fig. 13, 124–6, Fig. 15, 127, Fig. 16, 128, Tab. 2, 129–30, Fig. 18, 131, Fig. 19, 133, 135; De Ceuster and Degryse 2020: 109; Killick et al. 2020: 87, 89; Artioli et al. 2020: 2; Radivojević et al. 2019: 138). Therefore, it should not be surprising that it also occurs in research on iron ores and smelting slag. It is to be hoped that this issue can be partially addressed by new excavations that will yield more samples with well-defined archaeological contexts. In turn, it may be possible to tackle problems posed by finds which are possibly related to later non-smelting stages of the ironmaking process. It must be also recalled that the number of studies for territories beyond the Roman limes is still very low and any attempt at generalizing their results to the entire non-Roman Europe is naturally risky. The perfect separation of smelting regions can perhaps be expected in some cases only. The use of Os isotopic data could possibly improve the situation, but the complete elimination of inter-regional overlap is not to be expected.

The results of this study receive further support from the fact that similar conclusions were arrived at using the ‘legacy data’ for the Przeworsk Culture iron smelting, where the separation of individual regions was basically similar. Thus, the findings reported in this study are supported by two fully independent datasets. Differences between the present results and those produced by the ‘legacy data’ are, in all likelihood, due to the very nature of the samples studied in each case. The ‘legacy data’, albeit limited to five main elements only, contained more observations from the core area of the Holy Cross Mountains ironmaking region. The number of observations from Silesia was higher than in the present study, while the number of samples from Masovia was two times lower, half of which came from the same locality.

As regards the significance of the findings for studies of ironmaking in the Przeworsk Culture, it is worth noting that both the present study and the reported ‘legacy data’ to a great extent confirm the theory proposed by Jerzy Piaskowski over 60 years ago. On the one hand, P content (one of Piaskowski’s main discriminatory variables) cannot sufficiently discriminate between the main iron smelting regions of this culture. On the other hand, most Holy Cross Mountains observations are in fact P-low, especially those from the core area of this region, the zone with the greatest concentration of smelting sites. In contrast, nearly all the samples from Masovia demonstrate an elevated P content, although it should be said that the level of P in this region was very variable. As noted above, Piaskowski maintained that the upper limit of 0.08% P would separate c. 68% of ‘Holy Cross Mountains metal’ artefacts from those made elsewhere (Piaskowski 1963a: 77–9). In the present study, the result produced by the PCA-AHC analysis of slag and ore samples was a little worse, as 55.70% of the Holy Cross Mountains observations and 69.70% of the Masovian observations were assigned to the ‘clean’ or ‘almost clean’ classes (the share of all observations in such classes was just 50.56%). This result was significantly improved by P-filtering, demonstrating the utility of this element in provenance studies. This step assigned 85.61% of the Masovian samples and 56.90% of the Silesian data to the ‘clean’ or ‘almost clean’ sub-classes, thus improving the share of all observations in these sub-classes to 76.95%. The result for the Holy Cross Mountains did not change, which can be explained by the fact that the data for this region included numerous observations from its peripheries. However, if these peripheral observations are removed, the share of the Holy Cross Mountains observations in the ‘clean’ or ‘almost clean’ sub-classes increases markedly to 74.14%. It can be assumed that limonite bog ores were used in these peripheral areas, which is why such observations were eventually assigned to classes or sub-classes that were ‘mixed’ or were dominated by data from other regions where limonite bog ores were the only available raw material.

The fact that the observations from the Holy Cross Mountains were assigned to as many as four ‘clean’ sub-classes is fully in line with the remarks made in Chapter 2 concerning the diversity of local iron ores. This can clearly be seen by inspecting the contents of individual elements in the sub-classes that were isolated for this region. Although this matter clearly requires further research, including artefact studies, it can be supposed that these differences would also manifest in smelting slag inclusions in artefacts. For this reason, in contrast to what Piaskowski proposed, we recommend speaking of ‘Holy Cross Mountains metals’ rather than singular ‘metal’. As noted above, these metals may have had different characteristics and it is likely that iron smelted in the peripheries of this region would be more similar to metal smelted in other regions than to that from the core area of the Holy Cross Mountains.

Another important finding (which is also partially in line with Piaskowski) is that P-low ores were the main raw material in the core area of the Holy Cross Mountains iron smelting region. In other words, iron smelting seems to have been concentrated in the area where ores with low P content were to be found, while P-high ores were mainly used at the peripheries of this region. Regarding the ancient underground mine at Rudki, Site 2, Kielce District, the use of hematite from this site for iron smelting purposes cannot be ruled out (something that was strongly supported by the ‘legacy data’), but the results obtained seem to imply that local hematite ores were not the main raw material in the Holy Cross Mountains. Finally, it is worth noting that most of the organized iron smelting sites from which samples were available for this study were situated in the core area of this region, where P-low ores were available. This might imply the intentional selection of locations with good quality iron ores.

As regards Masovia, only bog limonite ores were reported from this region. This, combined with the region’s compact size, suggests that a lower number of final sub-classes should naturally be expected. In fact, two ‘almost clean’ Masovian sub-classes accounted for 85.61% of all the observations from this region. It must be remembered, however, that these sub-classes also demonstrate significant differences in the contents of several elements, including P, Si, Al, Mn, K, Sc, Rb, Sr, Nb, Hf, Ta and Th. As observations from individual sites are in many cases split between these sub-classes, it can be supposed that this is related to the use of different sources of ore at such sites, which is especially likely for larger ones that operated over long periods. Alternatively, this might also be attributed to similarities in chemistry between ores from various locations within the region.

Concerning the question of possible use of lime as smelting flux in this region, the Ca content of Masovian slag is clearly higher than that of Holy Cross Mountains slag, but similar to that from Silesia. On the other hand, the Ca levels do not indicate the intentional addition of Ca-rich minerals as flux to the smelting batch in Masovia. Therefore, any assumption of the use of such additions is simply unfounded and thus the theory proposed by Woyda regarding this issue can be rejected. It might instead be proposed that the higher Ca content of Masovian slag is the result of Ca-rich Masovian clays being used in furnace construction.

Like Masovia, only bog limonites were reported from Silesia. It could be supposed that there were differences in chemistry between observations from this vast geographical area, with possibly many different metallogeny contexts. On the other hand, there may have been marked similarities between the Silesian ores and bog limonites from other regions. In other words, many of the Silesian observations stood a good chance of being more similar to Masovian or Holy Cross Mountains observations than to the remaining Silesian ones. Therefore, it is not particularly surprising that only one ‘almost clean’ sub-class was isolated for Silesia and it accounted for only 56.90% of the data from this region. Remarkably, this ‘almost clean’ Silesian sub-class mainly gathers observations from the central part of the region, with special emphasis on the Strzelce Opolskie (Groß Strehlitz)-Opole (Oppeln) region (No. X). This Silesian sub-class is low in P, which is also in line with Piaskowski’s thoughts regarding the use of P-low iron ores in the Holy Cross Mountains and in Upper Silesia, and the resulting similarities of slag and metal from these territories. Moreover, further support is provided by the fact that P content is not the only similarity between the Silesian sub-class and some Holy Cross Mountains sub-classes. Other elements whose contents were similar in Upper Silesia and in some Holy Cross Mountains sub-classes (especially with regard to this region’s core area) include Si, Mg, Al, Mn, K, Cr, Rb, Y, Zr, Nb, Cs, La, Ce, Er, Tm, Yb and Ta.

In the absence of research findings on smelting slag inclusions in artefacts, any chance of a successful provenance study remains speculative at this time. On the other hand, the attempted use of ‘theoretical artefacts’, although obviously imperfect, proved to a great degree that such an outcome is possible. All the three artefacts were correctly provenanced to their parent regions and two of these were even successfully assigned to their parent sites. However, this attempt also clearly demonstrated risks involved in a real-life provenance study, which are mainly related to a considerable overlap in the data from the three iron smelting regions in question. Nevertheless, bearing in mind that the lion’s share of the Holy Cross Mountains iron production came from this region’s core area where the highest density of smelting sites was reported and where P-low ores with distinct chemistries were the main raw material, the chance of a successful provenance study should not be dismissed.



Conclusions and Suggestions for Further Research

Iron smelting in the East Germanic Przeworsk Culture certainly deserves attention. This remarkable culture not only made a wide range of iron artefacts to serve people’s daily needs as well as those in the afterlife, but also created a complex system of ironmaking which included the two largest iron smelting regions outside the borders of the Roman Empire.

The origins of iron smelting in the Przeworsk Culture are unclear. The idea that the Celts had a strong influence on the beginnings of local ironmaking is attractive to many but there is limited evidence to support this. The same is true of whether the Jastorf Culture had an impact on the beginnings of iron smelting in Masovia. The origins of Przeworsk Culture iron smelting may even have been necessitated by the collapse of the Celtic world and the need to develop the culture’s own ironmaking potential. Indeed, the emergence of local iron smelting could have been based on a combination of various factors.

The main raw material for ironmaking in the Przeworsk Culture was limonite bog ores extracted from shallow opencast pits. Only in the Holy Cross Mountains region was the type of ores used more diverse. The main type of furnace was a single-use slag-pit furnace and it seems that natural blast was the most popular method of air supply.

It is believed that iron smelting was first introduced on a mass scale in Masovia around the mid-second century BC, in the Late Pre-Roman Period. This may also have been the case in Silesia, but there it was clearly on a much smaller scale. Iron smelting in the Holy Cross Mountains may have begun at the turn of the Late Pre-Roman Period and the Early Roman Period. The intensification of ironmaking in Masovia likely occurred between c. AD 1 and c. AD 160. Thereafter, there was a period of decline, although some sites may have continued to operate until the early fifth century AD. In the later phase of the Early Roman Period (perhaps after c. AD 80), large-scale iron smelting began to develop in the Holy Cross Mountains. The peak period of ironmaking activity in this region may have been from the second half of the second century to the early third century AD. Some organized smelting sites, however, may have continued to operate until the second half of the third century AD, surviving perhaps until the Przeworsk Culture died out in this region. In Silesia, more intensive iron smelting may have developed after AD 80, the peak period falling around c. AD 160–375. Silesian smelting sites gradually began to disappear after the mid-fourth century AD, but others were still in operation in the early fifth century AD.

As far as the organization of the three main iron smelting regions is concerned, the Holy Cross Mountains was divided into a ‘clean’ production zone, a ‘settlement-production’ zone and the settlement’s hinterland. This ironmaking region had at its core the area with the highest concentration of smelting sites. This core area encompassed the ‘clean’ production zone and the western part of the ‘settlement-production’ zone. A remarkable trait of this region is the co-occurrence of two types of smelting sites – that is, sites with both not organized (irregular) and organized (regular) furnace clusters. The origin of the latter may have been a rise in non-local demand for iron. In Masovia, two main types of sites have been identified: large long-lasting settlement-production complexes with thousands of bloomery furnaces in some cases, and smaller settlements where economic activity was undertaken on an ad hoc basis. Silesia was not a homogeneous region but rather a cluster of regions within local settlement structures, where iron smelting activities were quite scattered and smelting sites were in most cases smaller than in Masovia or in the Holy Cross Mountains.

Regarding the volume of iron production, the Holy Cross Mountains was clearly the most important region, with a total output maybe of 10,800 tons. Masovian production may have reached 1,800 tons, while c. 500 tons has been suggested for Silesia. As for the recipients of this output, Masovian iron may have to a large extent served the needs of the people of the Przeworsk Culture, although some of it may have been exported to other regions in Europe, such as the Danube zone, Jutland or the north-western reaches of Barbaricum. The suggestion that Holy Cross Mountains iron was exported to the Roman provinces can be rejected, but it is possible that any surplus production (especially from organized smelting sites) found its way to Barbarian communities living to the south of the Carpathians. This may have been related to political events such as the Marcomannic Wars (c. AD 166–80). Silesian iron was mainly used locally, some surplus iron having possibly been traded. Small-scale iron smelting also took place at some sites beyond the three main production regions.

The chemical analyses of the slag and ore samples provide a pointer for iron provenance studies in general. The results clearly demonstrate that the use of lithophile elements (even a dataset with numerous variables that include both major and trace elements) does not guarantee a full separation of production regions. This is especially true if limonite bog ores were the main raw material for iron smelting, which is precisely the case in the Przeworsk Culture. Therefore, this result, although more equivocal than, say, those reported for studies on Roman ironmaking, can be perceived as better reflecting the local reality. As limonite bog ores seem to have been the main raw material in non-Roman Europe, iron provenance studies in these areas may carry a considerably higher risk of being less successful than those conducted on finds from the territory of the Roman Empire.

The results of this study on Przeworsk Culture ironmaking to some extent confirm Jerzy Piaskowski’s theory. Although we did not examine metal or smelting-related slag inclusions in iron artefacts, the slag and ore sample results strongly demonstrate that a marked separation of ironmaking regions is possible. Therefore, there is the potential for successful provenance studies of archaeological iron finds for this culture, as has been shown for ‘theoretical artefacts’. Although the use of phosphorus (the P content of the metal was one of the main discriminatory criteria of Piaskowski) alone is not enough to secure the separation of the three iron smelting regions, the important role of P as a discriminatory variable has been confirmed. The observations from the core area of the Holy Cross Mountains ironmaking region are clearly P-low, and to a great extent the same is true for Upper Silesia. In contrast, the observations from Masovia demonstrate a high P content. This is generally in line with what Piaskowski proposed. The P-filtering significantly improved the results obtained. However, contrary to what Piaskowski supposed, we believe there is no single ‘Holy Cross Mountains metal’. As the slag and ore data from this region were assigned to several sub-classes, we recommend speaking of ‘Holy Cross Mountains metals’ in the plural. This reflects the presence of different types of iron ores in this region. There were also marked differences in the chemistry of the samples from the core area of the Holy Cross Mountains ironmaking region and its peripheries. These peripheral sites may have had to rely solely or mostly on limonite bog ores with high P levels, which is why the observations from these sites demonstrate considerable overlap with the data from other regions. This means that the observations from these peripheral regions of the Holy Cross Mountains were often assigned to mixed sub-classes or to sub-classes that were dominated by the data from other regions. Moreover, the organized iron smelting sites in this region seem to have mainly used fairly good quality P-low iron ores, which implies the intentional selection of locations for ironmaking workshops. Yet another difference between the results obtained in this study and the theory proposed by Piaskowski concerns the role of hematite ores from the underground mine at Rudki, Site 2, Kielce District. Although the use of these ores cannot be ruled out (as demonstrated by the ‘legacy data’), they were perhaps not the most important raw material for iron smelting in the Holy Cross Mountains region.

Regarding iron smelting in Masovia, our results confirmed the use of P-high ores in this region. In general terms, the Masovian iron smelting region was territorially compact with only one ore type, which is why the observations from this region formed just two sub-classes. These differ from one another not only in terms of P content, but also the contents of several other elements. As observations from individual sites are in many cases split between these sub-classes, it can be supposed that this is related to the use of different sources of ore at such sites, which is especially likely for larger ones that operated over long periods. We were also able to disprove the assumption of some researchers of the intentional use of lime as flux in this ironmaking region. Although the Ca content of Masovian slag is in fact higher than that in Holy Cross Mountains slag, this does not confirm that Ca-rich minerals were intentionally added to the smelting batch.

As in Masovia, bog limonites were the only source of ore in Silesia. However, due to the vast size of this region with possibly many different metallogeny contexts, a high proportion of the Silesian observations were assigned to different sub-classes together with observations from other regions. Only one ‘almost clean’ Silesian sub-class was isolated, encompassing slightly more than a half of all the observations from this region. This sub-class chiefly includes the samples from the central part of the region, with a high proportion of observations from Upper Silesia. This sub-class demonstrates low P levels, which is again in line with the findings of Piaskowski, who suggested some similarity between the iron from the Holy Cross Mountains and that from Upper Silesia. Moreover, this is supported by the fact that this similarity is not limited to a low P content, but to analogous levels of many other elements.

Finally, further research on Przeworsk Culture iron smelting needs to be continued. First of all, the samples used in the present study should be re-examined including, for example, mineralogical examination of cross-sections of those sample parts that were not pulverized. Such an examination might be able to identify surviving ore particles or metal prills, thus yielding new data. Moreover, further slag and ore samples should be analysed. Although the coverage for Masovia is reasonable, it is important to obtain more data for the Holy Cross Mountains core iron smelting area, its peripheries and more distant enclaves, as well as for Silesia, so that data from all three regions are sufficient. Furthermore, there is a need to analyse samples from smelting sites located beyond the three main ironmaking regions. On the basis of the results obtained in the present study, it can tentatively be suggested that samples from these sites may increase the data overlap rather than improve the inter-regional separation, but the collection of such data will help provide a bigger picture of Przeworsk Culture iron smelting. Regarding questions posed by site and artefact chronology, we definitely recommend more radiocarbon analyses, but risks related to this method must be borne in mind. It is to be hoped that new excavations will unearth finds with better data on their archaeological context. Certain limitations must be borne in mind also; for instance, although finds of geological ores next to smelting sites are obviously possible, it is unlikely that new fieldwork will yield large numbers of archaeological ore samples.

Last but not least, it is necessary to conduct new provenance studies on iron artefacts using state-of-the-art methods, as this is the only way of verifying Piaskowski’s observations on the significance of Przeworsk Culture iron. Ideally, the samples studied by Piaskowski should be re-analysed, as by the late 1980s he had examined almost 1,300 iron artefacts whose chronology covers the Hallstatt Period through the Late Roman Period (Orzechowski 2020: 210). Sadly, an inquiry sent to the Łukasiewicz-Kraków Institute of Technology (which succeeded the Foundry Institute in Kraków, where Piaskowski conducted his studies) yielded no results. No information on these samples could be provided by Piaskowski’s family members, either (his son Mr Jan Piaskowski, personal communication). It can only be hoped that these invaluable materials are not lost forever. New studies on artefacts should include both lithophile and siderophile elements (provided that more ore samples can be obtained) and isotopic methods must be considered, especially concerning Os isotopes. Apart from issues of iron provenance and circulation within the Przeworsk Culture, there should be an attempt to highlight any exports of Masovian and Holy Cross Mountains iron to other regions of non-Roman Europe. This issue must obviously be discussed within the context of what is already known on inter-regional contacts between Barbarian societies in the Roman Period. To address any circulation of Przeworsk Culture iron beyond its own territory, it will be necessary to make a very broad comparison of elemental (and possibly isotopic) data for different Roman and Barbarian ironmaking regions. For this reason, such studies must be integrated within pan-European research.
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OPS/images/Image_160.jpg
lable 8 Composition of PCA-AHC classes with the observations from the three iron smelting regions of the Przeworsk Culture

Class il 2 3 4 5 6
Total 35 78 7 42 105 2
HCM 35 20 7 7 8 2
MAS 0 15 0 25 92 0
SIL 0 43 0 10 5 0
HCM 100.0% Mixed HCM 100.0% Mixed MAS 87.62% HCM 100.0%
Total In ‘clean’ or ‘almost clean’ (>75% of the main group) classes %
HCM 79 44 55.70
MAS 132 92 69.70
SIL 58 0 0.00
All 269 136 50.56

Abbreviations: HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.
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Table 9 Composition of PCA-AHC classes based on observations from six iron
smelting regions in Gaul

Class 1 2 3 4 5
Observations 34 25 29 28 12
Eastern Condroz (Belgium) 0 7 0 12 0
Entre-Sambre-et-Meuse (Belgium) 0 16
Sénonais-Pays-d’ Othe (Central France) 0 0 12
Puysaie (Central France) 0 0 23 0
Montagne Noire (Southern France) 10 14 0 0
Canigou (Southern France) 24 0 0 0 0

Source: Data after Pages et al. (2022: supporting information).
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OPS/images/Image_168.jpg
lable 10 General composition of PCA-AHC P-filtered sub-classes based on observations from the three iron smelting regions of the

Przeworsk Culture
Subclass 1A 1B 2A 2B 3A 4A 4B 5B 6A
Total 33 2 34 44 /4 16 26 105 2
HCM 33 2 2 18 7 5 2 8 2
MAS 0 0 15 0 4 21 92 0
SIL 0 0 32 11 0 7 3 5 0
HCM 100.0% HCM 100.0% SIL94.12% Mixed HCM 100.00% Mixed MAS80.77% MAS 87.62% HCM
100.0%
Total In ‘clean’ or ‘almost clean’ (>75% of the main group) subclasses %
HCM 79 44 55.70
MAS 132 113 85.61
SIL 58 32 55.17
All 269 189 70.26

Abbreviations: HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.
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Table 12 Detailed composition of PCA-AHC P-filtered sub-classes with the observations from the three iron smelting regions of the Przeworsk
Culture

No.  Region Region-Site-Sample PCA-AHC class P-implied sub-class P (wt%)
70 HCM HCM Pokrzywnica 3 SB 1 0.0384
64 HCM HCM Ostrowiec Swigtokrzyski 14 S 1 0.0585
+ HCM HCM Boleszyn 1 SB 1 0.0620
67 HCM HCM Ostrowiec Swigtokrzyski 14 S 1 0.0628
1 HCM HCM Baszowice 1 § 1 0.0633
24 HCM HCM Hucisko 3 S 1 0.0637
33 HCM HCM Lomno 23 S 1 0.0676
12 HCM HCM Grzegorzowice 25 S 1 0.0729
6 HCM HCM Chmieléw 4 SB 1 0.0768
75 HCM HCM Stara Stupia 6 S 1 0.0799
11 HCM HCM Grzegorzowice 25 S 1 0.0860
65 HCM HCM Ostrowiec Swigtokrzyski 14 1 0.0890
5 HCM HCM Chmieléw 4 SB 1 0.0982
58 HCM HCM Ostrowiec Swigtokrzyski 14 S 1 0.0999
HCM HCM Grzegorzowice 25 S 1 0.1039
HCM HCM Czastkéw 2 S 1 0.1061
37 HCM HCM Mierzanowice 1S 1 0.1113
78 HCM HCM Zochcin 1§ 1 0.1165
79 HCM HCM Zochcin 18 1 0.1244
44 HCM HCM Nowa Stupia 3 § 1 0.1397
63 HCM HCM Ostrowiec Swigtokrzyski 14 S 1 0.1397
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250  SIL SIL Opole-Malina (Oppeln-Malino) 114 FS 2 0.4364
227  SIL SIL Izbicko (Stubendorf) 2 S 2 0.4539
216 SIL SIL Buszyce (Buchitz) 9 S 2 0.5805
60 HCM HCM Ostrowiec Swigtokrzyski 14 S 2 0.6110
247 SIL SIL Opole-Malina (Oppeln-Malino) 114 S 2 0.6241
148  MAS MAS Krasnicza Wola 1 S 2 0.6328
164  MAS MAS Miochéw (Zabieniec) 2 O 2 0.7725
220  SIL SIL Buszyce (Buchitz) 10 S 2 0.7856
161  MAS MAS Mlochéw (Zabieniec) 2 S 2 0.9165
213 SIL SIL Bielice (Bielitz) 1 S 2 0.9514
52 HCM HCM Ostrowiec Swigtokrzyski 1 S 2 1.0300
218 SIL SIL Buszyce (Buchitz) 9 S 2 1.0387
257 SIL SIL Proszkow (Proskau) 2 S 2 1.0474
3 HCM HCM Bodzechéw 1 SB 2 1.0605
31 HCM HCM Kunéw 1 FS 2 1.0823
2 HCM HCM Bodzechéw 1 SB 2 1.0867
54 HCM HCM Ostrowiec Swigtokrzyski 1 S 2 1.2045
53 HCM HCM Ostrowiec Swigtokrzyski 1S 2 1.2220
225  SIL SIL Dobrzeti Maty (Klein Dibern) 8 S 2 1.2700
56 HCM HCM Ostrowiec Swigtokrzyski 1 S 2 1.3529
32 HCM HCM Kunéw 1 SB 2 1.3682
19 HCM HCM Grzybéw 6 FS 2 1.4402
238 SIL SIL Lizawice (Leisewitz) 3 FS 2 1.4402
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Abbreviations: HCM, Holy Cross Mountains; MAS, Masovia; SIL, Silesia.

Note: Bold = observations from sites or localities (if the exact site is unknown) with multiple samples. Bold italic = observations from sites or localities (if the exact site is unknown) with
multiple samples in the same sub-class. S = slag, FS = furnace slag, SB = slag block, O = ore.
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Iable 1 Chemical composition of iron ore samples from the Holy Cross Mountains, Silesia and Masovia (wt%) on the basis of literature data
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Tab. 16), Madera (2020: 190, Tab. 1); 28, Lehnhardt (2020: 160, Tab. 5), Lehnhardt (2019: 289, Tab. 60), Lehnhardt et al. (2019: 225, Tab. 5). Revised by the authors.
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Iable 2 Radiocarbon dates of iron smelting sites from the Holy Cross Mountains, Silesia and Masovia

No. Site Region No. of samples Average conventional age BP  Calendar age Error interval
1 Boleszyn, Site 1 HCM 3 2050 + 235 70 BC -
2 Lysa Gora, Site 9 HCM 1 1920 + 150 AD 75 50 BC-AD 200
3 Jelenidw, Site 1 HCM 2 2005 + 31 15BC 45 BC-AD 10
4 Grzegorzowice, Site 1 HCM 2 1885 + 35 AD 120 AD 80-170
5 Nowa Stupia (tazy), Site 6 HCM 4 1846 + 46 AD 165 AD 130-200
6 Nowa Stupia, Site 11 HCM 2 1865 + 70 AD 145 AD 90-200
7 Ostrowiec Swietokrzyski HCM 2150 £50 210 BC 300-160 BC
(Czestocice), Site 14
8 Rudki, Site 2 HCM - 1900 + 20 AD 100 AD 85-110
9 Milanéwek-Falecin, Site 8 MAS 2 2425 + 123 560 BC 690-450 BC
10 Milanéwek-Falecin, Site 8 MAS 2400 + 170 675-100 BC
11 Milanéwek-Falecin, Site 8 MAS 1 2450 + 180 675-125 BC
12 Biskupice, Site 1 MAS 2 1980 + 107 AD 5 80 BC-AD 90
13 Biskupice, Site 1 MAS 2020 = 150 375 BC-AD 350
14 Biskupice, Site 1 MAS 1 1940 + 155 350 BC-AD 375
15  Brwindw, Site 4 MAS 1 1900 + 30 AD 1-200
16  Brwinow, Site 4 MAS 2050 + 30 175 BC-AD 25
17 Brwindw, Site 4 MAS 1 2030 + 30 150 BC-AD 75
18 Brwinow, Site 4 MAS 1 2330 + 35 500-225 BC
19 Brwindw, Site 4 MAS 1 2110 + 60 300 BC-AD 50
20  Brwinow, Site 4 MAS 1 2170 + 60 350-50 BC
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lable 3 'lhe main characteristics of metal from the most important Przeworsk Culture iron smelting regions according to J. Praskowski

Region Ores used P (wt%) in metal P205 (wt%) inslag  C (wt%) in metal Artefact technology
Holy Cross Mostly P-low 0.01-0.18 (max. 0.35), 0.12-0.58,avg. 0.30 Uneven, up to 0.3; No intentional carburizing, no
Mountains ~ hematite avg. 0.03 medium-C and forge-welding of iron and steel
high-C steel possible
Masovia P-rich bog ores  0.15-0.61,avg. 0.44 or 2.84-10.80,avg.7.70  Ferritic metal No carburizing or heat treatment
0.4-1.0 possible, no forge-welding of iron and

Lower Silesia  P-rich bog ores  0.15-0.35, avg. 0.24

Upper Silesia P-low ores 0.02-0.07, avg. 0.03

0.73-7.24, avg. 2.98

0.31-0.65, avg. 0.55

Low, mainly ferritic
metal

Uneven, mostly
below 0.3

steel

No forge-welding of iron and steel, no
heat treatment

No intentional carburizing, no
forge-welding of iron and steel

Sources: Piaskowski (1963a; 1963b; 1981b).
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lable 4 The main characteristics of the samples analysed 1n this project

Region Site District Sample Tap Slag Furnace Slag Ore Total Period
nos slag block  slag
Holy Cross Mountains Baszowice, Site 1 Kielce 1 1 1 oman
Holy Cross Mountains Bodzechow, Site 1 Ostrowiec Swigtokrzyski 2-3 2 2 Roman
Holy Cross Mountains Boleszyn, Site 1 Ostrowiec Swigtokrzyski 4 1 1 Early Roman
Holy Cross Mountains Chmielow, Site 4 Ostrowiec Swigtokrzyski 5-6 2 2 Roman
Holy Cross Mountains Chmiel6w, Site 22 Ostrowiec Swigtokrzyski 7 1 1 Roman
Holy Cross Mountains ~ Czastkéw, Site 2 Kielce 8 1 1 Roman
Holy Cross Mountains ~ Grzegorzowice, Site 25 Ostrowiec Swigto krzyski 9-13 5 5 oman
Holy Cross Mountains ~ Grzybow, Site 6 Staszow 14-23 10 10 Roman
Holy Cross Mountains Hucisko, Site 3 Kielce 24 1 1 Roman
Holy Cross Mountains Janik, Site NN Ostrowiec Swigtokrzyski ~ 25-6 2 2 Roman
Holy Cross Mountains Jeleniéw, Site 2 Kielce 27 1 Roman
Holy Cross Mountains liszow, Site NN Pinczow 28 1 1 oman
Holy Cross Mountains  Kunow, Site 1 Ostrowiec Swietokrzyski ~ 29-32 2 1 1 4 Early Roman to
Late Roman
Holy Cross Mountains ELomno, Site 23 Starachowice 33 1 1 Roman
Holy Cross Mountains Mierzanowice, Site 1~ Opatéw 34-43 10 10 oman
Holy Cross Mountains Nowa Stupia, Site 3 Kielce 44 1 1 Late Roman
Holy Cross Mountains Nowa Stupia, Tereny — Kielce 45-51 7 7 Early Medieval
Dymarkowskie
Holy Cross Mountains = Ostrowiec Ostrowiec Swigtokrzyski 526 5 5 Early Roman to
Swigtokrzyski, Site 1 Late Roman
Holy Cross Mountains Ostrowiec Ostrowiec Swigtokrzyski ~ 57-67 11 11 Early Roman

Swietokrzyski, Site 14
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Table 5 Comparison of published, preferred and measured element concentrations in BHVO-1 powder: LA-ICP-MS results on resin-

impregnated powder tablets

BHVO-1
Element (ppm) Complied Preferred SD Measured SD Typical LoD (ppm)
Na 16800-17200 17200 200 14900 2000 0.74
Mg 43400-43600 43500 200 43500 5400 0.02
Al 72500-73000 72500 300 65900 4200 0.05
Si 232700-232500 232800 600 244000 12000 0.03
p 1190-1210 1210 10 1000 200 3.0
K 4300-4378 4363 38 4000 300 1.7
Ca 81400-81600 81700 300 81700 5900 15
Ti 16200-16400 16400 100 15500 700 0.12
Mn 1301-1317 1308 9 1320 80 0.15
Fe 85500-86200 86200 300 76500 5600 35
Li 4.6-4.9 4.68 0.09 5.19 1.66 0.1
Be 0.984-1.1 0.984 0.06 1.80 0.33 0.01
Sc 31.42-31.8 31.42 0.35 339 3.4 0.10
\4 313.8-321 313.8 32 348 38 0.02
Cr 287.6-290.59 287.6 39 250 90 0.3
Co 44.769-45 44.9 0.36 41 6 0.02
Ni 120-121 120 1.5 117 25 0.2
Cu 136-150 137.2 1.6 134 26 0.2
Zn 100-105.1 105.1 1.5 86 17 0.2
Ga 21-21 21.32 04?2 153 13 03
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Iable 6 Sets of discriminant variables used in recent iron provenance studies
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Variables (major oxides are given as elements)
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OPS/images/Image_134.jpg
lable 7 Quality of relevant trace element data that were analysed for this study

Total number of samples = 271 (269 were eventually included in further statistical analyses)
Total number of observations = 315
Total number of measurements = 7560
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