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ABSTRACT 

Viking Age ironmaking in Norway has often been distinguished from previous periods 

through the technological changes of slag handling. Put simply, when evidence for slag 

tapping is discovered, it is automatically assumed that the furnace in question dates to 

the Viking Age or Medieval period. Despite earlier significant variation within ironmaking 

practices, all furnaces from the Viking Age are treated as a single uniform group.  

Through an in-depth study of excavated sites, this thesis shows that regional variation 

persisted into the Viking Age, with variation seen between how iron was made across the 

whole of the country. Using macroscopic, microscopic and chemical analysis of 

ironmaking slag from five well-dated Viking Age ironmaking sites from two core 

ironmaking regions in Norway, different approaches to ironmaking, technological choices 

and regional preferences are identified. 

Variation within and between regions has revealed that although all Viking Age furnaces 

follow a similar principle regarding size, the way furnaces are built and used varies 

depending on where in the country the furnace is located. The work presented here 

expands our understanding of Viking Age ironmaking, and shows how iron was not made 

using a single method throughout the period, but that at least four distinct methods were 

in use. 
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IMPACT STATEMENT 

The Viking Age has received, and continues to receive, much attention in both popular 

culture and academic discourse across multiple disciplines. In the form of both weapons 

and tools, iron features prominently in Viking materialities. This thesis provides the most 

comprehensive synthesis to date of Viking Age ironmaking in Norway, based primarily on 

the study of production remains. Combining a thorough re-analysis of legacy data as well 

as new scientific analyses of metallurgical debris, it contributes to questions of 

technological change and knowledge transmission that are of relevance in many other 

archaeological studies.  

Owing to the modern administrative division of Norwegian archaeology, cross-regional, 

comparative studies have been limited; this study provides the first explicitly comparative 

study of data from different regions. Through a high-resolution study of five ironmaking 

sites from two distinct regions with rich ironmaking traditions, this project also adds a 

substantial amount of new raw data to inform this topic. In particular, for the central 

Norwegian region of Trøndelag, we knew of a strong and well-established method of 

ironmaking before the Viking Age, but the Viking Age itself had been understudied: the 

two sites presented in this thesis contribute significantly to our understanding of 

ironmaking in this region but also allow unprecedented insight into the diachronic 

changes of the technology in this region.  

The thesis demonstrates that the combination of chemical analyses of slag with furnace 

typologies at production sites allows for nuanced regional and temporal patterns to be 

recognised, with would not be discernible using one approach only – hence paving the 

way for similar studies elsewhere. Furthermore, the extensive database of slag 

compositions compiled for this research will serve as a basis for future provenance 

studies of iron artefacts based on slag inclusion analyses. 

Through the identification of hitherto unknown differences in technology constrained to 

geographic regions, this study can be used as a baseline for future studies of variability 

in other areas of Viking Age technology and material culture, which may or may not 

mirror the identified regions. Altogether, these studies will add nuance to our 

understanding of Viking technology and society, as well as providing a basis for the study 

of technological spread.  

Key results from this study have been presented and discussed at various conferences 

and workshops relating to archaeometallurgy, archaeological pyro-technology, and 
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archaeometry in general, showing that the findings provide a useful baseline for further 

and future studies.   
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1  INTRODUCTION, BACKGROUND AND RESEARCH AIMS 

In Norway, there is a notable shift in iron production practices during the Viking Age 

– this thesis sets out to try and make sense of that. 

1.1 Introduction 

The Viking Age has in recent years gained an increased level of attention, both in 

popular culture and in academia. A reoccurring theme are the exploits by these 

people, caused by their advanced technology relating to ship building. It is true that 

the Viking Age very much was moved by the use of boats and sailing. Additionally, 

military techniques and technology provided the Vikings with certain advantages 

against their opponents. Both of these essential traits rely on a common resource; 

iron. Without rivets and nails for ships, weapons, and tools, the Viking Age would 

have been a lot less spectacular than it turned out to be.  

A core challenge when studying Viking Age ironmaking sites in Scandinavia, and in 

particular the western part of the peninsula (today’s kingdom of Norway), is the 

broadness of dating for sites, as well as the scarcity of ironmaking sites. In 

comparison to previous periods, the Viking Age appears to suffer from a vast 

reduction in iron production sites. This stands in stark contrast to the amount of iron 

that must have been in circulation to meet the population’s needs. Additionally, a high 

level of uniformity has been postulated by early research.  

Throughout the study of ironmaking in Norway, chronological variation in 

manufacturing methods was identified. This allowed sequences to be created based 

on what ironmaking furnaces looked like, and how the slag was handled (Figure 1).  
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Figure 1: Schematic comparison of ironmaking furnaces in different periods. Text translated from 
Norwegian by myself (Espelund and Evenstad, 1999, p. 87). 

Key in this is that the Viking Age saw the introduction of a new way of making iron, 

involving a new approach to slag separation: slag-tapping. According to 

archaeologist Bergljot Solberg, talking about ironmaking in the period AD 950-1150, 

“A more efficient furnace was taken into use at the start of this period” (Solberg, 

2003, p. 276). This immediately raises questions regarding the superiority as well as 

the origin. It is clear that the Viking Age was a period of great changes, both culturally 

and technologically, and also saw an increased exposure to religious changes that 

culminated in the conversion to Christianity.  

Comparing the old ways to the new, it appears strange that almost thousand-year-

old traditions disappear only to be replaced by a similar, yet fundamentally different 
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way of achieving the same end result. In the following, similarities and differences 

between these methods will be presented and discussed, as well as a question 

raised regarding Viking Age ironmaking. Before that however, a short presentation 

of ironmaking and the direct process is necessary. 

1.1.1 Ironmaking 

The process of reducing naturally occurring iron oxides to metallic iron has been 

practiced by humanity since around 2000 BC (Tylecote, 2002, p. 47). The controlled 

chemical reaction between iron oxide and carbon monoxide taking place in a furnace 

leads to the formation of an iron bloom. Most waste products associated with the 

ore, furnace materials, and fuel separate out as a slag, which in turn is discarded.  

1.1.1.1 The bloomery process 

The bloomery process is differentiated from other types of ancient ironmaking which 

yielded other end-products, in particular the blast furnace for the production of cast 

iron. Where a blast furnace liquifies the iron at temperatures above its melting point, 

the bloomery process should normally not liquify the iron, and instead keep it in solid 

state the whole time. 

Ironmaking is not possible without iron ore, but other key ingredients are fuel and 

air. The fuel, which in ancient ironmaking processes usually was a form of biofuel 

(wood) or a refined version thereof (charcoal), provided both the heat required for 

the reactions as well as the reduction gas carbon monoxide (CO). The air supplied 

into the furnace both aids in the creation of the reduction gases as well as effecting 

the heat generated by the burning of the fuel. While burning fuel, most of the input 

air and CO2 will be converted to the strongly reducing CO, which reacts with other 

parts of the burden as it rises through the furnace. Since the burden is mainly 

composed of iron ore, fuel, and any additives, the gasses react with the iron ore in a 

matter that, simplified, can be expressed as follows: 

3𝐹𝑒2𝑂3 + 𝐶𝑂 → 2𝐹𝑒3𝑂4 + 𝐶𝑂2 

2𝐹𝑒3𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2 

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2 

Any particle of iron ore added to the mouth of the furnace is exposed to reduction 

gasses until it reaches the area just in front of the air inlets (tuyères) of the furnace. 

In the area located just below the hottest point in the furnace, the iron particles fall 
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into a slag bath. This is composed of all the impurities contained in the ore that have 

not been burnt off as they travelled through the furnace. If the bath is sufficiently 

liquid and hot, the denser iron particles sink through it and coalesce at the bottom, 

growing into the bloom. The slag itself has to be removed eventually, and different 

ways for slag removal will be presented later.  

Air supply is key to controlling the temperature as well as the atmosphere inside the 

furnace. Multiple ways of achieving this have been successfully employed in 

antiquity, and will be presented in more detail later. 

Slag contains evidence for most non-volatile inputs into the furnace system, and 

therefore is an excellent material to reconstruct the parameters involved. Any 

material that is included in the burden and does not burn off or solidify with the metal 

will remain in the slag. A key mineral forming is the olivine ferro silicate fayalite 

(Fe2SiO4), which is essential for separating out iron from gangue. This process 

requires the sacrifice of iron, but is a necessity in order to liquify the silicates in the 

ore in order to fully separate the two. 

2 𝐹𝑒 + 2 𝑆𝑖𝑂2 → 𝐹𝑒2𝑆𝑖𝑂4 + 𝑆𝑖 

Blooms are rarely found on smelting sites as they are intended for further treatment 

and refinement (smithing) into other products, which at some stage can enter the 

archaeological record. Therefore, the main sources for information regarding 

ancient ironmaking are furnace remains and slag heaps, which both can provide 

detailed information about the production processes carried out. 

1.1.1.2 Why ironmaking? 

Iron was the key resource during the Iron Age. The production of iron is a complex 

process that requires mastery and understanding of multiple steps in a sequence of 

events. The complexity of the process allows us to find multiple facets to work with 

in attempting to understand what ancient smelters did. Unlike archaeological iron 

objects, slag exists in abundance in most metallurgical areas, is virtually 

indestructible, and is often easier to access for invasive or destructive analysis than 

artefacts. 

In addition to providing an avenue to investigate the perceived uniformity of Viking 

Age ironmaking, it can also serve as a proxy to understand the movement of people, 

and subsequently ideas and knowledge, since, as will be discussed later, 

technological knowledge cannot move without the movement of people. Thus, 
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reconstructing what changes occurred, and what did not, allows us to understand 

migration patterns of skilled crafts people based on the evidence left behind by their 

activities. 

1.1.2 Geographical horizon 

The area of focus for this study will be the western part of the Scandinavian 

peninsula, today's Norway. Here, two key regions have been identified as large iron 

producing areas, covering the middle of Norway, Trøndelag, around the 

Trondheimsfjord, as well as the area north and west of the Oslofjord in the south-

east of the country (modern Innland and Viken counties) (Figure 2). Both areas have 

a rich archaeological record, which can be explained by the geography of Norway: 

due to the mountainous character of most of the country, arable farmland is scarce, 

and only deep and wide valleys provide enough land for substantial farming to 

develop. Both the areas of study here are among the richest agricultural areas of 

the country, with only the Jæren area of south-western Norway (Rogaland, Figure 

2) providing a similar quality of arable land. However, as the latter area contains 

little evidence for ironmaking from neither the Merovingian Age nor the Viking Age, 

it will not be part of this study. This is in part due to the geology, with most accessible 

bog areas (crucial for the extraction of iron ore) located across the watershed to the 

east, and in part due to a lack of focus in research. Neighbouring Sweden and 

Denmark are also omitted, as the combined amount of data is too large for a single 

project to cover. 
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Figure 2: Norway’s administrative regions and key cities highlighted on a map of the Scandinavian 
peninsula. For this and all other maps; unless indicated, North will always be oriented towards the top of 

the map. ©Kartverket. 
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1.1.3 Chronological horizon 

The Iron Age in Norway has been divided by both historians and archaeologists into 

two main eras, the Early Iron Age from the introduction of iron around 500 BC to the 

end of the Migration Period, around AD 550, followed by the Late Iron Age, dated 

from around AD 550 to the Early Middle Ages, around AD 1050 (Table 1).  

Table 1: Division of the Norwegian Iron Age, after (Moseng, 1999; Solberg, 2003). 

Date range Name Period 

500 BC – AD 0 Pre-Roman / Celtic Iron Age  

Early Iron Age AD 0 – AD 400 Roman Iron Age 

AD 400 – AD 550 Migration Period 

AD 550 – AD 800 Merovingian Period Late Iron Age 

AD 800 – c. AD 1050 Viking Age / Early Middle Ages 

  

Since the Viking Age as a period is clearly defined by historical events, both start 

and end point can be given a date. Generally, the starting point is set to the attack on 

Lindisfarne on the 8th of June AD 793. There seems to be little debate regarding this, 

despite suggesting that the sailors left Norway as pre-Vikings, and only became 

Vikings upon their arrival in Britain. The end point for the Viking Age is a bit more 

contested, depending where one is: In Norway the Viking Age is said to end with the 

battle of Stiklestad on the 30th of June AD 1030, while the battle of Stamford Bridge, 

on the 25th of September AD 1066 marks the end for Viking expansions abroad. 

Thanks to this mobility in dates, multiple time frames have been proposed for when 

the Viking Age was. The key difference is which milestones are used to define the 

start and ending points (Nordeide and Edwards, 2019, p. 5). 

1.1.3.1 The short Viking Age 

Using the historical events presented above, the shortest span for the Viking Age 

that fits with the historical context is c. AD 800 to AD 1050. This span does work for 

Britain, although it ignores both visits by Scandinavians before the attack on 

Lindisfarne, as well as ignoring Danish attempts at reclaiming the English throne in 

the years after Stamford Bridge (Jesch, 2015, p. 7; Nordeide and Edwards, 2019, p. 5). 

Considering other parts within the Norse sphere of influence, these dates truly only 

work in a historical context.  

1.1.3.2 The long Viking Age 

A longer timespan for the Viking Age has become more widely used in recent years. 

Considering early finds of Scandinavian warrior burials in Estonia dated to c. AD 750 
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(Price et al., 2020, p. 12), a starting point for expansionist activities around the middle 

8th century can be shown. This is further supported by evidence for connections 

between Norway and Britain and Ireland around the same time (Heen-Pettersen, 

2019, p. 536). With this, the starting point for external contact between Scandinavian 

peoples and the outside world can be pushed back to around AD 750. The production 

of Norse style craft in modern Russia in the middle of the 8th century corroborates 

this further, but also forces the starting date of the Viking Age to before the mid-8th 

century (Jesch, 2015, p. 8). 

The end point of the period is if possibly even more difficult to define than the 

beginning. If using the criteria of exerting control abroad, Iceland gained 

independence from Denmark as late as AD 1949, although nobody would argue that 

it was still part of Viking society at that time. Northern Scotland was still subject to 

coastal raids originating in Norway in the 13th century and the Norse settlement on 

Greenland disappeared around the 15th century (Jesch, 2015, p. 10).  

Religious and social change brought about by the conversion to Christianity has been 

suggested as another end point, around the year AD 1000. A complete conversion is 

difficult to trace historically and archaeologically, but the establishment of the 

archbishop’s see at Nidaros in AD 1152-53 in a way signified the complete conversion 

(Øvergård Beistad, 2017, p. 299). 

Politically, although Norway was said to have been united under Harold finehair in 

the 9th century, royal power did not become truly stabilised until after what is called 

the civil war era in Norway, ending in AD 1240 (Brégaint, 2021, p. 3).  

Although these latter events historically fall into the Medieval period, a cut-off point 

for the Viking Age around AD 1150 means that the longer version of the Viking Age 

spans the period of c. AD 750-1150.  

Table 2: Start and end dates for the Viking Age depending on which version is used. 

 
Start (AD) End (AD) 

Historical Viking Age 793 1030/66 

Short Viking Age 800 1050 

Long Viking Age 750 1150 

 

In order to fully assess the variation in ironmaking during the Viking Age, the long 

chronology (Table 2) will be used for this research. 
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1.2 The status of research on ironmaking in Norway 

Unlike the more general Viking Age, which has been extensively studied and 

researched in Norway, ironmaking has received comparably less attention. Mining 

activities have been carried out in Norway since the 16th century (Brünnich, 1819). For 

the bloomery process, as it was practiced in the Viking Age, it has been established 

that bog ores were the main source for iron (Falck-Muus, 1927; Dannevig Hauge, 

1940; Espelund, 1991c; Buchwald, 1998; Buchwald and Wivel, 1998). The study of 

ironmaking in Norway has been heavily influenced by different waves of interest, 

which led to a common practice of attempting to reconstruct the technological 

processes that led to the formation of the remains found by archaeologists. Due to 

the wealth of literature available, only a short selection of key works and trends will 

be presented below.  

1.2.1 Archaeological literature 

A comprehensive and somewhat overlapping synthesis of the sources until 

c. AD 2000 has been presented earlier (Rundberget, 2002; Stenvik, 2003a). It is worth 

noting that, although formally speaking Norway did not exist as an independent 

country between 1380 and 1905, some of the works studied before 1905 covered what 

is Norway today, and are therefore included. The situation for Denmark and Sweden 

is presented as a short synthesis. 

1.2.1.1 The earliest sources 

Brünnich (1819) mentions in a side note, when presenting the knowledge of natural 

resources in Norway, how people before the 16th century had little knowledge of the 

riches that lay in their mountains and how to reduce the ores to metals, except for 

bog ores, which evidence suggests were in use in Iceland and Norway from the 

9th century and onwards. 

The most significant source of knowledge of ironmaking in Norway is presented by 

Ole Evenstad, who in 1782 published a treaty on how to make iron according to old 

traditions (Evenstad, 1790). The ambition behind the work was to enable farmers to 

produce their own iron as an economic supplement to agriculture. The most 

significant part of the work is a remarkably detailed step by step guide on how to 

build ironmaking furnaces, which was so detailed that this tradition has been named 

the Evenstad-tradition in Norway. It appears as though the 18th century was the first 

era in which attempts on discovering how ancient civilisations in Norway made iron 
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were made. In addition to Evenstad, Matias Harding is mentioned to have presented 

detailed descriptions of observed ironmaking activities in 1756 (Kleiven, 1991). 

Further, Even Meldal also presented a comprehensive, yet superficial, description of 

how iron was made as early as 1768 (Olafsen, 1916). Key for all these works is that 

they contain contemporary recollections of ironmaking activities, yet also mention 

ironmaking sites older than known memory (Olafsen, 1916, p. 27).  

These valuable and useful early publications on ironmaking activities in Norway have 

to be seen in light of the time they were composed in; Norway gained independence 

from Denmark in 1814, and the time leading up to that was increasingly dominated by 

nationalistic movements, seeking to highlight differences between Norwegian 

history and Danish history. Nevertheless, they contain highly relevant information 

that provides an insight into the earliest parts of research involving ironmaking in 

Norway. It is also noteworthy that the period of a political union with Sweden, which 

followed a brief independence in 1814, appears in stark contrast to the available 

material from the 18th century. The only noteworthy source found is a presentation 

of Norwegian mining history from 1516 – 1623 by Morten Thrane Brünnich (1819). 

Although his main emphasis is on the development of mining, he briefly touches upon 

the early methods of ironmaking.  

1.2.1.2 Typological studies 

During the first decades of the 20th century, archaeological research in Norway was 

strongly inspired by the new found independence from Sweden in 1905, which 

resulted in an upswing in interest in ancient, Norwegian traditions. A solid summary 

of the research up to 1916 is presented by Olaf Olafsen in a written lecture about the 

smelting of bog ores (Olafsen, 1916). He gives a good and detailed description of early 

iron making in Norway. Given the fact that his work is presented in the early 20th 

century, a majority of cases studied and presented are from the 17th century AD and 

onwards. However, as he highlights, there are cases where the actual dates of sites 

cannot be determined with certainty, and it is possible that some might be older. A 

weakness of the work is that it focuses primarily on areas in southern and central 

Norway, with little to no mentioning of circumstances north of the Dovre mountains. 

In light of the available information at the time however, it is a remarkably thorough 

and detailed presentation of ironmaking sites in Norway, known in 1916. In addition 

to presenting archaeological sites for ironmaking, emphasis is also placed on 
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historical documents and legal texts, as well as place names, to show how widely 

spread ironmaking must have been in ancient times.  

Another, more or less contemporary source to Olafsen, is an article by Ivar Kleiven 

(1912), which starts by placing the introduction of the early iron age to 500 BC, and 

stresses how bog ore was the initial source of iron ore, until the start of the 16th 

century (Kleiven, 1991, p. 114). An emphasis of this work is placed on how bloomery 

iron was produced on, "each and every farm" (Kleiven, 1991, p. 115), and that ore 

sources would have been abundant. Kleiven also laments the lack of reliable sources 

for ancient ironmaking predating the 18th century. A strength of this article is that 

Kleiven sought information regarding ironmaking predating his own work, 

presenting material gathered long before his life. Another interesting observation is 

that Kleiven was in fact concerned with the production sequences of ironmaking, 

stressing how Harding's description of ironmaking clarified the concept of ore 

roasting to him; a stage he until then had not been concerned about. It is also 

noteworthy that production quantities, and variation in furnace design, size and 

capacity is discussed (Kleiven, 1991, p. 118). 

In this light, both Olafsen and Kleiven present remarkable work regarding process 

parameters, discussing both ore type, fuel type, furnace location, size and 

architecture, and even slag handling. Despite their presentations being based on 

historical sources, written by non-archaeologists, the detail of description and 

quality of interpretation is remarkable.  

Succeeding a period during which ironmaking sites were mainly studied through 

furnace typology, a more diverse approach emerged. One of the most remarkable 

works from this period is Rolf Falck-Muus' work on an ironmaking site in Åsnes-

Finnskog, published in 1927. As a geologist, Falck-Muus applied microscopic thin 

section analysis to the study of remains from ironmaking sites, using the 

deformation of quartz crystals in furnace lining to deduce an operating temperature 

exceeding 1100°C, with even higher temperatures in the reaction zone (Falck-Muus, 

1927, p. 363). Using the same methods for slags, he deducts formation around the 

eutectic phase, as fayalite and magnetite "crystallise at roughly the same time" 

(Falck-Muus, 1927, p. 364). In this line, Falck-Muus' work clearly breaks with the 

previously common approach of classifying smelting sites based on the presence of 

furnaces, and reconstructing the order in which events took place, but instead 

expanded on this using external methods, to broaden the understanding further, 
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debating different types of remains and where in the process they originated. His 

work goes even further, stressing how chemical analysis of slag remains would have 

been even more informative to his work, but that this was impossible due to 

economic restrictions. Another important element of this work is that Falck-Muus 

tries to place slag morphology in context with production traditions, appreciating the 

differences in slag morphology and how this was caused by production parameters, 

which led to a detailed study of ironmaking slags by Falck-Muus in 1931, in which he 

attempts to link different types of slag to different processes from ironmaking and 

smithing (Falck-Muus, 1931). 

A similar attempt to combine slag morphology and furnace typology was carried out 

by Hauge (1940). Like Falck-Muus, Hauge attempts to reconstruct as much as 

possible of the ironmaking process based on available archaeological evidence, 

putting emphasis on slag and slag morphology. In later works (Dannevig Hauge, 

1946), emphasis is again places on reconstructing as much of the production process 

as possible through studies of finds. In addition, Hauge touches briefly upon an area 

also broadly touched by both Olafsen and Kleive; language. In his area of study, 

places such as Smiudalen (the smith's valley) are, combined with the evidence of 

extensive ironmaking activities, to highlight this as a method for identifying 

ironmaking regions. This approach was followed more broadly later, but will, due to 

the subject of this project as well as the sheer number of place names associated 

with ironmaking, be covered further here.  

Following Falck-Muus' use of analytical techniques to investigate ironmaking 

remains, Hauge did carry out analytical work on ironmaking remains (Dannevig 

Hauge, 1946). He identified slag as a useful source for study, as it contains vital 

information regarding the process he was attempting to reconstruct, that were not 

evident from visible archaeological materials. In this work, Hauge also emphasises 

the importance of slag analysis, both macroscopic to identify production parameters, 

but also chemically, to extract further information about the process. 

1.2.1.3 The socioeconomic element 

Where the earliest studies of ironmaking sites were based on occasional finds in 

remote areas or during road constructions, the construction of hydroelectric plants 

increased research in this field throughout the 1970's and 1980's, with large scale 

discoveries of ironmaking sites happening as a result of increased activity in remote 

areas (Martens, 1965). Studies of these often followed the methods applied by Falck-
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Muus and Hauge, attempting to reconstruct the processes that led to the formation 

of these remains (Martens, 1978; Espelund, 1996; Stenvik, 1996). In addition to 

reconstruction and a descriptive approaches to the study of ancient ironmaking, 

emphasis was now increasingly aimed at other elements of culture, where 

ironmaking played a part. Now, ironmaking was put in context with other 

socioeconomic developments, such as settlement patterns (Johansen, 1973), 

political power (Stenvik, 1996; Prestvold, 1999), and economy and trade (Stenvik, 1990; 

Narmo, 2003), to mention a few. Although this approach was in no way new, it had 

already been presented decades earlier (Brøgger, 1925, 1940), and questions beyond 

the pure technological reconstruction of ironmaking traditions were addressed 

together. 

1.2.1.4 Geographic divides 

With the introduction of radiocarbon dating in the 1960's, the question of dating was 

partly resolved, and it became possible to date different furnaces based on charcoal 

remains. In addition to this, the division of Norway into five administrative regions 

for archaeological studies, led to the realisation that variation in furnace types was 

not only based on chronology, but that there were varying furnace designs used at 

roughly the same time, in different areas of the country (Martens, 1972; Stenvik, 

2003a; Larsen, 2004; Larsen and Rundberget, 2014).  

Where the very earliest recollections of ironmaking activities were focussed on 

small areas, yet again the political divide of Norway led to an emphasis on studies 

within limited geographic areas. However, with the wealth of analytical methods now 

available, further understanding was gained regarding the different furnace types 

and their chronology. One of the key discoveries was the observation that the 

Merovingian Age furnaces in middle Norway and south-eastern Norway were 

different from each other, as well as different to the succeeding Viking Age furnaces 

(Solberg, 2003; Espelund, 2013b; Larsen and Rundberget, 2014). Not only did the 

furnace design differ, but using analytical methods from the field of metallurgy, it 

was now attempted to illuminate areas such as production parameters, yield and so 

forth, in addition to the classic reconstruction of the furnaces (Espelund, 1991a, 1996, 

2014). 

Following the juridical divide of the country, the following decades saw an increased 

study of ironmaking activities in the different regions, with varying strength. 

Although most of the respective bodies have publications relating to ironmaking in 
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their area of control, parts of middle Norway administered by the NTNU, and areas 

in south-eastern Norway, administered by the University of Oslo, stand out. In 

addition to this, specialised conferences dealing with both regional and interregional 

studies of ancient ironmaking were organised in Norway in the late 1990's and early 

2000's, which again placed emphasis on typological differences within the furnace 

remains (Espelund, 1991b; Rundberget and Kulturhistorisk museum, 2013). In the last 

two decades however, research into the technological aspects of ironmaking has 

declined compared to earlier years; Espelund and Stenvik as employees of the NTNU 

in Trondheim, have been the driving forces for the study of ironmaking in middle 

Norway (Espelund, 1996, 2011b, 2011a; Stenvik, 1996, 1997, 2003b, 2005, 2010, 2013; 

Espelund and Evenstad, 1999), whereas Rundberget, Larsen and Narmo, all affiliated 

with UiO, have been the drive force for south-eastern Norway (Narmo, 1996, 1997, 

2003, 2013; Larsen, 2004, 2013; Rundberget, 2010, 2017; Larsen and Rundberget, 2014). 

Thanks to this division in attention, a comprehensive body of work, has been 

generated for the furnace types in different areas. 

1.2.2 Denmark and Sweden 

The study of ironmaking in both Sweden and Denmark has equally long traditions as 

the one in Norway, but will only be presented as a very short summary here. 

Comprehensive presentations of the topic are found in both Norwegian (Stenvik, 

2003b) and German (Zimmermann, 1998). 

1.2.2.1 Denmark 

The earliest study of ironmaking in Denmark was, much like in Norway, focussed 

around identifying the origins of slag heaps and reconstructing the processes. One 

of the most notable works (Mortensen, 1940), presents both a detailed breakdown of 

key aspects of ironmaking, but also presents a significant number of ironmaking 

sites on Jutland (Mortensen, 1940). In an earlier publication, Mortensen already 

addresses the social implications and importance of iron and its relationship with 

political power (Mortensen, 1939). The time after c. 1960 has by Zimmermann been 

referred to as "the age of Voss" (Zimmermann, 1998, p. 70), referring to Olfert Voss' 

role in the study of ironmaking research (Voss, 1993; Abrahamsen et al., 2010; 

Jouttijärvi and Voss, 2013b, 2013a). Like Mortensen before him, Voss' main focus has 

been on the typologies and classification of furnaces based on the archaeologically 

recovered remains. In addition to these studies regarding furnaces, V. F. Buchwald 
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has carried out numerous analysis of both iron artefacts and bog iron ores in 

Denmark in recent years (Buchwald, 1998, 2003, 2005; Buchwald and Wivel, 1998). 

In terms of Viking Age ironmaking, Denmark shows a stark contrast to the situation 

in Norway, with a substantial decrease in documented ironmaking sites from the 

Viking Age. This virtual lack of ironmaking sites further contrasts the Late Roman 

and Early Germanic Iron Age, periods from which ironmaking remains are more 

frequent (Buchwald, 2005). 

1.2.2.2 Sweden 

Research regarding ironmaking in Sweden has historically had a slightly different 

angle than the counterparts in Denmark and Norway. Although also strongly 

following reconstructive approaches (Serning, 1978; Forenius, 1990; Varnius, 1990), 

another important factor was Sweden's role as a major producer of iron for the past 

two centuries. This is reflected in the people carrying out research, with Carl Sahlin, 

who was directly involved with modern iron and steel making, being one of the key 

contributors (Sahlin, 1932). Regional studies, focusing on key iron production regions 

in Jämtland, Småland, Dalarne and Västergötland, revealed variation in furnace 

design. Jämtland, just across the border to the east from Trøndelag in Norway, 

shared the same furnace typology as the Norwegian counterpart, which is presented 

in detail later (Chapter 7.2). For the other regions, furnaces corresponded more to 

regular shaft furnaces with slag pits (Sahlin, 1932; Zimmermann, 1998). Slag tapping 

appeared later than in neighbouring Norway, and was not fully incorporated before 

the bloomery process was replaced by blast furnaces (Hjärthner-Holdar, Grandin 

and Forenius, 2013). It is noteworthy however, that Sweden did not experience the 

same drop in ironmaking as one has seen in Denmark for the Viking Age 

(Zimmermann, 1998; Hjärthner-Holdar et al., 2018). 

Over the past c. 30 years, research into ironmaking in Sweden has started to 

incorporate a stronger element of archaeometric analysis, facilitated through the 

establishment of the Geoarkeologiskt Laboratorium (GAL) in Uppsala in 1992 

(Stenvik, 2003b). This in turn has sparked an increased interest into the observed 

variation in ironmaking methods and traditions (Hjärthner-Holdar and Risberg, 2009; 

Hjärthner-Holdar, 2010). 

  



Introduction, background and research aims 

 

 
| 54 |  

 

1.2.3 Historical sources 

Even though there are no known contemporary written sources from early Viking 

Age Norway, there are historical sources that have to be included here as well, as 

there is coverage on iron and its role in society in some of these: medieval 

legislation, and sagas.  

1.2.3.1 Medieval law texts 

Although there appear to be no medieval laws covering ironmaking directly, some of 

the legal documents known do deal with the right to access to materials, as well as 

prices, and different types of iron available. Although none of these give a detailed 

recollection of the production processes for iron, there are key aspects presented 

worth noting. 

An insight into the required iron tools and weaponry is found in Magnus VI's laws 

from the late 13th century. The document presents the required armament of farmers 

based on the value of their estate, starting with the most basic equipment of "a red 

shield with iron on both sides, a spear and sword or axe", to the full set being "[...] 

shield, steel hat and plate or chain mail and all people's weapons" (Taranger, 1915, p. 

36). Even though this does only peripherally touch upon iron as a resource, it 

provides insight into the value placed upon it in society, and how common iron tools 

and weapons had become by the time the laws were written. 

It is noteworthy that the process of ironmaking is completely excluded from these 

Magnus Lagabøter's laws: in a paragraph relating to fire, the only three types 

mentioned are: the one used for cooking and baking, the one for heat, and the one 

for light in barns and stables (Taranger, 1915, p. 126). As there can be no doubt that 

ironmaking would require a fire, it appears strange that this is not mentioned. This 

same lack of references to ironmaking can be seen in the chapters relating to 

consumption of wood and firewood, leading to a general lack of information 

regarding ironmaking in the first legal documents in Norway.  

An interesting passage is mentioned in Haakon VI Magnusson's legal decree for 

Østerdalen, the eastern valley running north from the Oslofjord area; this document 

from 1358 states that anyone who desires to make iron in the king's land can freely 

gather wood and ore, as has been practice (Storm, 1885, p. 378; Brøgger, 1925). 

Although only mentioned in a sentence, it sheds light on a regional custom where 

locals could freely help themselves to resources required for ironmaking.  
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1.2.3.2 Sagas 

Skallagrim was a good iron-smith, and in winter wrought much in red 
iron ore. 

(Green, 2014, p. 30) 

Similar to the previous section on historical legal documents, the old Norse sagas 

were written down centuries after the events they mention transpired. Despite this, 

information contained within them can provide insight into the traditions on a far less 

formal scale than law texts. That is, some of them do provide information regarding 

ironmaking that can be of great value to archaeological studies. Another issue with 

these of course, is the fact that most of the stories dealing with individuals cover 

individuals in Iceland. Nevertheless, these individuals are in most cases first or 

second-generation immigrants from Norway, allowing us to gain insight into the 

traditions in use there. Given the number of available sagas, not all have been studied 

so far. However, one of them stands out; Egil Skallagrimsson's saga. 

In the saga, we are presented with the family of Egil Skallagrimsson, and, more 

importantly for this project, their origin in today's Middle Norway. Among the detailed 

recollection of the lives of Skallagrim and his son Egil, we learn how Skallagrim 

opposed king Harald, and therefore left Norway and settled in Iceland. We also learn 

how Skallagrim was a great smith who made much iron from red ore in winter, and 

that he practiced smithing on his farm (Lie, 1990, p. 77; Green, 2014, p. 30). Another 

interesting element of the saga is the description of how Skallagrim's anvil was a 

rock so heavy that four men could not lift it. Skallagrim however, retrieved it 

singlehanded from under water in the fjord outside his farm, and used it to smith 

iron. Although this latter part does sound surprising, it gives an excellent example 

of the Viking Age smith possessing magical strength and power (Martens, 1982; 

Jørgensen, 2012). 
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1.3 Research aims 

From a generalised perspective, it has been documented that slag-tapping furnaces 

replaced all previous ironmaking traditions in Norway. However, no systematic 

attempt at explaining the technological origins and implications of this transition has 

been made to date, nor has research focused on discerning the variability that lie 

beneath the broad category of slag-tapping furnaces. 

Against this background the major ambition/aim of this thesis is to contribute to our 

understanding of the geographic variability of Viking Age iron smelting technologies, 

as a starting point to address its possible origins as well as its technological and 

economic implications, in addition to exploring aspects of craft organisation.  

In order to fulfil this aim, three major objectives will be pursued: 

• Characterise the homogeneity/diversity of Viking Age ironmaking 

• Identify differences and similarities between Viking Age ironmaking and 

previous methods 

• Propose possible reasons for the technological change 

Primary data will be obtained by the scientific examination of production debris from 

a range of Viking iron production sites, which will be integrated with a 

comprehensive synthesis of previous datasets. Following the analysis of the 

evidence for the Viking Age, the focus will turn to the preceding period, in order 

facilitate a diachronic assessment. This comparison will then be used to see whether 

or not the new method is a direct, hereditary successor of the pre-existing traditions, 

or whether other origins have to be proposed.  
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1.4 Structure 

The thesis is divided into three main parts, each containing relating chapters. The 

first part, containing chapter 1-3, covers the introduction, theoretical framework the 

research is based on (Chapter 2), and the sites, samples and methods used 

(Chapter 3). 

The second part, covering chapter 4-7, covers the details of Viking Age ironmaking 

in Norway. A survey of available material for Viking Age ironmaking sites based on 

published material is presented first (Chapter 4). Thereafter, material from different 

sites is presented with details on each site. This approach, opposed to the more 

conventional materials – methods – results, was chosen to enable the reader to see 

the sites as completely as possible, without having to flip back and forth. It also 

allows some immediate comparisons to be drawn between Viking Age ironmaking in 

middle Norway (Chapter 5), and south-eastern Norway (Chapter 6). After having 

presented Viking Age ironmaking in detail through these chapters, pre-Viking 

ironmaking is presented and discussed in chapter 7. This chronological jump is used 

to ensure the reader is fully familiarised with the core subject of the thesis, Viking 

Age ironmaking, before the previous period is presented to allow comparisons to be 

made.  

The third part, containing chapters 8-11 contains comparisons of previously 

presented material. Information regarding Viking Age ironmaking is compared in 

chapter 8 in order to assess the uniformity of Viking age ironmaking, in with focus 

on furnace architecture. Chapter 9 builds on this, and compares the technical side of 

ironmaking, beyond the furnace design and layout. After Viking Age ironmaking is 

thoroughly discussed in these chapters, comparisons are made to previous 

methods, as well as how, and why, the observed changes happened (Chapter 10). 

Concluding thoughts and ideas of future work are presented in the final chapter 

(Chapter 11).  



Introduction, background and research aims 

 

 
| 58 |  

 

  



Theoretical Framework 

 

| 59 | 
 

2  THEORETICAL FRAMEWORK 

Technology can mean many things, depending on the context. At its core it 

encompasses both an intellectual element (knowledge) as well as a mechanical 

element (tools).  

2.1 Defining technology 

Despite being a frequently used term with a broadly understood and generally 

accepted meaning, the term technology gains different meaning in the study of 

human past. Additional significance is given to the word depending on the context, 

and a clarification is thus necessary  

Lemonnier’s rather broad definition of technology as “Technology embraces all 

aspects of the process of action upon matter […]” (Lemonnier, 1993, p. 1) encompasses 

both the element of performance and the element of resources. A more recent 

definition gives technology as “a phenomenon captured, and put to use” (Arthur, 2014, 

p. 4), which has gained support as it “[…] avoids the suggestion of teleology […]” 

(Shennan, 2015, p. 129), that no process exists just for the sake of existing. 

In the context of this thesis, technology can thus be seen as the interaction between 

humans and objects, and objects and objects, leading to the production of iron. The 

smelters’ interaction with the furnace is as much a part of the technology as the 

interaction between molecules of FeO and CO. This generates an active 

anthropogenic element, for example the rhythm at which bellows are operated, and 

an indirect one, for example the reaction between FeO and CO caused by this 

previous action, but not directly controllable by the individual carrying out the task. 

Although the reaction used as an example is a direct result of the human interaction 

with the furnace, laws of physics and chemistry put restrictions on the smelter 

(Rehren et al., 2007, p. 214). At the most extreme yet simple point, iron cannot be 

smelted without a source for iron. Despite this, both are in equal parts part of the 

overarching technology producing iron.  

In the study of ancient technology, a method and theory that has become one of the 

core pillars is the use of production sequences, or châine opératoires (Lewis and 

Arntz, 2020). Although a hammer can be studied alone, every stage along the 

production of it, from resource selection to forging, play a part in the production 

sequence of the hammer. Therefore, a study of a hammer will only provide 
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information about one aspect of a long sequence of events, activities, motions and 

decisions made along the way of its creation. Every action or choice along the 

sequence is a direct result of cultural and societal environment of the craftsperson 

involved, meaning that every aspect is influenced by, and can be seen as, a 

representation of it (Leroi-Gourhan, 1993, p. 232; Gosselain, 1998, p. 78; Audouze, 

1999, p. 169). 

When studying a process such as ironmaking, this is a useful way to approach an 

otherwise detached activity. The process of reducing iron ore to an iron bloom in 

itself is a part along the way to any object later made from this iron. Choices made 

by the smelters have direct consequences for the product made, and are as such 

representative of not only the smelters choice or ability, but also the consumer’s 

needs. An approach singling out ironmaking as a particular stage along the 

production sequence, and deliberately detaching it from the previous and 

subsequent links, highlights differences that could be overlooked when the whole is 

studied rather than the parts it is composed of (Audouze, 2002, p. 287).  

In the long run of artefact creation, the individual steps along the châine opératoire 

can be used to single out individual variation. In the case of ironmaking, any variation 

along the process has to be seen as an expression of regional or local culture or 

social influence (Martinón-Torres and Killick, 2015, p. 9; Collins, 2020, p. 10).  

The châine opératoire approach has been highly useful in providing a structured 

approach to technology in society and the interaction between the two, and will be 

broadly drawn upon to investigate the dynamic between Viking Age ironmaking and 

society, but without the explicit focus on producing detailed operational sequences. 

A common notion in the literature dealing with ancient technologies is the symbiotic 

relationship between technology and society (Gosselain, 1998, p. 78; Sillar and Tite, 

2000, p. 17; Haaland, 2004, p. 3; Dobres, 2010, p. 104; Hodder, 2012, p. 1; Lemonnier, 

2013, p. 2). Neither can exist independently of the other, and both influence each 

other. A core part of this is the fact that the archaeological interpretation of a society 

is based on the technological evidence found from it. Thus, any part of technology 

being used within said society is intricately linked to all other aspects of that society.  

This symbiotic relationship becomes particularly relevant when studying substantial 

changes to technology. In the case of this project, a virtually complete replacement 
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of existing ironmaking traditions as seen in Norway in the period in question, will 

thus have to be accompanied by equally dramatic changes in society.  

Certain aspects of technology can be seen as socially independent (Lemonnier, 1993, 

p. 22). There is no doubt that iron ore is a core requirement to produce iron. A furnace 

and fuel for it are equally necessary, yet the characteristics will be expressions of 

culture. This duality of necessity – iron cannot be made without iron ore – and choice 

– what ore to use – means that any study of this aspect of technology is inevitably a 

study of the complex relationships between constraints and choices (Lemonnier, 

1993, p. 23; Sillar and Tite, 2000, p. 17). This means an unsurmountable amount of 

research would be required to understand any element of technology or society fully. 

Yet when trying to identify the cultural choices represented in the technology, we 

need to contextualise these within the inevitable constraints imposed by nature. The 

unchangeable aspects of ironmaking, for example the fact that iron ore is absolutely 

necessary, and that a reducing atmosphere and minimum temperature must be 

present in the furnace for operation, should therefore not be seen as cultural 

expressions, but rather technological constraints. Once these necessities are 

established and known, the variation between them however have to originate in 

social and cultural differences (Lemonnier, 1993, p. 23).  

As closely linked to society, technology is linked to power. Those who control the 

combined knowledge, experience, access to resources, motor skills required, and 

time to carry out any complex activities have an advantage over those who do not. 

In particular for activities related to resource procurement, the ability to produce 

any type of resource grants power. Relating to ironmaking, there are two avenues 

worth exploring regarding the power of the people involved with it. 

On the one hand is the smith-ruler or deity, the magical being able to transform 

matter into tools and weapons. Their power was derived from their skills, and there 

are ethnographic as well as written evidence of the significance and social prestige 

given to smiths and smelters (Haaland, Haaland and Rijal, 2002, p. 48; Ljungkvist, 

2008, p. 187; Mapunda, 2011, p. 165). Even if not directly involved with the processes 

of ironmaking, rulers who had close control over it could expand their political 

influence, either through peaceful means using the iron they had access to for 

bartering, or in less peaceful means, by using the very same iron to increase their 

military might (Haaland, 2014, p. 652).  
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On the other hand, and in contrast to the powerful smith stands the shunned and 

outcast smith. Here individuals dealing with ironmaking are shunned and feared by 

society, also based on their skills. These individuals live at the fringes of society, yet 

play a vital role in the provision of essential resources (Haaland, Haaland and Rijal, 

2002, p. 41). 

Additionally, evidence points towards rulers in Northern Europe keeping skilled 

craftspeople as retainers, ensuring access to high status and high-quality items for 

exchange or sacrifice (Grieg, 1936, p. 11; Wright, 2019, p. 276; Callmer, 2020, p. 37). 

These individuals would be paramount in the creation and retention of political 

influence through the exchange of prestige items, and thus fall somewhere between 

the two roles mentioned above. As creators of prestige gifts, they were closely linked 

to the ruler’s power. At the same time, however, they were not a part of the leader’s 

immediate retinue, and in fact outcasts within that social strata (Wright, 2019, p. 279).  

In addition to these, the travelling craftsman is a known concept for the early 

medieval period. Many Viking Age  burials containing smithing tools can be found 

along overland roads, suggesting smiths travelled between centres of population 

(Grieg, 1936, p. 21). This shows that essentially two levels of metalworkers coexisted, 

a mobile manufacturer of day-to-day objects, and more stationary producers of 

prestige items.  

Further to this, documentation of iron artefacts, as well as raw iron, being used as 

payment for taxes in Viking Age Norway, shows that iron as not made at the very top 

of the social hierarchy, but rather at lower levels (Grieg, 1936, p. 9). Grieg states 

further that working the land as considered suitable for unfree workers, but that 

craftsmanship was a profession deemed worthy of free people, and that smithing 

was considered an art form on the same level as poetry (Grieg, 1936, p. 11). 

Regardless of which role smelters and smiths had compared to the remaining 

members of society, their ability to transform ore to metal gave them power. Further 

to this, control of resources is an easy mean of asserting dominance. Therefore, a 

form of political involvement is to be expected, especially when dealing with as vital 

a resource as iron. The technicalities of the process and the time commitment 

required for successful ironmaking mean that it is only ever possible for 

professional smelters to exist in a stable environment, as one provided by powerful 

rulers.   
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2.2 Innovation 

Technological innovation has multiple origins. Be it the experimentation of material 

properties based on observations (Radivojević and Rehren, 2016, p. 228), or the 

necessity to adjust to a changing environment, innovation at its core is the change 

of one or more parameters of an existing technology. To adjust for natural drift or 

copy-error, this change should be observable repeatedly and, if one subject to 

human choice, intentionally (Eerkens and Lipo, 2005, p. 319). The more parameters 

get adjusted, the more radical the transformation. Tied back to the interaction 

between society and technology, a large number of changed parameters will 

inevitably relate to equally large changes in society. Despite of this, innovation is not 

inevitable, and society plays a role in whether or not it occurs (Pfaffenberger, 1992, 

p. 513). 

In addition to experimental innovation, or intentional adjustment of parameters, 

innovation can also occur by accident. This accidental innovation will heavily depend 

on the craftsperson identifying the benefit of the accident and having the means and 

desire to reproduce it. In the context of ironmaking, for example, using a different 

ore source by accident can lead to the discovery of more profitable manufacturing.  

In the context of modern technology, improvement is usually seen as a preferable 

adjustment of in- and output variables. That is, if the same amount of product can be 

produced with fewer input resources, or more with the same, improvement has been 

achieved. Arguably apt in most situations, there are other motivators for innovation 

or improvement worth considering. 

A change in access to natural resources can be just as causative a driving force for 

innovation as the changing needs of consumers. Innovation as part of a châine 

opératoire implies a need for change at some stage along the sequence, with the 

social context dictating the technological adaptation. In contrast to this, innovation 

can also be a natural product of repeated performance of the same tasks; finding a 

way to lessen the work required to supply air into a furnace for example, will be 

possible to an experienced worker. A novice on the other hand is likely to stick to 

the learned skills to ensure success. Thus, innovation can also be seen as a result 

of mastery of a certain combination of skills and technical movements. This 

innovation will still be constricted by the socio-cultural context of the craftsperson, 
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but within this constrains, changes can develop over time through copy-errors and 

drift (Eerkens and Lipo, 2005, p. 319). 

The socio-cultural frame within which technology is used and adjusted is on the one 

hand the key driving force for any change and innovation. On the other, it is the single 

strongest inhibitor for change to occur as well. Based on the above-mentioned 

symbiotic relationship between society and technology, any change has to occur 

within the accepted framework of said culture. Too radical a change will be rejected 

as it will indubitably challenge the existing norms. In the context of ironmaking, a 

key area where this is possible is in ore and fuel selection. Restrictions applying to 

the use of forests and natural resources can only be speculated about, but a 

preference for certain types of trees over others can indicate that there are multiple 

reasons for sticking with this.  

This becomes even more complex when considering the role of actions and motions 

involved in learning a skill. As complex a sequence of movements and actions as 

needed for ironmaking leaves little room for experimentation without risking failure 

of the process (Charlton et al., 2010). As an inhibitor for change, this would be a 

strong driving force to limit it to small scale adjustments of certain movements or 

actions (Bédoucha, 1993; van der Leeuw, 1993, p. 241). 

Small changes in technological use, such as adjustment of fuel size or bellow 

placement in ironmaking is unlikely to meet much resistance outside the group of 

actors directly involved with the process. A larger change relating to fuel strategy, 

furnace design or scale of production on the other hand will have ramifications 

beyond the core group of technology users. Based on this, a larger change of 

technology will have to be accompanied by a similarly complex transition in society, 

or at the very least an open-minded attitude towards innovation before it can become 

established. At which point deviation from the new norm again will face similar 

challenges. 

  



Theoretical Framework 

 

| 65 | 
 

2.3 Transfer of knowledge 

After innovation has occurred and a preferable method identified or established, 

there is a long way for it to go before it will spread and become adopted elsewhere. 

The only way any information regarding technological processes can change location 

is through the involvement of people, either directly through learning and 

observation, or passively through the transportation of items created using said 

technology. Whether or not intentional, through a teacher-learner perspective, or 

accidental, through the meeting of craftspeople, human beings are a core 

requirement for any knowledge to move (Eerkens and Lipo, 2007, p. 242, 2014, p. 24). 

In economic theories, change agents are identified as individuals who promote 

innovation, by creating a need for change amongst potential adopters of said change 

(Rogers, 1983). When studying the changes of complex technology in archaeology, 

these change agents would in fact be the very individuals performing the activities. 

Since ironmaking is an activity only learned through direct interaction and 

participation, the need for skilled workers to be mobile exceeds the alternative of 

knowledge of a new method spreading on its own (Buechler, 1989).  

Although invention through serendipity is possible, and in many cases plausible, for 

the introduction of a new technique or technology in a certain region, the spread 

between regions would inevitably require the movement of people who learned this 

new technique (Roberts, Thornton and Pigott, 2009). However, change agents can 

also be rulers who seek innovation in technology for political or economic gain, and 

therefore enable and facilitate the spread of innovation (Guille-Escuret, 1993). In 

these cases, adaptation of new technologies can happen faster than one would see 

through communicated innovation, in which case knowledge of innovation takes time 

to become established. In the latter case, innovation through communication 

between users, the benefit of the innovation has to significantly outweigh the cost of 

adopting the innovation in order for it to get accepted. Even in a situation where the 

benefits of a new technology are apparent and known, the transition can still be slow 

(Niehaus, 2011). 

While local rulers can present change agents working towards innovation and the 

spread of new knowledge, they can also have the opposing effect; trying to prevent 

it. This can either happen through direct control of processes, or indirectly through 

restriction of communication or movement. Depending on the social freedom of 
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individuals involved with technology, whether or not they were free or un-free, their 

ability to move to other areas was not always directly decided by the individuals 

alone (Loveluck, 2013, p. 11).  

As has been discussed above, mobile craftsmen for everyday objects coexisted with 

craftsmen linked to elite centres. The former would present strong candidates for 

active change agents, as they would be actively travelling between areas. 

Contrasting this, producers of prestige items would not actively be involved in the 

transfer of knowledge, unless being recruited from outside the area within which 

they worked. Thus, a travelling smith recruited to an elite centre could well become 

a change agent after taking up residence. This would then provide any local ruler 

with an incentive to allow the craftsperson to access the resources necessary to 

produce the desired items, negating any desire to counteract the distribution and 

adoption of new knowledge. 

Both of these situations are often considered distanced from the socio-cultural 

context of ironmaking as they emphasise more on the economic aspects. The former 

should however not be underestimated, since technological change, as shown above, 

is directly linked to society. Resistance to change here does not necessarily 

represent an economical sacrifice, but rather reluctancy to accept the changes to 

society that would follow technological change.  

In order for innovation to spread it has to become established wherever it occurred 

first. From there, any spread is only possible through human interaction, either in 

form of active participation (learning by doing) or passive participation (observation). 

Where the former requires a commitment from the learner, the latter requires the 

observer to have sufficient technological understanding of the processes involved in 

order to recognise said innovation (Cavalli-Sforza and Feldman, 1981, p. 36). This 

intimate knowledge of the process is as much a necessity for knowledge to spread 

as it can be a hinder of it. If a passive observer does not recognise the technological 

steps being observed, they will not be able to successfully reproduce them. 

In the context of intentional learning, a two-dimensional approach seems 

appropriate. A horizontal transfer of knowledge occurs when two (or more) 

performers of the same trade, in this context iron smelters, exchange knowledge 

among themselves (Cavalli-Sforza and Feldman, 1981, p. 147; Hosfield, 2009, p. 46). 

Both will be equipped with a general understanding of the processes involved, and 
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are able to understand the changes their counterpart carries out. This form of 

transmission can be both intentional or unintentional, but both require the recipient 

of the knowledge to be able to fully contextualise it (Antonelli, 2000, p. 537). 
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2.4 Summary 

Any form of technology is in essence the combination of knowledge, resources and 

specific actions which together produce the desired outcome. In the context of 

ironmaking, the burden, furnace, and actions taken by the smelter all work together 

to create the technology of ironmaking. 

The close symbiotic relationship between technology and society means that no part 

of a technological production sequence can be considered removed from the society 

within which it is applied and used. 

For technology to spread, a human element is necessary. This can take two forms. 

Either an active one, where teaching and learning are at the core, or passive one, 

based on observation, reverse-engineering, and experimentation. Both do however 

require a certain level of knowledge from the recipient of the new knowledge for it 

to reach new areas.  

For the following chapters, a definition of technology as all aspects of a single stage 

within a châine opératoire will be applied. For ironmaking in particular, this means 

any stage from ore selection through smelting to slag extraction. Variation within 

these technological facets can either be attributed to local innovation, or 

disseminated information. 

For the exchange of innovation in ironmaking, horizontal exchange will provide the 

easiest means of transmission of knowledge, with subsequent vertical learning 

establishing the new techniques in a new area.  
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3  SITES, SAMPLES, AND METHODS  

In order to address the changes in ironmaking traditions in western Viking Age 

Scandinavia c. AD 750 – AD 1150, a mixture of conventional archaeological methods 

and archaeometallurgical methods will be applied. In order to assess variation 

between ironmaking traditions, as well as commonalities, a comprehensive 

comparison of sites will be undertaken. Based on published works, excavation 

reports and grey literature, a list of variables will be identified to then compare the 

different traditions with each other. 

Furnace design and architecture are equally important in assessing similarities and 

differences in production method. Since a key part of this project is to establish a 

thorough understanding of Viking Age ironmaking in a large area, this is also a key 

element for study. As this is mainly literature based however, it will not be discussed 

in detail here. 

This chapter focuses on site selection and laboratory based analytical methods, but 

most of this work was premediated by initial in-depth studies of available 

information regarding Viking Age ironmaking sites in Norway. Key sources for 

information were the national database for cultural heritage Askeladden 

(www.askeladden.ra.no) as well as detailed study of excavation reports, publications 

and grey literature in order to identify and assess potential sites for further detailed 

investigation. 

With thousands of ironmaking sites known in Norway from the Late Iron Age, 

narrowing down the amount of available material and sites was crucial to this study. 

A challenge here was consistency in labelling of museum objects, since slag in 

collections is referred to as just that: slag. No differentiation regarding the origin is 

made, and without available descriptions or images, a lot of work was spent 

narrowing down the total number of sites to appropriate and relevant ones. 
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3.1 Sites 

After an initial survey, which revealed that around 4000 ironmaking sites are known 

in Norway from the Viking Age (Table 8), it became clear that a comprehensive study 

of all of these was not feasible. Instead of attempting to sample the entire country, 

Viking Age ironmaking sites from regions containing ironmaking traditions predating 

the Viking Age were selected for an in-depth study and comparison. 

The legal state of cultural heritage in Norway places strict limitations on access to 

material. Any item of cultural heritage dated to before AD 1357 is automatically 

protected by law, and requires special permits for access (Kulturminneloven, 1979, 

para. 4). In order to access material directly from sites, the sites in question had 

therefore to be excavated in accordance to legislation. Further to this, complicating 

the matter, Norway is divided into five archaeological districts, all supervised by a 

different university museum (Forskrift om fastsetting av myndighet mv. etter 

kulturminneloven, 2020, para. 1). These in turn all have different strategies, priorities 

and expertise, leading to a diverse approach being needed for sampling. Detailed 

descriptions of the selected sites are provided alongside the relevant analytical 

results, so they can be read together (chapters 5 and 6 ). Only brief outlines and 

selection strategies are presented here. 

 

3.1.1 Middle Norway 

Cultural heritage in Middle Norway is administered both by Trøndelag county 

administration, and Vitenskapsmuseet, Norges teknisk-naturvitenskapelige 

universitet (NTNU) (NTNU VM) (Forskrift om fastsetting av myndighet mv. etter 

kulturminneloven, 2020). Due to this, a pilot study was carried out at NTNU VM in the 

summer of 2017. In correspondence with local curators, a selection of slags from 

c. 30 sites identified as production sites and dated to the Viking Age were chosen for 

initial macroscopic investigation in order to assess their usability. This pilot study 

showed that all material and sites selected were from smithing rather than smelting 

contexts, and as such not suitable for this study. 

After conferring with staff at the NTNU VM, in particular Bernt Rundberget, it was 

opted to revisit known iron smelting sites that had been excavated and were well 

documented. The selection was made after conferring with staff who had excavated 
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sites, and two sites in the vicinity of Trondheim were chosen based on the following 

criteria: 

• Radiocarbon dates covering the mid to late 9th century 

• Identified as iron smelting sites 

• Marked as completed by the Norwegian Heritage Authorities 

(Riksantikvaren – RA)  

• Within reasonable travel distance from Trondheim 

Given legal circumstances, revisiting previously excavated sites required the 

company of staff from NTNU VM, thus, the travel distance from the museum played 

a key part as it was necessary to be able to reach the site, extract material, and 

return to the museum within normal working hours. This had to be done to simplify 

the material extraction process; in order to acquire material, normally an application 

for access would be required. By being accompanied by representatives from the 

local authorities, in this case NTNU VM, these authorities could grant themselves 

access to material, and thus facilitate a faster process than going through the more 

complex process of filing a personal request for access and materials. 

One of the reasons for this approach was the collection strategy applied for scientific 

excavations, where only a small number of samples from slag heaps were collected 

and the vast majority left in place. 

For the region around Trondheim, two sites were chosen, which were the only ones 

to have been excavated (and thus where sample collection would be possible), and 

had radiocarbon dates falling into the relevant range. The first, Håen 2 in Melhus 

(Chapter 5.1), was a two-hour drive from NTNU VM, meaning that visits there and 

back could be easily facilitated during work hours. The second, Skistua/Vintervatn 

(Chapter 5.2), is located within the city limits of Trondheim, only a short drive from 

the museum.  
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3.1.2 South-Eastern Norway 

Cultural heritage in South-Eastern Norway is governed by Kulturhistorisk Museum, 

Universitetet i Oslo (Museum of Cultural Heritage, University of Oslo – KHM UiO, 

hereafter KHM) (Forskrift om fastsetting av myndighet mv. etter kulturminneloven, 

2020, para. 1). This meant a different strategy for site selection had to be applied 

here, due to a different administrative body, as well as different contexts for 

excavation for relevant sites. 

A complicating element was the context of excavations. Whereas Skistua/Vintervatn 

was a purely scientific excavation, and Håen 2 excavated in line with regulation of 

the water level of lake Håen, few comparable contexts were available in South-

Eastern Norway. Instead, material from excavations carried out as a result of 

development was the most promising. This also meant that site visits were 

impossible, as most of the development projects had been completed. This meant 

that any samples available for analysis had been pre-selected by the excavators. 

This in turn depended on their individual understanding of the site and assemblage 

composition, and made it impossible to revisit the site to form my own understanding 

of the assemblages, and how representative collected samples were. 

In order to assess relevant sites, an initial search utilising the online national 

database for museum objects (unimus) was used to narrow down the search for 

sites that fell into the relevant time span. Two hundred and sixteen slag entries were 

found in the collections belonging to the KHM, of which a remote study based on 

openly available information suggested that one third (75) was from smelting sites. 

Once a selection was found, excavation reports were consulted for these sites in 

order to confirm their feasibility. Upon finding relevant sites that had produced slag 

samples, the selection was made in correspondence with the collection curator 

Hanne L. Aannestad.  

The key criteria for samples in South-Eastern Norway were 

• Radiocarbon dated to the mid to late 9th century 

• Identified as an iron smelting site 

Since the material in question was held in museum collections a formal application 

was required, and permission granted (permission 2018/11943 PÅP) on 26.10.2018. A 

visit to KHM for selection of samples was carried out in January 2019, and samples 

returned to London for analysis there. 
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Due to the smaller assemblage sizes available for the relevant period, as well as the 

larger geographic range where sites were from, a larger number of sites was 

chosen for this region. With only three sites fitting the criteria perfectly, all three 

were chosen. Two of them, Gudbrandslie R6 (Chapter 6.2) and Gudbrandslie R31 

(Chapter 6.1) are located close to each other, with Hovden S1 (Chapter 6.3) being 

significantly further away. 
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3.2 Samples 

Due to the different approaches to excavation material, samples were selected on 

different grounds in the different regions. Common for both regions was the attempt 

to acquire samples from ironmaking that could inform about the process, and that 

were big enough to carry out meaningful analysis. Furnace material and ore were 

also taken where available in order to facilitate efficiency calculations and enable a 

fuller technological reconstruction. 

Slag found in a slag heap at a production site is deliberately deposited there and will 

therefore represent the end product of a smelting process. Although it is possible 

for pieces of slag to be recycled through the furnace, the end product still remains 

the same. The fact that slag is virtually indestructible and degrades slowly means 

that the composition changes little over time.   

3.2.1 Slag classification 

A key requirement in working with slag is classifying them according to formation 

context. Although there is no clearly established classification system (Bachmann, 

1982; Crew, 1995, p. 2; Bayley, Crossley and Ponting, 2008, p. 45), a general agreement 

about different types exists, and the following definitions are used here: 

Tapped slag 

Tapped slag is characterised by clear evidence for flowing, as well as orientation. 

Flow patterns on the top and impressions of soil on the bottom are the key identifying 

factors. This slag is formed when liquid slag is removed from the furnace and 

solidifies outside of it. Microstructurally it will often show directionality in fayalite 

growth, and may display magnetite skins on contact surfaces between different 

flows. 

Furnace slag 

Furnace slag is the slag that forms inside of a furnace. It does not generally show 

the same flow patterns as tapped slag, and often contains impressions of charcoal 

or fuel within it. Morphologically it tends to form lumps rather than sheets, but can 

have many different shapes. The microstructure will be dominated by large fayalite 

crystals indicative of a slow rate of cooling. 
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Furnace bottoms 

Furnace bottoms are, as the name indicates, formed at the bottom of furnaces. They 

are similar to furnace slags in microstructure, but morphologically more consistent 

as they usually form a solid piece of the same dimensions as the bottom of the 

furnace.  

3.2.2 Samples from middle Norway 

Since site visits were possible for the sites in Trøndelag, sample selection was 

carried out there with an opportunistic approach.  

For Håen 2 a key limitation was the slag heap’s location on the shore of the lake. Due 

to the water level, only the upper part was accessible. After an initial survey 

conducted by Bernt Rundberget and myself, to familiarise ourselves with the 

material on site, a random selection of samples defined by our observation of the 

slag was collected, both from the slag heap and the area between the furnace and 

the slag heap. Consideration for health, safety, and well-being, paired with the desire 

to infringe as little as possible on the site, were prioritised over attempting to get a 

representative sample selection. 

For the site at Skistua/Vintervatn, where the slag heap had been completely 

relocated during the excavation, another strategy was applied. Again, an initial 

familiarisation by Ragnhild Berge and myself was followed by a random selection of 

samples from the entire area where the slag had been redeposited. That way, any 

potential stratification of the heap that might have been repeated during relocation 

was accounted for. Poor visibility of the ground in the area meant however that the 

full extent might not have been covered. 

In order to gain a good understanding of each site, a total of 30 slag samples were 

collected from either site. Ore samples retrieved during the excavation of the site at 

Skistua/Vintervatn were also made available for the project, as well as charcoal 

samples.  
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3.2.3 Samples from south-eastern Norway 

For south-eastern Norway, a completely different approach for sample selection 

was necessary, since site visits were not possible. Instead, all slag collected during 

the excavation was optically and macroscopically assessed in the archives of KHM. 

Because the material was part of the museum collection, initial sampling had already 

been carried out by the excavators. The motivations and criteria for the selection are 

not available in the excavation reports.  

For all three sites selected for this region, the amount of slag retrieved and available 

in the museum collection was fewer than 30 fragments. This paired with the 

restrictions from the permission for sampling, which only allowed for a total of 17 

samples to be taken across the three sites, meant that a random selection of pieces 

representing the most common type in the assemblage was necessary. Consulting 

the excavation reports, and images of the slag assemblages contained within, 

samples that were the closest to the perceived dominant morphology of the site 

were chosen. 

Despite less control over the sampling criteria, this approach ensured that samples 

were what was considered representative for the site by the excavators, and again 

by myself based on the museum subset. 
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3.3 Methods 

This project relies heavily on the use of archaeometric and archaeometallurgical 

data for the comparison of ironmaking traditions. Slag morphology and chemistry 

are directly influenced by the processes taking place inside the furnace (Rostoker 

and Bronson, 1990; Rehder, 2000; Charlton et al., 2010), and therefore contain vital 

information regarding the choices made by the smelters.  

3.3.1 Sample preparation 

3.3.1.1 Macroscopic investigations 

All samples had to undergo similar preparation prior to further analysis. Prior to any 

sampling or in fact selection for sampling, all specimens were subjected to a 

macroscopic assessment. A particular concern at this stage was to ensure that 

specimens were representative for the site they came from, and to ensure that there 

were no reasons to discard the sample, such as corrosion or fragmentation, as this 

would impede subsequent analyses. 

3.3.1.2 Documentation 

Following the visual analysis all specimens were documented photographically to 

ensure preservation of records. No record was made of where subsequent samples 

for analysis would be separated from the specimens available for analysis. One 

reason for this was that samples from Trøndelag were too large for a single cut, and 

required further subdivision in order to fit into sample holders. For samples from 

south-eastern Norway, a simple divide of the samples was sufficient for mounting. 

Additionally, the internal structure of the specimen could reveal areas that from the 

outside appeared useful for sampling, but proved not to be particularly informative. 

Additionally, all samples were documented using a tailored assessment form 

through the open access software ODK Collect. This tailored assessment form was 

designed to record initial impressions of the sample, as well as morphological 

features that assisted in the classification of the slag (Figure 3). The information 

recorded this way using a handheld device running Android OS allowed consistent 

recording of materials on site as well as in museum collections, and ensured that 

the same information was recorded for all specimens.  
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Figure 3: Structure of the ODK Collect survey sheet for slag samples. Blue boxes with white text are top 
level questions, whereas light blue with black text is contextual and triggered by the selection from the 
previous box (highlighted with an arrow). Boxes with blue writing require a written input, and black are 
the available selections. Below the structure is the entry for T/S SH S-1 (Trøndelag/Skistua Slag Heap 
(SH) Slag (S) 1) showing the corresponding entries. 

This documentation was used to ensure that sample descriptions for internal use 

were uniform, and that the same information was retrieved for each specimen. 

Information regarding how magnetic the sample was, as well as the colour column, 

allowed for multiple selections. For colour in particular this added a lot of unused 

data.  

3.3.1.3 Sample preparation 

After initial macroscopic observations, all samples were cut, mounted in epoxy resin, 

and polished to a final grade of 1 µm using standard procedures at the Wolfson 

Archaeological Science laboratories at UCL. 

3.3.1.4 Optical microscopy 

Once the samples were mounted in resin and polished, all were subjected to 

microscopic investigation. This was done to gain familiarity with the sample, and 

identify relevant areas of interest, or areas that should be avoided for further 

analysis due to contamination or voids. Since microscopic study was part of the 

polishing process as well, this was done predominantly to gain insight into the 

sample’s layout and to have an idea where to focus attention during the analytical 

stage. 

3.3.1.5 Coating 

Prior to analysis in the scanning electron microscope (SEM), all samples were 

sputter coated with a thin layer of carbon to improve their conductivity and avoid 

problems in the subsequent analysis. 

region site context unique_identifier density magnetic colour_1 slag_type features general_comment

Østlandet [Name] Slagheap Light No Black Tapped slag Impressions

Midt-Norge Furnace Medium Yes → magnetic_2 Blue Furnace slag Surface corrosion

Other → explain Heavy Strong, in areas Brown Uncertain Flow patterns

[Explain] Weak, in areas Grey Other → features_2

Strong, everywhere Green [Explain]

Weak, everywhere Red

Yellow

White

Other → colour_2

[Explain]

region site context explain unique_identifier density magnetic magnetic_2 colour_1 colour_2 slag_type features features_2 general_comment

middle_nor

way skistua slagheap T/S SH S-01 heavy yes weak_in_areas

brown grey 

black tapped_slag

impressions 

corrosion 

flow_patterns

Flat and clearly once 

liquid. Impressions 

visible on the bottom, 

the surface is flat. 

Looks like several 

flows have solidified 

on too of each other. 

A little corrosion on 

the surface.

[Written description 

of specimen]

[Enter unique lab 

identifier]
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3.3.2 Analysis 

Following investigation by optical microscopy, the samples were analysed in a 

Hitachi S-3400N Scanning Electron Microscope with an attached Oxford Instruments 

X-sight 7021 energy dispersive X-ray spectrometer (EDS). Analytical parameters 

were chosen based on established best practices at the Wolfson 

Archaeological Science laboratories (Table 3).  

Table 3: Operational parameters for the Hitachi S-3400N SEM used for this study. 

Working distance Accelerating voltage Acquisition time Dead time 

10.0 mm 20 kV 100s 30-40% 

 

The working distance shown in Table 3 refers to the distance between the SEM’s 

detector array and the sample surface. This is important to ensure the same energy 

intensity is detected by the detector array, and comparable results are obtained. The 

accelerating voltage refers to the current used in the filament of the machine. 

Adjustment of this has direct consequences for the image quality, as well as 

analytical results. The acquisition time refers to the time within which the machine 

collects data. This is directly related to the quality of the analysis, with longer 

analyses leading to better resolution. 100 seconds was chosen as a value where the 

key information could be retrieved, but also multiple samples analysed in one 

session. The dead time refers to the time where the machine does not collect data, 

and varies depending on sample properties. A value of c. 35% was sought, but 

fluctuation meant that values as low as 30% or as high as 40% were considered 

unproblematic. Outside this range, samples were re-analysed. 

In order to ensure that results were comparable, the machine was optimised using 

a cobalt standard before analysis of each sample. Using an optimisation standard of 

a known composition made it possible to adjust the machine to any drift of the 

electron beam that would occur during use.  

Chemical analysis for the bulk composition for slag samples is based on average 

values from five measurements taken across the entire sample at 250x 

magnification avoiding voids, impurities, and inclusions. This resulted in a scanned 

area of 510 × 380 μm. Prills and other areas of interest were analysed using a point 

scan, which covered an area of 10 × 10 μm. This was done in order to avoid any 

interference from the surrounding material for analysis of small areas of interest. 
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All results are presented as stoichiometric oxides, and normalised to 100%, with 

analytical totals prior to normalisation indicated for each sample. Where possible, 

only analyses resulting in analytical totals between 95-105% were used. For porous 

samples, lower analytical totals were tolerated. 

Accuracy and precision of the SEM were monitored using standards of known 

composition. Due to the chemical and mineralogical similarities, basalt standards 

BCR (Table 5), BHVO (Table 6), and BIR (Table 7) were used for the measurement (for 

full results see Appendix A). Standards were analysed using the same method as 

samples, and during the main period of analysis for the samples (Table 4). 

Table 4: Sites and time for standard analysis. 

Site Corresponding standard analysis time 

Skistua/Vintervatn November 2017 (11/2017) 

Håen 2 October 2018 (10/2018) 

Gudbrandslie R6 March 2019 (3/2019) 

Gudbrandslie R31 February 2019 (2/2019) 

Hovden S1 February 2019 (2/2019) 
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Table 5: Comparison of the BCR basalt standard (Jochum et al., 2005) to standard measurements taken 
together with sample analysis, and the average of these. Values shown are measured values, standard 

deviation (σ), coefficient of variation (CV), absolute error (ẟA), and relative error percentage (ẟ%). 

 
Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO 

Basalt BCR 3.23 3.56 13.4 54.4 0.37 1.74 7.06 2.27 0.19 12.4 

± 0.07 0.09 0.4 0.4 0.01 0.04 0.11 0.04 0.01 0.3 

           

11/2017 (n=5) 2.9 3.3 12.8 56.4 0.5 1.8 7.3 2.4 0.2 12.4 

σ 0.3 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.1 

CV 1066 % 153 % 52 % 43 % 2017 % 279 % 174 % 235 % 1992 % 116 % 

ẟA -0.3 -0.2 -0.6 2.0 0.1 0.1 0.2 0.2 0.0 0.0 

ẟ% 10 % 6 % 5 % -4 % -25 % -3 % -3 % -7 % -19 % 0 % 

           

10/2018 (n=5) 3.1 3.3 12.7 56.3 0.5 1.8 7.1 2.4 0.2 12.6 

σ 0.1 0.0 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.2 

CV 475 % 137 % 69 % 55 % 1437 % 505 % 230 % 219 % 3118 % 158 % 

ẟA -0.2 -0.2 -0.7 1.9 0.1 0.1 0.1 0.1 0.0 0.2 

ẟ% 5 % 6 % 5 % -4 % -30 % -5 % -1 % -4 % -5 % -1 % 

           

2/2019 (n=5) 3.0 3.4 12.7 56.3 0.5 1.9 7.2 2.4 0.3 12.5 

σ 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.0 0.2 

CV 338 % 234 % 47 % 46 % 1087 % 321 % 83 % 415 % 1200 % 137 % 

ẟA -0.3 -0.1 -0.7 1.9 0.1 0.1 0.1 0.1 0.1 0.0 

ẟ% 8 % 4 % 5 % -3 % -24 % -7 % -2 % -6 % -32 % 0 % 

           

3/2019 (n=5) 2.9 3.4 12.7 56.5 0.4 1.9 7.3 2.5 0.2 12.3 

σ 0.1 0.1 0.1 0.2 0.1 0.0 0.1 0.1 0.1 0.1 

CV 208 % 149 % 79 % 34 % 1591 % 159 % 137 % 327 % 2273 % 49 % 

ẟA -0.4 -0.2 -0.7 2.1 0.1 0.2 0.2 0.2 0.0 -0.1 

ẟ % 11 % 6 % 5 % -4 % -19 % -9 % -3 % -8 % -16 % 1 % 

           

Average 3.0 3.4 12.7 56.4 0.5 1.8 7.2 2.4 0.2 12.4 

σ 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1 

CV 281 % 116 % 27 % 12 % 350 % 230 % 108 % 149 % 922 % 77 % 

ẟA -0.3 -0.2 -0.7 2.0 0.1 0.1 0.2 0.1 0.0 0.0 

ẟ% 9 % 6 % 5 % -4 % -24 % -6 % -2 % -6 % -18 % 0 % 
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Table 6: Comparison of the BHVO basalt standard (Jochum et al., 2005) to standard measurements 
taken together with sample analysis, and the average of these. Values shown are measured values, 

standard deviation (σ), coefficient of variation (CV), absolute error (ẟA), and relative error percentage 

(ẟ%).  

 
Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO 

Basalt BHVO 2.4 7.13 13.6 49.3 0.29 0.51 11.4 2.79 0.17 11.3 

± 0.1 0.02 0.1 0.1 0.02 0.02 0.1 0.02 0.03 0.1 

           

11/2017 (n=5) 2.2 6.9 12.6 51.8 0.3 0.5 11.5 2.8 0.2 11.1 

σ 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.1 

CV 452 % 132 % 88 % 28 % 1869 % 890 % 123 % 161 % 2085 % 134 % 

ẟA -0.2 -0.2 -1.0 2.5 0.0 0.0 0.1 0.0 0.0 -0.2 

ẟ% 7 % 3 % 7 % -5 % -14 % 4 % -1 % -2 % -12 % 2 % 

           

10/2018 (n=5) 2.1 6.9 12.7 51.7 0.3 0.5 11.4 2.8 0.2 11.3 

σ 0.2 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.0 0.1 

CV 773 % 81 % 60 % 45 % 1351 % 1103 % 98 % 237 % 2747 % 49 % 

ẟA -0.3 -0.2 -0.9 2.4 0.0 0.0 0.0 0.0 0.0 0.0 

ẟ% 11 % 3 % 7 % -5 % -16 % -7 % 0 % -1 % -7 % 0 % 

           

2/2019 (n=5) 2.0 7.0 12.8 51.8 0.3 0.5 11.6 2.9 0.2 11.0 

σ 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 

CV 299 % 185 % 47 % 19 % 3200 % 600 % 69 % 316 % 2632 % 82 % 

ẟA -0.4 -0.1 -0.8 2.5 0.0 0.0 0.2 0.1 0.0 -0.3 

ẟ% 16 % 2 % 6 % -5 % 14 % 2 % -2 % -2 % -12 % 3 % 

           

3/2019 (n=5) 2.0 7.0 12.8 51.8 0.3 0.5 11.6 2.8 0.2 11.0 

σ 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1 

CV 448 % 129 % 133 % 17 % 2000 % 1154 % 95 % 213 % 1905 % 109 % 

ẟA -0.4 -0.2 -0.9 2.5 0.0 0.0 0.2 0.0 0.0 -0.3 

ẟ% 16 % 3 % 6 % -5 % -3 % -2 % -1 % -1 % -24 % 2 % 

           

Average 2.1 6.9 12.7 51.8 0.3 0.5 11.5 2.8 0.2 11.1 

σ 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 

CV 533 % 65 % 76 % 7 % 1300 % 465 % 88 % 57 % 625 % 130 % 

ẟA -0.3 -0.2 -0.9 2.5 0.0 0.0 0.1 0.0 0.0 -0.2 

ẟ% 13 % 3 % 6 % -5 % -5 % -1 % -1 % -1 % -13 % 2 % 
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Table 7: Comparison of the BIR basalt standard (Jochum et al., 2005) to standard measurements taken 
together with sample analysis, and the average of these. Values shown are measured values, standard 

deviation (σ), coefficient of variation (CV), absolute error (ẟA), and relative error percentage (ẟ%). 

 

 
Na2O MgO Al2O3 SiO2 CaO TiO2 MnO FeO 

Basalt BIR 1.85 9.4 15.5 47.5 13.3 1.04 0.19 10.4 

± 0.07 0.1 0.2 0.3 0.2 0.07 0.01 0.1 

         

11/2017 (n=5) 1.7 9.0 14.0 47.7 12.7 1.0 0.2 9.8 

σ 0.2 0.1 0.2 0.6 0.3 0.0 0.0 0.3 

CV 888 % 77 % 170 % 133 % 261 % 496 % 1920 % 263 % 

ẟA -0.2 -0.4 -1.5 0.2 -0.6 0.0 0.0 -0.6 

ẟ% 9 % 4 % 9 % 0 % 5 % 5 % -2 % 6 % 

         

10/2018 (n=5) 1.8 9.1 14.2 48.7 12.8 1.0 0.2 10.1 

σ 0.1 0.1 0.1 0.5 0.2 0.1 0.0 0.4 

CV 544 % 156 % 50 % 113 % 186 % 564 % 1261 % 364 % 

ẟA -0.1 -0.3 -1.3 1.2 -0.5 0.0 0.0 -0.3 

ẟ% 3 % 3 % 8 % -3 % 4 % 4 % -3 % 3 % 

         

2/2019 (n=5) 1.7 9.3 14.7 49.6 13.5 1.1 0.2 10.1 

σ 0.0 0.1 0.1 0.3 0.2 0.1 0.1 0.1 

CV 240 % 75 % 54 % 54 % 111 % 566 % 3529 % 129 % 

ẟA -0.2 -0.1 -0.8 2.1 0.2 0.0 0.0 -0.3 

ẟ% 10 % 1 % 5 % -4 % -2 % -2 % 11 % 3 % 

         

3/2019 (n=5) 1.7 9.4 14.7 49.7 13.4 1.0 0.2 10.1 

σ 0.1 0.1 0.1 0.1 0.2 0.1 0.0 0.2 

CV 364 % 106 % 89 % 26 % 150 % 515 % 526 % 169 % 

ẟA -0.2 0.0 -0.9 2.2 0.1 -0.1 0.0 -0.3 

ẟ% 11 % 0 % 5 % -5 % 0 % 7 % 0 % 3 % 

         

Average 1.7 9.2 14.4 48.9 13.1 1.0 0.2 10.0 

σ 0.1 0.2 0.3 0.9 0.4 0.0 0.0 0.1 

CV 372 % 203 % 223 % 187 % 315 % 382 % 626 % 127 % 

ẟA -0.1 -0.2 -1.1 1.4 -0.2 0.0 0.0 -0.4 

ẟ% 8 % 2 % 7 % -3 % 2 % 3 % 1 % 4 % 
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3.4 Analytical ratios 

In order to gain meaningful insight into the processes that created slags, multiple 

ratios have been studied, and labelled by different scholars. The ratio between SiO2 

and Al2O3 (Equation 1) has been referred to as the F-value by V. F. Buchwald primarily 

as an indicator to differentiate smelting slag from smithing slag (Buchwald, 2005).  

Equation 1: Calculation of the F-value. 

𝐹 =  
𝑆𝑖𝑂2

𝐴𝑙2𝑂3
 

His argument for this is that the addition of sand would lead to even higher values 

for SiO2 than Al2O3. For some sites, this comparison is only relevant to assess the 

uniformity of the production there, and to see whether or not variation on site can be 

identified. A comparison of elements attributed to charcoal ash, ore impurities and 

furnace lining respectively, coined the G-value (Equation 2) or glass value 

(Buchwald, 2005) is used to predict the relationship between fayalite and wüstite in 

the slag.  

Equation 2: Calculation of the G-value. 

𝐺 =  
𝐶𝑎𝑂 + 𝐴𝑙2𝑂3 + 𝐾2𝑂 + 𝑀𝑔𝑂 × 100 

𝐹𝑒𝑂 + 𝑀𝑛𝑂 + 𝐵𝑎𝑂 +  𝑃2𝑂5
 

 

For slag with an equilibrium between fayalite and wüstite, Buchwald suggests values 

between 5 and 50. 

The R-value, or “fayalite ratio” (Espelund, 2013b, p. 59) is the ratio between 

FeO + MnO, and SiO2 (Equation 3) with pure fayalite R=2.0. Since most smelting slags 

will be fayalitic, R ≈ 2 is expected.  

Equation 3: Calculation of the R-value. 

𝑅 =  
𝐹𝑒𝑂 + 𝑀𝑛𝑂

𝑆𝑖𝑂2
 

The Reducible Iron Index (Equation 4), labelled RII (Charlton et al., 2010), is a slightly 

modified and more precise version of the R-value. Here, the weight percentage of 

SiO2 is multiplied with the molar ratio of FeO to SiO2 in fayalite (2.39), and dividing the 

product by the sum of FeO and MnO (Charlton et al., 2010, p. 356) (Equation 4). It can 

be used both to assess the level of free FeO in the system, which is useful to assess 
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whether or not fluxes were used if sufficient data is available, as well as allowing 

general inferences regarding the operation of the furnace, and initial interpretations 

regarding the efficiency of the process. An RII of 1.0 means that all SiO2 has been 

fluxed with FeO, whereas values below 1.0 mean there is free FeO left in the slag that 

could have been reduced into a bloom or fluxed into the slag, suggestive of potential 

waste of iron. Likewise, values above 1.0 indicate excess SiO2 present in the system. 

Equation 4: Calculation of the Reducible Iron Index (RII). 

𝑅𝐼𝐼 =  
2.39 × 𝑆𝑖𝑂2

𝐹𝑒𝑂 + 𝑀𝑛𝑂
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3.5 Databases 

A key tool of this research was based around the use of the national database for 

cultural heritage in Norway Askeladden (www.askeladden.ra.no). This online 

database contains entries for all archaeological sites in the country, and can be 

accessed online after registration.  

Although a powerful tool, the database has shortcomings in terms of information 

stored. As it has replaced regional and local databases, entries are of highly varying 

quality, both in terms of detail regarding the site and also date ranges.   

Searching through the database, all ironmaking sites containing at least one end of 

their date range within the Viking Age (AD 750-1150 in this case) were extracted. The 

key criterium was evidence for furnaces, as many sites registered as ironmaking 

sites are defined by the presence of slag or slag heaps. Where no information 

regarding furnaces was available, these sites were discarded. This was either 

because initial experience had shown many of these entries to be from smithing 

sites, or because there was insufficient information available regarding the furnace. 

For chronological comparison, only sites where radiocarbon dates could be found 

either in Askeladden or in published material were kept. Details about these sites 

are presented in the next chapter. 
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3.6 Summary 

In order to carry out an in-depth study of selected sites across Viking Age Norway, 

instead of small-scale studies for a large part, five sites were selected for detailed 

archaeometallurgical analysis. Selection criteria were adapted to the local 

excavation, sampling, collection and storage policies, and therefore not uniform 

across all sites. 

Sample size was governed by the site selection, with sites from middle Norway 

(Skistua/Vintervatn and Håen 2) yielding large assemblages of samples for analysis. 

In contrast, sites from south-eastern Norway were governed by museum permits, 

and therefore smaller numbers made available for study. All of these will be 

presented in detail in later chapters. 

Macroscopic study of the specimens was simplified through the use of a digital 

survey form, which enabled consistent collection of information regarding them. 

Samples were prepared and analysed using established standard methods at the 

Wolfson Archaeological Science laboratories at UCL. Comparison to known 

standards showed analytical results within an acceptable range from the known 

standards. Analytical ratios, namely the F-value, G-value, R-value and Reducible 

Iron Index (RII) provide useful tools for the comparison of ironmaking sites. 
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4  IRONMAKING IN THE VIKING AGE 

The evidence for ironmaking in Norway in the Viking Age can be divided into two 

connected categories; archaeological evidence and archaeometric evidence. The 

latter is heavily informed by the former, but due to the nature of the work required 

to refine the information, it makes sense to treat these separately. Due to the 

administrative organisation of cultural heritage in Norway, holistic comparisons of 

the available material are rare. In the following, an overview of the archaeological 

evidence for ironmaking will be presented first, followed by a discussion 

surrounding what further information can be gleaned from detailed study of these 

remains. 

Since its inception in the late 1970’s (Johansen, 1979) and cementation in the 1990’s 

(Espelund and Evenstad, 1999), the three-period system for ironmaking furnaces 

throughout the Iron Age has been widely accepted in Norway. This system divides 

ironmaking into three phases based on the system for slag-iron separation in the 

furnaces; Phase I, covering the Early Iron Age up to the Merovingian Period is 

identified by large furnaces with slag pits underneath, resulting in large slag blocks. 

Within this phase, a sub-division on geography is used to differentiate type Ia (south-

eastern Norway) from type Ib (middle Norway), and type Ic, the Eg-furnace, which is 

found in a restricted area of southern Norway. Phase II, spanning the Viking Age and 

Early Medieval period, which will be presented and discussed in detail in the 

following, is identified through smaller furnaces where slag was tapped out of the 

furnace in liquid state. Variations within the group are suggested, but the differences 

are not as clear within phase I. Phase III, which lasted from the Late Middle Ages 

into the early 19th century, saw a return of pit furnaces, through the well documented 

Evenstad process (Evenstad, 1790), which appears to come into use in the second 

half of the 14th century, most likely following the socioeconomic changes following 

bubonic plague (Solberg, 2003; Espelund, 2013a). 

As a result, ironmaking sites, identified through slag heaps, are classified according 

to the macroscopic morphology of the slag. This also holds true for Viking Age 

furnaces which are phase II furnaces according to the three-phase system, which 

are identified by the typical morphology of tapped slag. 
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4.1 Find bias 

A key issue regarding the study of Viking Age ironmaking sites in particular lies in 

the available excavated material; Askeladden contains over 4000 entries for 

ironmaking sites, but many of these upon closer inspection turn out to be either 

ironmaking sites identified purely on the presence of a slag heap, or are entries 

added based on reports from landowners, with little tangible information included. 

Further to this, dates for many of these less well documented entries, are given 

based on the slag morphology, leading back to a circular argument; a furnace is 

dated to the Viking Age or Early Middle Ages, because the slag heap contains tapped 

slag. Therefore, any site presenting tapped slag will be dated to the Viking Age or 

Early Middle Ages. 

Despite these limitations of material, general trends can be gleaned from studying 

key publications on the matter, as well as excavation reports. Based on these, it 

becomes apparent that ironmaking took place in remote areas away from 

settlements. From a purely technological aspect, this makes sense; in order to make 

iron, access to ore and fuel are crucial. With fuel derived from forests, and ore 

collected from bogs, vicinity to both would be key. Equally, these are mutually 

exclusive with agriculture, which impacts the environment. Therefore, finding 

ironmaking sites requires surveys and excavations in remote areas, of which not 

many have been carried out. An exception here is the Møsstrond project (Martens, 

1972), which was carried out as a research project. However, it was linked to the 

construction of a dam at the end of lake Møssvatn. In that regard, it is similar to the 

Dokkfløy project (Larsen, 1991), which was carried out as part of the construction of 

a hydroelectric powerplant. The relocation of a core part of the Norwegian armed 

forces, and associated need for practice areas and target ranges, sparked two more 

large scale projects in remote areas, the Rødmoen (Narmo, 1997) and Gråfjell 

(Rundberget, 2007b) projects both revealed large areas of ironmaking. Aside from 

these core projects, most ironmaking sites excavated came as results of local 

development, and only a handful were purely research driven. 
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4.2 The evidence 

The vast majority of finds in Askeladden dealing with ironmaking are slag heaps, 

which often are assessed through a superficial, macroscopic survey, rather than 

detailed excavation. As such, many ironmaking sites are known, but only on the level 

of their existence. For the sites that have been excavated, the combination of furnace 

remains, slag heaps, raw materials storage areas and other features on site provide 

complex yet detailed insights into how iron was made.  

A reoccurring challenge when dealing with unexcavated ironmaking sites, is that 

although the evidence – the presence of a slag heap – strongly points towards 

ironmaking, and that the morphology of the slag might be of a Viking Age or Medieval 

type (tapped), the lack of information from excavations makes it impossible to say 

with certainty what kind of site it is. Additionally, without detailed knowledge from 

an excavation, such as details regarding furnace architecture, site layout, and slag 

chemistry, the information an unexcavated site can provide is limited. Although this 

information does come in useful for certain aspects of the study, such as identifying 

where ironmaking was carried out, and using dating to establish lines of diffusion 

and distribution, for a study focussing on how iron was made, this is insufficient. 

Therefore, sites registered based on slag heaps alone are omitted here. Where a 

description of the furnace was available in Askeladden, available excavation reports 

or publications, these were used to classify furnaces. Additionally, the system of 

filtering sites based on dates in the database meant that a large spectrum had to be 

covered with the initial filter, and subsequently sorted in detail based on available 

information, which reduced the number of furnaces relevant for this project further 

(Table 8).   

The key criteria for filtering sites were: 

1) Site registered as an ironmaking site 

2) Description of furnace available 

3) At least one 14C date within the Viking Age 

A challenge with Askeladden is that the date filtering provides broad brackets. 

Filtering by Late Iron Age, Viking Age, Early Medieval, as well as Iron Age – Medieval, 

Iron Age – Viking Age, was necessary to access all relevant sites. Further, categories 

used in the database are “Ironmaking site” for sites, with individual objects being 

Furnace, Slag Heap, Slag Find, Smelting Hut. Therefore, a rather large list of sites 
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(4001 per December 2020) falls into the categories. Additionally, only a fraction of 

these sites have reported GPS coordinates (1005), and for those where a furnace 

could be identified and was described, the number is even lower (238) (Table 8). 

In terms of dating, only a small number of sites had dates presented in the database, 

with many identified typologically as falling into the bracket of interest. Despite this, 

the presence of tap slag does not limit the site to the Viking Age, but also covers the 

Medieval period. For some sites, radiocarbon dates are given in Askeladden, but for 

those where this was not the case, excavation reports and publications were 

consulted. Where dates were presented as AD values rather than BP, they were used 

as they are, but where BP dates were available, recalibration using OxCal 4.4 was 

carried out. 

For sites with multiple furnaces, where only a number were dated, but more 

described, all furnaces were used for this classification, based on the single date 

range presented. 

Table 8: Ironmaking sites in Askeladden per December 2020 and number of sites where sufficient 

information regarding the furnace architecture was available. 

Iron making related sites 4001 

GPS location available 1005 

Furnaces identified 875 

Sufficient furnace information 238 

 

  



Ironmaking in the Viking Age 

 

| 93 | 
 

4.3 Viking Age furnaces 

As highlighted earlier, Viking Age furnaces in Norway are often identified by a new 

approach to slag separation. Unlike previous periods, where slag was let to run into 

pits underneath the furnace where it solidified before removal, this period saw the 

introduction of tapping furnaces. Liquid slag was separated from the solid bloom by 

tapping it out of the furnace, before being deposited in slag heaps. Not only does this 

represent a new way of interacting with the waste product or the furnace, it also has 

technological ramifications that cannot be neglected. By tapping the slag out of the 

furnace while still liquid, there is no risk of the furnace filling up with slag, allowing 

for longer continuous operation (Rostoker and Bronson, 1990; Tylecote, 2002). 

Further to this, tapping a liquid slag requires the slag to be in a state where it can be 

tapped in a meaningful way. Since slag viscosity is strongly influenced by the 

operating temperature as well as its chemical composition, it can be argued that an 

improved temperature and/or compositional control was required for this type of 

operation (Bachmann, 1982; Urbain, 1987). Slag properties and what information can 

be derived from the chemical composition will be discussed in detail in later 

chapters, the current chapter will focus on the architectural features of Viking Age 

furnaces, addressing differences and similarities.  

Since the Viking Age is defined by historical dates, there are absolute cut-off points 

on either end. Using the conventional boundaries for Norway, the Viking Age started 

on the 6th of June AD 793 with the Viking attack on the monastery at Lindisfarne, and 

ended with the battle of Stiklestad on the 30th of June 1030. Since Viking activity 

originating in Norway continued in England until the battle of Stamford Bridge on the 

26th of September 1066 however, a cut-off point around AD 1100 seems more 

appropriate. In the same way, I would argue that the iron used by the attackers at 

Lindisfarne would very much represent Viking iron, and as such, the production 

technique used should be drawn earlier than this, to around AD 750, giving a time 

frame of circa AD 750-1150 for this. This raises the challenge of finding well-dated 

ironmaking sites that fall within this time frame, but in order to have material to work 

with, Norwegian ironmaking sites with radiocarbon dates where at least one end 

falls into this period are used in what follows. 
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4.4 Furnace architecture 

Excavations of furnaces revealed a consistent pattern of small shaft furnaces 

constructed with local resources (Larsen, 2013). As there is usually little left of the 

superstructure of the furnace, architectural features underground such as 

foundation or insulation are all that is left for the archaeological interpretation. A 

key variable here is the presence, or absence, of a stone foundation, and if so, how 

it was constructed. Of the relatively well documented ironmaking sites in Norway 

that through radiocarbon dating have been placed within the Viking Age (238 in total), 

four groups can be created based on features of the furnace architecture (Figure 4). 

 

Figure 4: Distribution of furnace foundation features for Viking Age furnaces. 

The main identifiers used for this differentiation are the descriptions, illustrations 

and maps found in excavation reports and publications. Where no information 

regarding a furnace’s foundation is available, it is classified as “Unknown”. These are 

excavated ironmaking sites where the furnace was not located, or is not sufficiently 

described or illustrated to assign it to any group. 

For those where a stone box constructed of stone slabs surrounding the inside of 

the furnace foundation is noted, the classifier “Stone box” is used. A key feature for 

these furnaces is the presence of a frame of stone slabs surrounding the clay shaft, 

but often in turn surrounded by stone foundations; most likely for support and 

insulation.  
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“Stone foundation” refers to furnaces with an underground stone clad pit 

surrounding the furnace shaft with no clear formed shape of erect flagstones 

surrounding it. 

“No foundation” refers to furnaces that appear to have been built on loose soil, with 

no foundation below. In contrast to those classified as “Unknown”, these furnaces 

are excavated and found, as for example evidence of heated soil, but there is no clear 

evidence for subterranean structures. 

“Flag lined bowl furnaces” are a furnace type first discovered during the Møsstrond 

project (Martens, 1972; Martens and Rosenqvist, 1988). Although bowl furnace is an 

inaccurate name, as these were small shaft furnaces with a bowl-shaped 

subterranean part, the name is kept as it is well established in Norwegian 

archaeological literature. A problem with the “Unknown” group is that, aside from it 

being rather substantial by comparison, is that these often are from contexts where 

very little is known about the furnace itself, or where the evidence did not support 

clear statements to be made regarding the pre-depositional orientation of stones or 

stone slabs (for example Kile-Vesik and Loftsgarden, 2016). Furnaces without 

foundations are not discussed here, as there is no evidence relating to subterranean 

features that can be discussed.  

The group labels are constructed based on the key architectural feature of the 

furnace by myself, as Viking Age furnaces are not sub-divided relating to 

architecture in the literature. 

 

4.4.1 Furnaces with unknown foundations 

There are multiple reasons why a relatively large proportion of the furnaces 

registered have no written information regarding the furnace’s foundation features. 

In some cases (Skogsfjord, 2006) the furnace was located outside the excavated 

area. Here, the presence of slag heaps, ore and charcoal storage sites and other 

features strongly point towards ironmaking sites, in some cases with samples 

collected for dating and chemical analysis (Ogenhall, Grandin and Englund, 2013c), 

but the furnace was not located. In other cases (Larsen, 1991; Storrusten, 2009; Kile-

Vesik, 2016b), the furnace was too destroyed to make any assumptions regarding its 

architecture. Cases where ironmaking sites were found as part of another 

excavation project, where the focus was not on the ironmaking, information 
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regarding furnaces etc. is limited (Kile-Vesik, 2017b). Finally, in some cases, there is 

a suspicion that the furnace might have been constructed above ground, and 

therefore not leaving any evidence underground aside from heated soil, where the 

location and size of the furnace can be established, but no knowledge determined 

regarding any underground structural elements (Narmo, 1997; Kile-Vesik, 2014).  

Regardless of why the furnace was not found, it is possible in some cases to make 

assumptions regarding at least the shaft shape and size based on slag fragments 

found in slag heaps. Furnace bottoms (see Chapter 3.2.1) found in slag heaps give an 

indication of both the size and shape of this part of the furnace (Gundersen, 2012a). 

In these instances, a fragmented bottom slag measuring 16×8 cm indicates a 

minimum inner furnace diameter of 16 cm, but probably larger. However, the only 

illustration of the sample available is from the analytical report after sampling, 

making it impossible to assess the original size (Grandin, 2011b). Similarly, the 

presence of tapped slag surrounding voids (such as K9 at R370a in Narmo 1997), 

allows inferences regarding the furnace size. Here, a circular area measuring 36 cm 

in diameter was found between two flows of tapped slag, indicating a roughly 

circular furnace with an inner diameter of equalling the area surrounded by the slag, 

and two instances of tapping; one on each side (Narmo, 1997).  

In terms of furnaces where no physical remains of a super- or substructure were 

identified, a few of these (14) have been found during the projects at Rødmoen (9) 

and Gråfjell (5) (Figure 5) (Narmo, 1997; Rundberget, 2007b). As both of these are 

located in the municipality of Åmot in Hedmark county, geographically close, it is 

possible that this is a local custom not necessarily found in other areas. For the 

furnaces at Rødmoen it has been suggested that furnaces were constructed above 

ground, with a wooden framework to keep the insulation in place. This is in part 

based on the discovery of post-holes surrounding furnaces, which could have acted 

as supports for a construction, and partially due to the lack of evidence from 

furnaces on sites. An alternative proposal has been the use of mobile shafts, which 

could be transferred to a new smelting location, as is known from other parts of 

Europe (Pleiner, 1978; Hjärthner-Holdar, 1993; Tylecote, 2002). Omitting a single find 

from Middle-Norway, all the furnaces without evidence for subterranean structures 

are found in the south-eastern part of Norway, along rivers, connecting to the 

Skagerak or North Sea, providing feasible connections to the rest of Europe (Figure 

5). One aspect in which these Norwegian furnaces differ from their European 
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counterparts, is that the slag heaps were dominated by tapped slag, and the 

presence of elongated depressions around the furnace location were indicative of 

slag tapping, as well as of a commitment to time and resources in constructing them 

(Narmo, 1997; Rundberget, 2007b).   

 

Figure 5: Distribution of furnaces with unknown foundation. The numbers represent the earliest possible 
date AD. For sites with remains of multiple furnaces, only the earliest date is presented.  

At least two furnaces of this group, K8 and K12 at R695 at Rødmoen yielded remains 

of a shaft without curvature. Instead, flat slabs of ceramic were used, leading to the 

interpretation that the furnace shaft might have been constructed of six flat sheets 

of technical ceramic, producing a hexagonal shaft (Narmo, 1997). Aside from this 

potential anomaly, the information gained from this group suggests that round 

furnace shafts were built within retaining structures of wood, and insulated by use 

of turf and sand.  
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4.4.2 Furnaces with stone boxes 

The by far largest group of furnaces are those where the remains of box-shaped 

stone supports were found underground. A common feature of these furnaces is the 

presence of vertically placed flagstones placed in an angular or semi-angular shape 

around a clay furnace shaft, often with a flagstone at the bottom creating a flat 

bottom for the furnace (Figure 6 & Figure 7). There is a large variation in preservation 

regarding these furnaces, with some (such as furnace 2 at DR 1 at Dokkfløy), 

remaining intact up to a height of c. 30 cm (Larsen, 1991, p. 122). For others, only 

fragments of the shaft allowed estimations of the size to be made, and for a few only 

the size of the stone box was registered. In these cases, however, postulating a 

circular shaft, the lower measurement of the box allows an estimate of a maximal 

inner diameter to be calculated, as the diameter of the furnace cannot exceed the 

shortest side of the box. Although there is a degree of uncertainty involved with this 

approach, as the furnace wall thickness is an unknown variable, it allows 

approximations for the size to be made.  

Despite varying size and shape, a common trait is the presence of multiple stone 

slabs along the side, creating a frame for the shaft. Outside these flat stones, larger 

stones were often placed, most likely for support and insulation. I chose the label 

“stone box” here although the shape is not always perfectly rectangular or contains 

all sides; the key feature is the presence of the vertical stones (Figure 6).  

 

 

Figure 6: Illustration of stone box furnace. Profile view right, top-down on the left. Both version with only 
the stone box (top) and additional outer support (bottom) are shown.  
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Figure 7: Examples of stone box style furnaces, with the typical stone slabs surrounding the furnace 
area. Clockwise from top left: Furnace A100. Photo: J. Kile-Vesik. (Kile-Vesik and Loftsgarden 2016: 29), 
Furnace A154 at Hovden. Photo: Dag Øyvind Hanssen Engtrø (Kile-Vesik and Tsagaridas Glørstad 
2016: 28), Dokkfløy DR36 furnace 1 – Photo: Magne Thorleifsen (Larsen 2009: 20), Furnace S2005 at 
Gudbrandslie R160. Photo: A. Mjærum (Mjærum 2006: 58). 

Although the size of the stones used varies, the area within the box, as well as the 

diameter of the furnace inside, is consistent. Despite the presence of stone boxes, 

information regarding the shaft diameter was not always recorded. For illustrative 

purposes, in these cases the diameter has been recorded as 0 in Figure 8. It is worth 

noting that for some of the furnace diameters, a measurement of X×Y was presented 

rather than a diameter. This measurement either represented the dimensions of the 

stone box, or the elongated remains of the furnace. In these cases, the lowest value 

would represent the largest possible diameter the furnace could have within the 

foundation, and this value is therefore used.  
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Figure 8: Frequency distribution of inner furnace diameter in cm for furnaces with stone box foundations. 
For entries where the information was not recorded, 0 was used instead to highlight the proportion of 
sites where this applied to. 

As can be seen from Figure 8, two peaks can be identified in the stone box furnace 

group. The largest one by far is made of smaller furnaces, with an inner diameter of 

c. 25-45 cm. Although some of the underlying measurements are recorded as 

approximate, or taken as averages of a range of values, (Martens and Rosenqvist, 

1988; Larsen, 1991; Skipper Løken and Simonsen, 2005; Mjærum, 2006a; Rundberget, 

2007b; Tveiten, 2008b), it appears as though the vast majority of this type of furnace 

was constructed with an inner diameter of 35±10 cm. Due to the destructive impact 

ironmaking has on the furnace, and the fact that all furnace remains found are from 

used furnaces, it can be assumed that the original inner diameter of the furnace 

would have been smaller than what is found during excavations, as the walls would 

have been thicker (Freestone and Tite, 1986). The peak at 0 in Figure 8 is based on 

furnaces where no information about diameter was available and a value of 0 was 

used for visual purposes only.  

Geographically, furnaces of this type are dominantly found in the central 

mountainous areas of southern inland Norway (Figure 9), along the transition 
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between mountainous areas and low lands. From here, communication down 

waterways towards either direction facilitated easy distribution, as well as 

connectivity to areas of settlement in lower laying arable lands. 

 

Figure 9: Distribution of furnaces with a stone box style foundation. The colour gradient indicates the 
earliest AD date based on radiocarbon dates. 

Based on the distribution seen in Figure 9, it appears as though there are multiple 

roughly contemporary early dates for this type of furnaces. Increasing the level of 

magnification for the map, allows some preliminary suggestions regarding the age 

of this furnace; the very earliest possible date for this furnace type is AD 460, at 

Søndre Hovden 14, during the Møsstrond excavations (Martens and Rosenqvist, 1988, 
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p. 27), with subsequent dates around AD 600 appearing both at lake Møsvatn (Figure 

11) as well as Dokkfløy (Figure 12) (Larsen, 1991). Since the latest of multiple dates 

for Hovden 14 places it at AD 640, it is likely that this type started appearing around 

AD 600, but due to the distances between sites, an earliest possible cannot be 

identified easily.  

Although the maps on the following pages show large, empty areas, it is worth 

remembering that these only illustrate sites that are documented and have had 

samples radiocarbon dated. Sites between the areas without dates are omitted, but 

might well allow for clearer interpretation of the direction of spread. As this however 

might lead to rash conclusions, they are not included at this stage. Further to this, in 

order to keep the maps legible, for smelting sites where multiple furnaces are found 

in close proximity – that would appear overlapping on the map – or in fact were 

overlapping, only the very earliest date is presented, as this would present the first 

possible occurrence of this type of furnace at the site. This is in particular the case 

for Møsvatn (Figure 11) and Dokkfløyvatn (Figure 12) where large numbers of 

ironmaking sites were found within close proximity of each other.  
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Figure 10: Overview of stone box style furnaces showing the earliest possible date AD. The dense areas 
at Møsvatn (Figure 11), Dokkfløy (Figure 12), and Tyinnkrysset (Figure 13) will be presented individually 
on the following pages for ease of reading. 
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Figure 11: Stone box type furnaces found around lake Møsvatn, with earliest possible date AD 
highlighted. 
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Figure 12: Stone box style furnaces found around Dokkfløyvatn. The numbers represent earliest possible 
date AD based on radiocarbon dates. The underlying map shows the current state, with the dammed 

lake covering multiple ironmaking sites. 

 

Figure 13: Stone box style furnaces found at Tyinnkrysset; dates shown as earliest possible date AD. 
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Using the above maps and presented dates, it becomes clear that this type of furnace 

architecture spans back to the fifth century AD, well before the Viking Age, but where 

these early dates are few and far between, a real upswing in this type is noted in all 

areas for the period predating the Viking Age. It is also important to stress that the 

dates presented here are the very earliest possible for the radiocarbon date range 

presented for each site. As such, later dates cannot be ruled out. It is further worth 

noting that what appears to be an absence of sites with earliest dates during the 

Viking Age, is a false interpretation, caused by the choice of only focusing on the very 

earliest dates. As such, what appears to be a gap in use of this type of furnaces, is 

in fact the result of the visualisation. A full list of sites with radiocarbon dates is 

presented in Appendix B. 

 

4.4.3 Furnaces with stone foundations 

Furnaces with stone foundations are separated out from the furnaces with stone 

boxes due to the difference in subterranean architecture (Figure 14). Where the 

previous group had nicely built box shaped frames for foundations, furnaces of this 

type are constructed within or above a stone clad furnace pit (Figure 15). Unlike a 

slag pit however, the stone framework in these furnaces served to support the shaft 

and provide space for insulation. Although furnace bottoms are retrieved from 

furnaces of this type, these are only small furnace bottoms rather than indications 

that all the slag was collected at the base: in fact, evidence for slag tapping is 

apparent through slag heaps dominated by tapped slag (Narmo, 1997; Rundberget, 

2007b; Berge, 2009).  

 

Figure 14: Illustration of a stone foundation type furnace. Profile view on the right, top-down on the left. 
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Figure 15: Examples of furnaces of the "stone foundation" type. Clockwise from top left: Skistua. Photo 
R. Berge. S-1014 at Gudbrandslie R31. Photo: M. Helstad (Tveiten, 2008b, p. 20). Furnace 1 JFP. 5 at 
Gråfjell. Photo: Unknown (Rundberget 2007: 72). Furnace 1 at JFP 12 at Gråfjell. Photo: Unknown 

(Rundberget 2007: 119). 

A regional trait of furnaces of this type found at Gråfjell, is the reoccurring 

observation of a stave-built frame surrounding what is left of the furnace shaft 

(bottom left in Figure 15). Although heavily charred from use, it appears to be a 

common feature for furnaces from this area, and is not mentioned in other areas 

(Rundberget, 2007b; Rundberget and Damlien, 2007). Aside from the large 

concentrations in Hedmark, at both Rødmoen and Gråfjell, furnaces of this type were 

also found in Trøndelag, at Skistua in Trondheim (Berge, 2009), and at Håen 2 as well. 

The latter was too destroyed to ascertain this, but the amount and type of stones 

identifying the furnace suggests that it should be placed in this group (Figure 16). 
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Figure 16: The remains of the furnace at Håen 2 in Melhus, Trøndelag. The slag heap can be seen in 
the upper part of the image. The presence of large quantities of stones of varying size suggests the 
furnace was constructed within a stone clad pit. Photo: O. F. Nordland. 

With stone foundations in place, even the lack of large pieces of the furnace shaft 

still allows suggestions to be made regarding the furnace diameter based on the 

space left by the stone foundation. Here, these furnaces, similar to those described 

in the previous section, fall within a range of c. 30-40 cm (Figure 17). 
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Figure 17: Distribution of inner furnace diameter for furnaces with stone foundations. Where no 
information regarding this was available, a value of 0 was used to highlight the proportion of sites this 

applied to. 

A few outliers in this group, in the range of 60 and 80 cm inner diameter are closely 

linked to an earlier phase type (Ib), which is discussed in detail later. In the majority 

of cases, only those in the very end of the radiocarbon range  fall close to the Viking 

Age, which is why they are included (Narmo, 1997). 

Locating the sites with reliable radiocarbon dates on a map, shows a regional 

concentration in the eastern mountains of Norway, along the Østerdalen (eastern 

valley) valley. Connecting Trøndelag in the north with eastern Innlandet in the south, 

it appears that this type of furnace had little spread westward, with the westernmost 

site located on the western coast of Møre og Romsdal, along the shipping routes to 

or from Trøndelag (Figure 18). 
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Figure 18: Geographic distribution of furnaces of the Stone foundation type, with the colour indicating 
the earliest possible dates. 

Although Figure 18 might give the impression of large areas without ironmaking sites 

between the recorded sites, the map is limited to sites where the excavation report 

allowed conclusions regarding the furnace architecture, as well as having been 

dated. Several additional sites are known in the Trøndelag area in particular, but due 

to lack of excavation and/or radiocarbon dating, these have been omitted here. The 

same applies to areas further south. Nevertheless, the pattern suggests a clear 

concentration along the eastern border of the country, and is geographically distinct 

from the distribution of furnaces with stone box foundations. 
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Figure 19: Detailed map showing furnaces of the "stone foundation" type with the earliest possible date. 
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An exception is the south-western most site of Dokkfløy DR262, which is both outside 

of the main area for this type, and also shows one of the earliest dates (Figure 19). 

This site is interesting, as it was dated twice since the excavators deemed the initial 

dating to be too late at 780±90 BP (cal. AD 1040-1393), so a second charcoal sample 

was dated, providing a date of 1150±60 BP (cal. AD 717 – 1015) (Larsen, 1991, p. 93). 

This highlights the continuous problem with dating sites like these, as multiple 

periods of use cannot be ruled out. Additionally, the age of the tree used for charcoal 

can impact the recorded age. To make matters even more complicated, not all 

charcoal samples used for dating area retrieved from within furnaces, but from 

associated slag heaps. Although slag heaps do have stratigraphy, there is a high 

chance of turbulence during use or post deposition, which makes it difficult to 

ascertain the original date. For Dokkfløy DR262, which clearly does fall into this 

group, the earlier of the two obtained dates fits better into the notion of when the 

height of ironmaking took place here. Compared to dates from Gråfjell just east 

however, the later date seems at the very least equally plausible. Comparing the 

dates to others on the map, an argument could be made for the latter date to be the 

more plausible; with all but this very furnace being located along a single valley, 

connecting north to south, with the earliest date to the north, a spread from the 

Trøndelag area south appears likely. As such, having the second earliest date located 

far to the south from there could either indicate multiple origins or highlight an issue 

with the dating. Without knowledge of the blank spaces on the map however, this 

cannot be ascertained as of yet.  

 

4.4.4 Flag-lined bowl-furnaces 

The final group of furnaces identified by their subterranean architecture are what 

Irmelin Martens called “Hellegryte” or “Flag-lined bowl-furnace” upon discovery at 

Møsstrond (Martens and Rosenqvist, 1988, p. 20). These furnaces differ from the two 

previously assigned groups, as the flag-stones used to construct these are set in 

circular patterns, often slightly angled (Figure 21). Further, Martens identified these 

as bowl-furnaces rather than shaft furnaces, following her own classification 

(Martens, 1978). The design is similar to an earlier type from southern Norway, but 

chronologically they fall in a no-man’s land, between the early Merovingian Period 

furnaces and the later Viking Age ones. The reason a selection is included in this 

chapter is that a re-calibration of the radiocarbon dates using the OxCal 4.4 software 
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shows that they potentially could have been from this period. Additionally, more 

recent excavations have revealed further furnaces of this type with later dates than 

the ones presented by Martens (Tveiten, 2008b). 

Architecturally these furnaces share the design of a subterranean structure 

composed of flag stones, completely enclosing the lower part of the furnace (Figure 

20). Although the angle of the stones varies on different sites, the pattern repeats. 

Despite the almost complete enclosure of the furnace bottom by flag-stones, slag 

tapping is associated with some of these furnaces (Martens and Rosenqvist, 1988; 

Tveiten, 2008b), making Martens’ original interpretation of these being bowl furnaces 

questionable. It has been proposed that these particular features might not be iron 

smelting furnaces, but rather that they were used as sintering furnaces (Johanessen 

and Espelund, 2005; Espelund, 2013b). Their suggestion is that these furnaces were 

used to produce an iron rich slag-like substance – sinter – for later refinement into 

bloomery iron in other furnaces. As this process would leave few archaeological 

traces however, since most of the product would be reused elsewhere, it cannot be 

confirmed based on the current level of knowledge.  

 

Figure 20:Stilised illustration of a flag-lined bowl-furnace. 
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Figure 21: Flag-lined bowl-furnaces. Clockwise from top left: Furnace S-1013 at Gudbrandslie R31. 
Photo Ø. Dahle (Tveiten, 2008b, p. 19). Furnace S-1017 at Gudbrandslie R31. Photo: M. Helstad 
(Tveiten, 2008b, p. 21). Erlandsgard Nr. 6. Photo: Unknown (Martens and Rosenqvist, 1988, p. 70). 
Varland nr. 4. Photo: Unknown (Martens and Rosenqvist, 1988, p. 29). Unfortunately, no scale or further 

information is available for Martens’ original images. 

Despite the presence of an enclosing bowl underneath the furnace, the size suggests 

they were not used for slag collection as was the case in the earlier period. The 

bowls tend to be rather shallow (Figure 22), around 30±10 cm (Martens and 

Rosenqvist, 1988, pp. 21–23). 
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Figure 22: Plan and section drawing of furnaces 1A and 1B at Nystaul 7, (Martens and Rosenqvist, 1988, 
p. 21). 

Unlike the previously discussed types, there appears to be more variation in terms 

of furnace diameter for these furnaces (Figure 23). As there are very few of these 

furnaces found to date, and the context is still debated, it is difficult to find an 

explanation for this variation. It is however worth noting that there is a certain 

overlap in architectural features between this group and the angular boxed furnaces 

as stone bottoms are common within this group. Therefore, it is possible that some 

of the furnaces from this group ought to be re-classified and vice versa. At the same 

time, flag-lined bowl-furnaces share certain similarities with the earlier phase Ib 

furnaces found in the south-eastern regions of Norway, where slag pits were lined 

with flag-stones. These were however even larger, and tend to yield far earlier 

radiocarbon dates. 
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Figure 23: Distribution of inner furnace diameters for flag-lined bowl furnaces. 

Aside from the flag-lined bowl-furnaces, it is apparent that a common core idea or 

concept is underlying the other variations of furnace types. For both the groups of 

furnaces with stone-based subterranean elements, a shared original idea can be 

postulated. For those without, the fact that the dimensions and method for slag 

extraction are the same, points again towards a common idea. Although the 

organisation of slag heaps, ore storage and fuel storage at individual sites varies, 

these are variables that are strongly influenced by the local geography (Rundberget, 

2017).  

Unfortunately, few furnaces of this type have been extensively excavated and dated, 

leaving large empty areas on the map. What becomes apparent when plotting the 

few furnaces that are dated on a map and adding radiocarbon dates, is that they 

appear across vast areas, not conforming to the previously highlighted geographic 

divide, as well as not following clear chronological patterns. This is largely due to 

the small numbers of well-documented furnaces of this type however, and it is 

suspected that further research will fill the gaps. A preliminary observation however 

is an earliest date in the southern area, with subsequent later dates further north. 
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Whether or not this is representative for a direction of spread is not possible to say 

based on the available sites (Figure 24). 

 

Figure 24. Distribution of flag-lined bowl-furnaces with earliest possible date AD shown. Due to the small 

number of furnaces available or dating, little information can be gleaned from this. 
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4.5 Chronology 

Comparing not only the architectural features of the furnaces, and their sizes, the 

chronology is also important. Variation within different time periods, as well as 

chronological variation for the different groups of furnaces identified, shows a 

patchwork of combinations of both furnace type, size, and time period. One of the 

core issues here is the quality of the available radiocarbon dates; accuracies ± 80 

years are guaranteed to produce dates outside the roughly 250 years that make up 

the historical Viking Age. What can be seen however, is an initially observed increase 

in variation of furnace size (Figure 25). Here, it is however important to note that 

some of the variation is based on the reported sizes in excavation reports, which, as 

noted earlier, is not always exact. 

 

Figure 25: Furnace diameter for well dated and excavated ironmaking sites. The bands represent the 
date range for the site, the colour the architectural group they belong to, with diameter in cm presented 
on the Y-axis. The grey band spanning 793-1066 represents the historical boundaries for the Viking Age. 

Based on the visualisation in Figure 25 one can clearly see that the most consistent 

group in terms of size are furnaces with stone foundations, of which all but two fall 

in the size range of 25-40 cm inner diameter, with two extremes at 60 and 80 cm 

respectively, with larger variation in size noted for other groups.  

Using the visualisation of Figure 25, a simple count of different furnace sizes per 

century, reveals an increase in types around AD 900, reaching a peak at AD 1000, 

before a gradual decline towards the Middle Ages can be seen (Figure 26). This 

correlates to the overall increase in furnaces around that time, as highlighted in 

Figure 25 as well. 



Ironmaking in the Viking Age 

 

| 119 | 
 

Another approach, instead of looking at furnace diameter, is looking at furnace type, 

based on the types identified earlier (Figure 27). This shows that the stone foundation 

furnaces make an appearance in the 8th century, with a gradual increase, before 

declining rapidly again after the turn of the 12th century.  

 

Figure 26: Number of different registered furnace diameters for furnaces with a possible date in the Viking 
Age based on data presented in Figure 25.  

 

 

Figure 27: Proportion of furnace types for each century. The dates used are based on the earliest 
possible radiocarbon dates for each site, despite some falling outside the Viking Age, the increase in 
furnaces with a stone box foundation, and similar decline of flag-lined bowl-furnaces can best be 
highlighted through an expansion of the timeline into the 14th century. 
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4.6 Iron smelting locations 

As mentioned above, ironmaking in the Viking Age appears to have been carried out 

predominantly in areas with good access to the key ingredients required. Rather than 

moving large quantities of fuel and ore from collection sites to a production site, 

production sites tend to be found along the frontier between bogs and forests. 

Charcoal burning pits are often found in close vicinity to, or even at ironmaking sites, 

which means that fuel was produced locally. Although the aforementioned find bias 

plays a role, it cannot be ignored that ironmaking sites by and large are located near 

sources of water, in the vicinity of potentially ore bearing bogs. Although an area of 

research worth further exploration, and done in some cases (Rundberget, 2007b, p. 

354), special analysis of the relationship between ore sources and smelting size falls 

outside the scope of this project. 

Due to the mutual exclusivity of ironmaking and agriculture – one of them heavily 

depending on bogs and forests, the other one avoiding them – ironmaking has to be 

seen in context with nearby settlements, or lack thereof. Here, the fact that 

ironmaking sites often are excavated individually, and treated individually, means 

that there is no direct connection between ironmaking and settlements. Despite this, 

it has been suggested that ironmaking could have been carried out either as a 

seasonal activity by residents in mountainous areas, or in fact been the main 

occupation in specialised ironmaking communities with close ties to farming 

communities in the nearby valleys (Hougen, 1965; Johansen, 1973, 1979). 

Smelting huts, which indicate a stronger commitment to a production site than a 

simple furnace, do appear, containing both individual and multiple furnaces (Martens 

and Rosenqvist, 1988). The lack of residential space associated with these, as well 

as the dominance of metallurgical remains at the sites, points towards a more 

specialised function of these buildings, suggesting ironmaking was an activity not 

carried out by permanent residents of the production sites. Martens and Rosenqvist 

(1988) present a division of ironmaking sites based on the number of rooms within 

the smelting hut, with the earliest being simple one-room structures containing the 

furnace, eventually growing into three-room structures containing both furnaces, 

raw-material storage, as well as evidence for hearths. Whether or not the latter 

were for re-heating the bloom during consolidation or cooking is hard to tell, as this 

was not presented in the work (Martens and Rosenqvist, 1988, p. 79).   
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4.7 Organisation of labour 

How ironmaking sites were organised, and the interaction of the different elements 

associated with a site, has been discussed and studied at length in the literature 

(Narmo, 1997; Rundberget, 2007b, 2017). A core element on this was Narmo’s 

Rødmoen project, where he successfully identified two main types of ironmaking 

sites (Figure 28), which in subsequent excavations were identified in other areas as 

well. Rundberget (2007) followed up on this, presenting a core model, and variations 

thereof. The main difference for Narmo’s types is the organisation of elements on 

the smelting site; the relationship between furnace, storage areas and waste heaps, 

as well as potential structures associated with smelting. 

 

Figure 28: Difference between the layout for the two different types identified by Narmo. After Narmo, 

1997, p. 122. 

A core variation of the interpretation of how labour was organised is based around 

the number of slag heaps per furnace per site. Frequently, one would expect a 

furnace to produce an associated slag heap. Occasionally however, a single furnace 

can produce two slag heaps, or, conversely, a site with multiple furnaces can yield 

only a single slag heap. Further to this, the orientation of raw material storage (ore 

and charcoal) in relationship to the furnace and slagheap have been emphasised. 
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Rundberget (2017) identified a standard model for ironmaking, with ore and charcoal 

storage shared between two furnaces, with parallel slag heaps on either side of the 

operating area, or single furnaces with single slag heaps (Figure 29). 

 

Figure 29: Rundberget's standard model, basic model and variations of them. (Rundberget, 2017, p. 
139). 

A problem with multiple furnaces feeding a single slag heap is seen at R370 at 

Rødmoen (Narmo, 1997). Here, a total of four furnaces are associated with a single, 

relatively small slag heap (403 kg slag in total). In the same line, joined charcoal and 

ore storage areas again make it difficult to ascertain how the site was arranged. 

Different dates and periods of use make clear models difficult. As highlighted by 

Rundberget (2017), using the system for organisation of labour created by Narmo 

(1997) is too rigid and variation needs to be accounted for. Despite large variation, 

the core model presented by Narmo (1997) after R695 appears to be the dominant 

one throughout the period. R695 sites are characterised by a furnace, often located 

within a shelter, with nearby ore and charcoal storage areas, and two parallel, 

roughly equally sized slag heaps (Narmo, 1997; Rundberget, 2017). More broadly, the 
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model Rundberget operates with can be applied all over the country, as it contains 

all the critical components on a smelting site, but without placing too strong 

emphasis on the orientation of these. 

Many furnaces are found alone, creating individual or pairs of slag heaps, with other 

cases of multiple furnaces feeding the same slag heap. Based on available dating 

and dating accuracy, it is not possible to ascertain whether or not these would be 

operated at the same time or succeeding each other. It is generally hypothesised 

however that most production sites contained a single furnace in use at any given 

time.  

 

  



Ironmaking in the Viking Age 

 

 
| 124 |  

 

4.8 Scale of production 

In terms of production, the assessment has to be based purely on material left in 

slag heaps, which can vary significantly between sites. For the period in question, 

the variation in the number of slag heaps, as well as size, and quality of 

documentation, make it difficult to identify patterns of scale of production. Although 

estimates for slag heap volumes exist, the material available is highly variable; for 

the Dokkfløy-project (Larsen, 1991), all slag heaps were measured, whereas the 

Møsstrond-excavation (Martens and Rosenqvist, 1988) only mentions dimensions of 

slag heaps. In later years, excavation reports present estimated slag weight for slag 

heaps, which allows comparisons to be carried out (see also Chapter 8.2).  

Comparing production quantities for sites based on presented data, as well as 

earliest possible radiocarbon date (Figure 30) reveals a large variation in scale of 

production, with a general increase throughout the Viking Age. Comparing this to the 

type of furnace identified earlier, it can be seen that by and large the stone box type 

furnaces are found on relatively small-scale production sites, compared to larger 

production at sites with furnaces built with a stone foundation. 

 

Figure 30: Slag per slag heap in kg for sites where both slag quantity and a radiocarbon dating were 

available. 

It is important to note that none of this takes the duration of use into account, and 

that regular use over long periods inevitably leads to the build-up of large slag 
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heaps. High resolution studies of stratified slag heaps would be necessary to 

establish a clear divide into production periods, which is difficult due to the nature 

of slag heap accumulation.  

The scale of operation for Viking Age sites appears rather modest, with the largest 

slag heaps presented here estimated to 46 tonnes. In comparison, Roman iron 

production sites have estimated slag heap sizes of thousands of tonnes (Cleere, 1971, 

p. 206; Decombeix et al., 1998, p. 89). In comparison to this, slag heaps containing 

several hundred kilograms of slag can be seen as evidence for small-scale and low 

intensity smelting. 
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4.9 Summary 

Comparing the physical remains of Viking Age ironmaking furnaces, it has become 

clear that both commonalities and differences follow patterns. With the vast majority 

of furnaces falling within a similar range in terms of size (inner Ø c. 30 cm), it is clear 

that small-scale operation was the dominant type. Although differences in 

organisation and intensity of labour are present, the uniformity of the size is 

surprising. At the same time, the same approach to slag handling (liquid tapping) 

lends further support to the notion of a common understanding on how iron was 

made.  

In light of this, the differences in furnace architecture are surprising, and the clear 

geographic divide even more so. Based on this, it appears as though a north-eastern 

and a south-western tradition coexisted, with a shared understanding of size and 

scale of operation, but differing approaches to how to build the said furnace. In this 

context an easy answer would be to suggest that different geological environments 

would facilitate one way over the other. More concisely that areas where the natural 

bed rock easily breaks into flat slabs of stone, stone box furnaces (or flag-lined 

bowl-furnaces for that matter) would be dominant. A detailed study of the geology 

of Norway is not part of this project, and therefore this explanation cannot be 

pursued further. Additionally, areas such as Gudbrandslie and Dokkfløy contain 

evidence for both types of furnaces within the same area, suggesting that other 

explanations have to exist.  

Comparing the chronology of furnace types, it appears as though flag-lined bowl-

furnaces experienced a peak in use around AD 600, before a decline is seen which 

broadly coincides with the occurrence of stone foundation furnaces. Parallel to this, 

stone box type furnaces and without subterranean features appear throughout the 

entire period.  

Now that a general comparison of Viking Age ironmaking has been presented, the 

next two chapters will provide in-depth studies for two key regions, adding analytical 

results to the broader knowledge presented here. 
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5  IRONMAKING IN THE VIKING AGE – MIDDLE NORWAY 

The middle Norwegian county Trøndelag has a rich and longstanding tradition for 

ironmaking. Located in the middle of the country, with the geographic median in the 

middle, it is in the south separated from Østlandet by the Dovre mountains, to the 

west by the North Sea, to the east bordering Sweden, and to the north separated 

from Nordland county by the Børgefjell mountains. 

Despite a rich history of ironmaking before the Viking Age, well-dated and excavated 

sites from this period here are rare. Of those available, two will be presented in 

detail in the following; Håen 2 in Melhus municipality and Skistua/Vintervatn in 

Trondheim municipality (Figure 31). A comparison with other sites in the area will be 

presented later. 

 

Figure 31: Sites mentioned in this section. Skistua in blue, Håen 2 in red. 
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5.1 Håen 2 (Melhus, Trøndelag) 

5.1.1 The furnace and excavation 

Located on the eastern shore of lake Håen in Melhus municipality in Trøndelag 

county, the site was excavated in 1985 by archaeologists from the Institute of 

Archaeology at the Norwegian University of Science and Technology (NTNU). The 

excavation was carried out as part of the surveying of the shore of the lake, which 

was being dammed up to serve as a water reservoir for a hydroelectric powerplant. 

The furnace is located 434 m above sea level, on the north-eastern shore of the lake. 

Due to the use of the lake as a reservoir for a power plant, the water level of the 

lake varies from between 423-433 m.a.s.l., leaving the furnace at the very edge of 

the water. The area surrounding it is dominated by mountains, with a peak height of 

c. 600 m.a.s.l.  

During the 1985 investigations, a total of three furnaces were found surrounding lake 

Håen, numbered 1, 2, and 3 respectively. Håen 3 on the southern shore of the lake 

was identified as an earlier Merovingian period site in poor condition. Håen 1, located 

c. 3 km to the west of Håen 2 was dated to slightly later, but was severely damaged 

(Figure 33). A further potential site is located at the eastern end of the lake, but only 

a slag heap was registered through surface surveying. The slag morphology on the 

site suggests use in the Viking Age or Middle Ages, since this is when slag-tapping 

became common. A further three ironmaking sites are registered c. 1 km to the 

north-west of Håen 2, on the slopes leading up a mountain, but these appear 

contemporary with the site at Håen 1.  

The ironmaking site Håen 2 contained a slag heap extending into the lake, as well as 

remains of a furnace (Figure 34). Although heavily destroyed at the time of 

excavation, and subsequent visit in 2017, the evidence suggests the furnace would 

have been part of the “Stone foundation” category presented previously. Radiocarbon 

dating of the site places it well within the Viking Age, within the date-range of 

1180±100 BP (Gulliksen and Nydal, 1987), calibrated to AD 659-1026 (Figure 32).  
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Figure 32: Radiocarbon date curve for Håen 2, recalibrated using OxCal v. 4.4.4. 

Aside from the furnace remains and slag heap, there is no further evidence for 

ironmaking activities on the site. Due to the destruction of the furnace, potential 

layout of the work area, placement of bellows, and slag extraction features, are 

impossible to ascertain. Further to this no anvil stones were found in the immediate 

vicinity, nor was evidence for this recorded in the report.  
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Figure 33: Ironmaking sites surrounding lake Håen. Håen 2 in red, Håen 1 as a blue triangle, and Håen 3 
as an orange triangle. 



Ironmaking in the Viking Age – Middle Norway 

 

| 131 | 
 

 

Figure 34: Furnace (foreground) and slag heap (extending into the lake) at Håen 2. Picture taken towards 
south-west. Note that the stones between the slag heap and land appear to have been taken from the 
furnace and are most likely a result of post-excavation disturbance of the site. Photo: O. F. Nordland. 

 

5.1.2 Slag distribution 

Slag at Håen 2 was concentrated in the slag heap extending south from the furnace 

area, although some material was found closer to, and even behind the furnace (seen 

from the slag heap). Whether or not this was how the site was left after use, or 

caused by post-depositional influences is impossible to ascertain. However, the 

placement on the shore of a regulated lake suggests increased levels of erosion 

acting on the site. The extent of the slag heap was not measured fully during the 1985 

excavation, and during the visit in 2017 it was not possible to assess it either due to 

the water level in the lake. Since the furnace was not re-covered after excavation, it 

is possible that modern use of the area has impacted the distribution of slag; nearby 
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holiday homes appear to use the area around the furnace to pull boats out of the 

lake, and some stones from the furnace have been used to create a bridge to the 

slag heap (centre of Figure 34). 

5.1.3 Slag morphology 

Initial macroscopic surveying of the slag heap and extracted material revealed a 

dominance of tapped slag with a morphology typical for liquid extraction from a 

furnace. The slag heap was mainly composed of small pieces of slag, measuring only 

a few cm across, with a thickness rarely exceeding 1 cm (figure 35). It is unclear 

whether or not this fragmentation was caused before or during deposition, or is a 

result of the erosion acting in the slag heap. 

 

Figure 35: Close-up image of slag in the slag heap at Håen 2. The fragmentation of slag is clearly visible, 
as are runny structures as can be seen on the large fragment in the top-right quarter of the image. The 
scalebar is 10 cm. Photo: O. F. Nordland. 

With clear presence of flow-patterns as well as impressions of the underlying soil, 

identifying top and bottom orientation (Figure 36), the vast majority of slag from 

Håen 2 was identified as tapped, with those that were not identified as fragments of 

furnace slag (Figure 37). For the latter, the absence of clearly identifiable flow 

directions, as well as no clear directionality were decisive for the classification 

(Figure 38). Since no evidence for smithing or consolidation of the bloom were found 
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during the excavation, it is unlikely that these slags would derive from smithing 

activities.  

 

Figure 36: Selection of larger slag specimens from Håen 2. Top and bottom view represented by top and 
bottom row. Left to right: T/H SH S-18, T/H SH S-16, T/H SH S-11, T/H SH S-10. Flow patterns on the 
surface as well as soil impressions on the bottom make identification of directionality possible. Photo: 

O. F. Nordland. 

 

 

Figure 37: Macroscopic classification of slag fragments from Håen 2. Based on the numbers (n=33), 
there are 30 pieces of tapped slag, and three pieces of furnace slag in the collected assemblage. 
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Figure 38: Furnace slag from Håen 2. Top row interpreted as top view, bottom row as bottom view. Left 
to right: T/H SH FB-1 and T/H SH FB-2. Photo: O. F. Nordland. 

Assuming that the material collected was representative for the site, it is apparent 

that the processes that created the slag were well-established, as consistency in 

slag morphology can be attributed to a thorough mastering of the process, where 

every run of the furnace yielded a similar output, in the form of both slag properties 

and, potentially, iron bloom.  

Surface corrosion on just below half of the specimens collected was interpreted as 

indicative of a high iron content within the slag, suggestive of a relatively high loss 

of iron in the slag, since metallic iron is more prone to corrosion. Taking into 

consideration that the majority of the slag heap is submerged under lake Håen for 

most of the year, some surface corrosion was expected, however not on such a large 

number of specimens.  
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Figure 39: T/H SH S-22 (left) and T/H SH S-10 (right) showing the corroded surface. Due to the superficial 
nature of the corrosion, it was possible to cut unaffected samples from the specimens. Photo: 
O. F. Nordland. 

  



Ironmaking in the Viking Age – Middle Norway 

 

 
| 136 |  

 

5.1.4 Slag microstructures 

The slag microstructure is dominated by fayalite (Fe2SiO4) and wüstite (FeO), in a 

glassy matrix. Fayalite occurs predominantly as long laths, often showing a 

preferential alignment that reflects the cooling front. Wüstite is abundant and occurs 

as thin dendrites (Figure 40). Frequently, ‘cold’ interfaces can be observed between 

flows of slag, separated by a thin layer or ‘skin’ of magnetite (Fe3O4) that results from 

the surface oxidation of each slag flow as it solidified outside the furnace and before 

the next flow covered it (Figure 41). Fayalite is particularly skeletal around these 

features, reflecting the faster cooling rate. Under higher magnification it is possible 

to observe crystals of hercynite (Fe2Al2O4) intergrown with the fayalite (Figure 42), 

as typical of slag with relatively high Al2O3/SiO2 ratios, as well as small droplets of 

metallic iron with a predominantly globular shape. 

 

Figure 40: Slag samples with high concentrations of wüstite (light grey dendrites) and iron prills (white) 
almost completely obscuring the fayalite (dark grey) and glass (black). Left to right: T/H SH S-20, T/H 

SH S-23. 
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Figure 41: Selection of slag samples with clearly defined magnetite bands separating slag flows, and 
unidirectional fayalite suggesting flowing. Both indicators of slag tapping practices. Clockwise from top-
left: T/H SH S-6, T/H SH S-5, T/H SH S-9, T/H SH S-15. Magnetite separation bands are visible in all but 
S/H SH S-6 (top left) as white lines. 
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Figure 42: T/H SH S-18 showing the most common microstructures observed. Wüstite can be seen as 
light grey, almost white structures, fayalite in large, darker grey areas. The dark grey, cubic grains are 

hercynite, with a glassy matrix containing second generation fayalite appearing almost black. 

Microscopic investigation of the slag samples from Håen 2 revealed a variety in 

microstructures one would expect from an ironmaking site. Although it can be seen 

that the slag was tapped liquid, variables such as temperature, speed of tapping, 

duration of the smelt and composition of it all influence the crystalline growth.  

One particular sample, T/H SH S-27 stood out in its microstructure being formed of 

virtually pure, tightly clustered wüstite, with glassy matrix containing secondary 

fayalite between (Figure 43). As such, it is not representative for the collected 

assemblage as a whole, and it is expected to contain far more FeO than the rest. 

Macroscopically it resembled the tip of a slag flow that had broken off, showing the 

cavities inside formed by trapped gasses during solidification. Due to the high FeO 

content, this is likely partially reduced ore, which has undergone some reduction but 

the reaction was insufficient to form fayalite. Chemically, the sample is dominated 

by a high concentration of FeO, with no MnO detected. Since most slags from the site 

do contain MnO it appears likely that this particular specimen is not representative 

for the assemblage as a whole. 
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Figure 43: T/H SH S-27, macro (left) and micrograph (right) at 50× magnification. 
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5.1.5 Slag chemistry 

Analysis of the samples revealed a typical ironmaking slag, dominated by iron, 

alumina and silica. Noteworthy is the high ratio between SiO2 and Al2O3 around 3.3 

for the site on average. P2O5 is only found in low quantities, with only three samples 

above the detection limit (Table 9, see Appendix C for full results). Since 

phosphorous is associated with the ore (Charlton et al., 2010), a low concentration 

of it in the slag can be seen as support for Buchwald’s suggestion of Trøndelag ores 

being low in phosphorous (Buchwald, 2005, p. 321). 

Table 9: Chemical composition of slags form Håen 2 acquired with SEM-EDS normalised 
stoichiometrically to 100% with analytical totals presented in the right-most column. Values below the 
detection limit are presented as < 0.1. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 

T/H SH S-1 (n=5) 1.6 0.7 8.0 28.8 < 0.1 0.8 2.1 0.4 2.0 55.7 100.7 

T/H SH S-2 (n=5) 1.2 0.5 8.2 25.9 < 0.1 0.6 1.6 0.4 2.1 59.5 99.1 

T/H SH S-3 (n=7) 1.6 0.6 8.8 31.3 < 0.1 1.1 2.5 0.4 3.0 50.8 99.0 

T/H SH S-4 (n=5) 1.2 0.5 9.7 33.0 < 0.1 0.7 1.6 0.4 2.3 50.6 97.5 

T/H SH S-5 (n=5) 1.4 0.7 10.3 29.9 0.3 0.8 2.2 0.5 5.3 48.7 99.2 

T/H SH S-6 (n=5) 1.1 0.6 11.0 35.1 < 0.1 0.7 1.8 0.5 2.3 47.0 101.5 

T/H SH S-7 (n=5) 1.5 0.8 10.6 37.0 < 0.1 0.9 2.2 0.6 2.3 44.2 100.7 

T/H SH S-8 (n=6) 1.4 0.4 8.1 32.7 < 0.1 0.7 1.5 0.4 3.7 51.2 95.5 

T/H SH S-9 (n=5) 1.4 0.8 8.8 34.6 < 0.1 1.0 2.6 0.4 2.7 47.6 96.5 

T/H SH S-10 (n=5) 1.4 0.7 9.7 28.7 < 0.1 0.9 2.1 0.4 2.9 53.3 98.4 

T/H SH S-11 (n=5) 1.6 0.7 10.0 29.1 < 0.1 0.9 2.3 0.4 2.6 52.5 96.2 

T/H SH S-12 (n=5) 1.8 0.7 8.9 28.7 < 0.1 0.9 2.2 0.4 3.8 52.7 97.9 

T/H SH S-13 (n=5) 1.3 0.8 8.3 29.9 < 0.1 0.6 2.4 0.4 1.9 54.5 105.3 

T/H SH S-14 (n=5) 1.4 0.6 9.0 34.2 < 0.1 0.7 1.8 0.5 3.3 48.4 96.5 

T/H SH S-15 (n=5) 1.6 0.6 6.9 27.0 < 0.1 0.6 1.7 0.3 1.7 59.6 91.9 

T/H SH S-16 (n=5) 1.3 0.6 10.3 32.0 < 0.1 0.8 1.9 0.4 2.5 50.3 100.6 

T/H SH S-17 (n=5) 1.4 0.6 9.6 34.9 < 0.1 1.0 2.3 0.5 2.9 46.8 86.3 

T/H SH S-18 (n=5) 1.7 0.8 9.3 27.8 0.3 0.9 2.2 0.3 3.1 53.6 103.9 

T/H SH S-19 (n=5) 1.5 0.8 9.2 32.5 < 0.1 0.8 2.2 0.5 1.8 50.8 101.9 

T/H SH S-20 (n=5) 1.0 0.6 7.4 22.4 < 0.1 0.7 1.6 0.3 2.0 64.1 103.0 

T/H SH S-21 (n=5) 1.3 0.6 12.3 32.5 < 0.1 1.0 2.2 0.4 1.4 48.4 103.4 

T/H SH S-22 (n=5) 1.2 0.7 8.5 24.1 < 0.1 0.6 1.6 0.3 1.4 61.6 105.7 

T/H SH S-23 (n=5) 1.1 0.8 8.4 24.0 0.3 0.6 1.7 0.3 3.7 59.1 101.0 

T/H SH S-24 (n=5) 1.4 0.6 10.0 34.3 < 0.1 0.9 1.9 0.4 2.0 48.7 101.5 

T/H SH S-25 (n=5) 1.6 0.6 9.1 35.5 < 0.1 0.9 2.0 0.4 1.7 48.3 103.9 

T/H SH S-26 (n=5) 1.5 1.0 11.9 31.3 < 0.1 1.2 3.0 0.5 4.6 45.1 103.3 

T/H SH S-27 (n=5) 0.6 0.5 2.2 11.1 < 0.1 0.3 1.1 < 0.1 < 0.1 84.2 102.0 

T/H SH S-28 (n=5) 1.4 0.7 8.9 27.2 < 0.1 0.7 1.8 0.4 2.5 56.5 98.4 

T/H SH S-29 (n=5) 1.4 0.9 10.4 29.2 < 0.1 0.9 2.4 0.4 4.6 49.9 102.6 

T/H SH S-30 (n=5) 1.8 0.9 10.3 30.7 < 0.1 1.0 2.4 0.4 3.5 49.0 103.7 
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As can be seen in Table 9, T/H SH S-27, as mentioned above, stands out with 

substantially higher FeO content than other samples from this assemblage, with 

correspondingly lover concentrations of other elements.  

Omitting T/H SH S-27, in order to get more representative numbers to work with for 

later comparisons, the values seen in Table 10 show the mean value with standard 

deviation (SD) and a coefficient of variation (CV). The one exception here, P2O5, is 

caused by the low presence of it only detected above the detection limit in three 

samples. 

Table 10: Mean, standard deviation (SD) and coefficient of variation (CV) for the samples from Håen 2, 
omitting T/H SH S-27. Phosphorous has been excluded due to the large number of samples where it 
was not detected. 

 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO Total 

Håen 2 avg. 1.4 0.7 9.4 30.5 0.8 2.1 0.4 2.7 52.0 99.8 

SD 0.2 0.1 1.2 3.7 0.1 0.4 0.1 1.0 5.1 4.2 

CV 14% 19% 13% 12% 18% 18% 18% 36% 10% 4% 

 

Using the four analytical ratios (see Chapter 3.4) for investigation of the slags of 

Håen 2 (Table 11), one can see consistent ranges of values emerging. This would 

indicate that the slags collected were formed under similar conditions, with the 

previously discussed outlier T/H SH S-27 being the only one standing out.  
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Table 11: F-value, G-value, R-value and RII for slags from Håen 2. The average is calculated omitting 
T/H SH S-27, as explained earlier. 

Sample ID F G R RII 

T/H SH S-1 (n=5) 3.6 20.1 2.0 1.2 

T/H SH S-2 (n=5) 3.2 17.6 2.4 1.0 

T/H SH S-3 (n=7) 3.6 24.2 1.7 1.4 

T/H SH S-4 (n=5) 3.4 23.7 1.6 1.5 

T/H SH S-5 (n=5) 2.9 25.8 1.8 1.3 

T/H SH S-6 (n=5) 3.2 28.6 1.4 1.7 

T/H SH S-7 (n=5) 3.5 31.0 1.3 1.9 

T/H SH S-8 (n=6) 4.1 19.6 1.7 1.4 

T/H SH S-9 (n=5) 3.9 26.4 1.5 1.6 

T/H SH S-10 (n=5) 3.0 23.8 2.0 1.2 

T/H SH S-11 (n=5) 2.9 25.1 1.9 1.3 

T/H SH S-12 (n=5) 3.2 22.6 2.0 1.2 

T/H SH S-13 (n=5) 3.6 21.5 1.9 1.3 

T/H SH S-14 (n=5) 3.8 23.6 1.5 1.6 

T/H SH S-15 (n=5) 3.9 16.0 2.63 1.0 

T/H SH S-16 (n=5) 3.1 25.6 1.7 1.5 

T/H SH S-17 (n=5) 3.6 27.1 1.4 1.7 

T/H SH S-18 (n=5) 3.0 23.2 2.0 1.2 

T/H SH S-19 (n=5) 3.5 24.6 1.6 1.5 

T/H SH S-20 (n=5) 3.0 15.4 3.0 0.8 

T/H SH S-21 (n=5) 2.6 32.3 1.5 1.6 

T/H SH S-22 (n=5) 2.8 18.1 2.6 0.9 

T/H SH S-23 (n=5) 2.9 18.2 2.6 0.9 

T/H SH S-24 (n=5) 3.4 26.2 1.5 1.6 

T/H SH S-25 (n=5) 3.9 25.0 1.4 1.7 

T/H SH S-26 (n=5) 2.6 34.3 1.6 1.5 

T/H SH S-27 (n=5) 5.0 4.9 7.6 0.3 

T/H SH S-28 (n=5) 3.0 20.5 2.1 1.1 

T/H SH S-29 (n=5) 2.8 26.8 1.9 1.3 

T/H SH S-30 (n=5) 3.0 27.7 1.7 1.4 

Håen 2 avg. 3.3 24.0 1.8 1.3 

 

Visualising these four ratios shows the closeness of the values, particularly for R, F, 

and RII, with more spread seen for the G-value (Figure 44). Since the G-value scales 

differently to the other, ranging from 0 to 100, the variation seen in it are less severe, 

as most samples range around a value of 20. These values will be used later for 

comparison between sites, but an RII above 1 for most samples is worth noting. 
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Figure 44: Beeswarm plots for the different analytical ratios for Håen 2. T/H SH S-27 stands out clearly 

for all ratios.  

In addition to the slag chemistry, a number of samples contained metallic iron 

inclusions (prills), large enough for analysis. Of the 30 samples collected, 16 

contained prills that were analysed, revealing a virtually pure iron, with only two 

samples showing nickel-content above the detection limit of the equipment (Table 

12). In one of the prills silicon was detected, but this is unlikely a reliable value since 

SiO2 is rarely reduced to metal in a bloomery furnace. Instead, it most likely came 

from the surrounding slag. The shape of the prills was largely round, with a few 

shaped like clusters or conglomerations of several smaller ones. Based on the 

chemistry, no relationship between size, shape and composition could be found. The 

round shape can indicate that the iron at some point was liquified, and may contain 

detectable levels of iron. Since the samples were coated with carbon, no 

measurements of this were possible. 
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Table 12: Chemical composition of iron prills in Håen 2 slags. Analytical totals presented in the right-
most column. Note that elements are presented in pure form, as the metallic phase would not contain 
oxides. 

Sample ID Prill size Shape Si Fe Ni Total 

T/H SH S-1 c. 40 µm round  100  96.0 

T/H SH S-4 c. 40 µm round  99.7 0.3 95.4 

T/H SH S-5 c. 15 µm round  100.0  92.4 

T/H SH S-7 c. 20 µm round  100.0  93.7 

T/H SH S-8 c. 40 µm round  100.0  90.7 

T/H SH S-10 c. 40 µm round  100.0  99.2 

T/H SH S-12 c. 30 µm round  100.0  94.5 

T/H SH S-14 c. 50 µm round 0.3 99.7  101.4 

T/H SH S-15 c. 10 µm round  100.0  101.8 

T/H SH S-18 c. 20 µm round  99.7 0.3 100.8 

T/H SH S-20 c. 50 µm cluster  100.0  99.5 

T/H SH S-21 c. 60 µm round  100.0  94.4 

T/H SH S-22 c. 50 µm cluster  100.0  100.3 

T/H SH S-23 c. 40 µm cluster  100.0  99.3 

T/H SH S-24 c. 80 µm round  100.0  99.3 

T/H SH S-30 c. 20 µm cluster  100.0  102.2 

 

Plotting the values for Håen 2 on the Al2O3-SiO2-FeO+MnO ternary diagram shows 

them in the fayalite region, plotting along the trough that separates this from the 

hercynite region and with a few samples falling into the hercynitic area of the 

diagram. This corresponds to observations made during microscopic investigation 

of the samples, revealing both fayalite and hercynite visible in most of the samples.  
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Figure 45: Al2O3-SiO2-FeO+MnO ternary diagram showing the individual plots for Håen 2 (black) with 
the average for the site plotted as well (red). O1 and O2 denote the production optima identified by 

Charlton et al., 2010, p. 358. 

The spread seen in the placement of the ternary suggests some variation within 

production parameters, as a well-established system should cluster closely 

(Charlton et al., 2010). However, based on the relatively small sample size analysed 

here, it cannot be ruled out that a larger sample size might have given a closer fit 

overall. 

Using the chemical composition of the slag, it is possible to calculate the viscosity 

index KV (Equation 5) (Bachmann, 1982), to make inferences regarding the slag 

viscosity.  

Equation 5: Calculation of the viscosity index KV. 

𝐾𝑉 =  
𝛴𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐹𝑒𝑂 + 𝑀𝑛𝑂 + 𝐾2𝑂 + 𝑁𝑎2𝑂 

𝛴 𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3
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Although useful for assessing the uniformity of the process at a single site, there 

are two issues with using this viscosity index. The first relates to the interpretation, 

as a higher number indicates a lower viscosity and vice versa. Secondly, and more 

importantly, it does not account for temperature, leaving out a major influence on 

the slag viscosity. 

Table 13: KV values for Håen 2. Average calculated without T/H SH S-27. 

Sample ID KV Sample ID KV 

T/H SH S-1 (n=5) 1.7 T/H SH S-16 (n=5) 1.4 

T/H SH S-2 (n=5) 1.9 T/H SH S-17 (n=5) 1.2 

T/H SH S-3 (n=7) 1.5 T/H SH S-18 (n=5) 1.7 

T/H SH S-4 (n=5) 1.3 T/H SH S-19 (n=5) 1.4 

T/H SH S-5 (n=5) 1.5 T/H SH S-20 (n=5) 2.3 

T/H SH S-6 (n=5) 1.2 T/H SH S-21 (n=5) 1.2 

T/H SH S-7 (n=5) 1.1 T/H SH S-22 (n=5) 2.1 

T/H SH S-8 (n=6) 1.4 T/H SH S-23 (n=5) 2.1 

T/H SH S-9 (n=5) 1.3 T/H SH S-24 (n=5) 1.3 

T/H SH S-10 (n=5) 1.6 T/H SH S-25 (n=5) 1.2 

T/H SH S-11 (n=5) 1.5 T/H SH S-26 (n=5) 1.3 

T/H SH S-12 (n=5) 1.6 T/H SH S-27 (n=5) 6.5 

T/H SH S-13 (n=5) 1.6 T/H SH S-28 (n=5) 1.8 

T/H SH S-14 (n=5) 1.3 T/H SH S-29 (n=5) 1.5 

T/H SH S-15 (n=5) 1.9 T/H SH S-30 (n=5) 1.4 

  Håen 2. avg. 1.5 

 

Comparing the numbers obtained for Håen 2 (Table 13), one can see that the 

problematic sample T/H SH S-27 has a substantially lower viscosity than the others 

by Bachmann’s model. This would be explained by the high iron content present in 

the sample.  

A more detailed way to model slag viscosities was proposed by G. Urbain (Urbain, 

1987), and simplified and condensed by K. C. Mills (Mills, 1995). Unlike Bachmann’s 

model, this calculation both involves temperature as a variable, and produces an 

output in poise (η). To keep with the standard system applied throughout the thesis, 

the values are converted to Pa·s instead of poise (1 η = 0.1 Pa·s). Since temperature 

is a variable included in this formula, the output can be used to propose a 

temperature range of operation for the furnace. For practical reasons, the 

temperature range applied to the formula here ranges from 1200°C at the lower end, 

as this is the nearest whole number above the solidification temperature of fayalite. 

The upper end is set to 1500°C, as this is just below the liquidus temperature of iron, 
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which would cause the bloomery process to fail. Mills compares a variety of methods 

to estimate viscosities, and concludes that Urbain’s model appears to produce 

reasonable estimates (Mills, 1995, p. 397), which why it is the one used here. 

In this model, the variables A and B are calculated by dividing the slag constituents 

in weight percent (%wt) into glass formers (XG), modifiers (XM) and amphoterics (XA) 

based on how they influence the slag properties (Equation 6).   

Equation 6: Calculation of XG, XM and XA after Mills 1995. 

𝑋𝐺 =  𝑋𝑆𝑖𝑂2
+ 𝑋𝑃2𝑂5

 

𝑋𝑀 = 𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑔𝑂 + 𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂 + 𝑋𝐹𝑒𝑂 + 𝑋𝑀𝑛𝑂 + 2𝑋𝑇𝑖𝑂2
 

𝑋𝐴 = 𝑋𝐴𝑙2𝑂3
+ 𝑋𝐹𝑒𝑂 

Equation 7: Calculation of the B variable, after Mills 1995. 

𝐵 = 𝐵0 + 𝐵1𝑋𝐺 + 𝐵2(𝑋𝐺)2 + 𝐵3(𝑋𝐺)3 

For the different values B0, B1, B2 and B3, the following values are provided (Mills, 

1995), calculated from the original formula (Urbain, 1987), with the value for XG taken 

from Equation 6: 

Equation 8: Values for B0, B1, B2 and B3. In Mill’s work, the value for B2 is presented as α7 (Mills, 1995, 
p. 353), whereas Urbain presents this as α2 (Urbain, 1987, p. 112). Therefore, the value of α2 is used 

here. 

𝐵0 = 13.8 + 39.9355𝛼 − 44.049𝛼2 

𝐵1 = 30.481 − 117.1505𝛼 + 139.9978𝛼2 

𝐵2 =  −40.9429 + 234.0486𝛼 − 300.04𝛼2 

𝐵3 = 60.7619 − 153.9276𝛼 + 211.1616𝛼2 

To calculate the value of α, the variables from Equation 6 are used as follows: 

Equation 9: Calculating α. 

𝛼 =
𝑋𝑀

𝑋𝑀 + 𝑋𝐴
 

Using the above calculations to find the values for B, the value for A can be found 

using the calculation:  

Equation 10: Finding the value of A from B. 

−𝑙𝑛𝐴 = 0.2693𝐵 + 11.6725 
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Which finally allows calculation of the viscosity at temperature T (in °K) as: 

Equation 11: Calculation of viscosity at temperature T in poise. 

η = [𝐴𝑇𝑒𝑥𝑝 (
103𝐵

𝑇
)] 

Using the above calculation for the slags from Håen 2, not only the uniformity of the 

process can be assessed, but a proposal for the operating temperature can be made. 

With water at room temperature having a viscosity of c. 0.1 Pa·s, and jam around 

9 Pa·s (Michael Smith Engineers Limited, 2021), slag for tapping would likely not 

move sufficiently freely above 10 Pa·s. The values obtained for Håen 2 at different 

temperatures show a large variation at the lower end of the temperature range, 

which narrows down as temperature increases. It is worth noting however, that the 

values for all measurements will eventually get close to 0 as the temperature 

increases. Further, Urbain reports deviation between calculated and measured 

values of up to 15% (Urbain, 1987, p. 114). As such, the values presented here (Table 

14) are not accurate presentations of the viscosity at different temperatures, but 

rather estimates. 

  



Ironmaking in the Viking Age – Middle Norway 

 

| 149 | 
 

Table 14: Viscosity of slag from Håen 2 in Pa·s. Average value calculated omitting T/H SH S-27. 

Sample ID 1200°C 1300°C 1400°C 1500°C 

T/H SH S-1 (n=5) 17.0 6.7 2.9 1.4 

T/H SH S-2 (n=5) 13.3 5.3 2.4 1.2 

T/H SH S-3 (n=7) 23.1 8.8 3.8 1.8 

T/H SH S-4 (n=5) 31.7 11.6 4.8 2.2 

T/H SH S-5 (n=5) 22.5 8.6 3.7 1.7 

T/H SH S-6 (n=5) 44.9 15.9 6.4 2.9 

T/H SH S-7 (n=5) 54.2 18.8 7.4 3.3 

T/H SH S-8 (n=6) 26.2 9.8 4.2 1.9 

T/H SH S-9 (n=5) 33.5 12.2 5.0 2.3 

T/H SH S-10 (n=5) 19.0 7.4 3.2 1.5 

T/H SH S-11 (n=5) 20.4 7.8 3.4 1.6 

T/H SH S-12 (n=5) 17.6 6.9 3.0 1.5 

T/H SH S-13 (n=5) 19.4 7.5 3.3 1.6 

T/H SH S-14 (n=5) 33.6 12.2 5.1 2.3 

T/H SH S-15 (n=5) 13.2 5.3 2.4 1.2 

T/H SH S-16 (n=5) 29.2 10.8 4.5 2.1 

T/H SH S-17 (n=5) 38.0 13.7 5.6 2.5 

T/H SH S-18 (n=5) 16.9 6.6 2.9 1.4 

T/H SH S-19 (n=5) 27.8 10.4 4.4 2.0 

T/H SH S-20 (n=5) 9.0 3.8 1.8 0.9 

T/H SH S-21 (n=5) 36.4 13.2 5.4 2.5 

T/H SH S-22 (n=5) 11.5 4.7 2.1 1.1 

T/H SH S-23 (n=5) 11.2 4.6 2.1 1.0 

T/H SH S-24 (n=5) 37.4 13.5 5.5 2.5 

T/H SH S-25 (n=5) 39.9 14.3 5.8 2.6 

T/H SH S-26 (n=5) 28.5 10.6 4.4 2.1 

T/H SH S-27 (n=5) 2.0 1.0 0.5 0.3 

T/H SH S-28 (n=5) 15.6 6.2 2.7 1.3 

T/H SH S-29 (n=5) 20.4 7.8 3.4 1.6 

T/H SH S-30 (n=5) 24.0 9.1 3.9 1.8 

     

Håen 2 avg. 25.4 9.4 4.0 1.9 
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Figure 46: Graph showing the calculated viscosity of the Håen 2 slag over temperature, with exponential 

trendlines added. 
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Plotting the different values obtained for the slag viscosity visualises the large 

variation seen in viscosities at low temperatures (1200°C), decreasing with 

increasing temperature.  

In addition to the variation within the site, the numbers presented here can be used 

to propose estimates for furnace operating temperatures; Rehder (Rehder, 2000, p. 

111) suggests a working viscosity for slags in a furnace to around 0.5 Pa·s, which none 

of the slags at Håen 2 appear to reach. However, given the limitations of the model, 

it can be suggested that any value below 5 Pa·s in Figure 46 could yield a workable 

slag, with values exceeding 5 being simply too viscous for proper tapping out of the 

furnace. Because of this, an operating temperature at Håen 2 at or above c. 1400°C 

can be proposed, where the majority of samples would display viscosities in a 

workable range.  

A challenge with operation at this temperature is that it pushes the limit for where 

the bloomery process would still be direct. Operating at this range means that the 

chemical balance of the burden has to be absolutely right in order to avoid creating 

cast iron. 

Proposing an operating temperature based on calculated viscosity has certain 

advantages over using phase diagrams; instead of focusing at the melting point of 

the slag – for which the ternary diagram can be used – it considers the operating 

temperature which might be well above this. A core challenge with these estimates 

however is that all assume a form of chemical equilibrium to have been present, 

which, given the presence of a glassy phase, is not always the case. Despite this 

however, comparing smelting temperatures can provide vital information regarding 

regional and local variation, and differences and similarities between cultures 

(Kądziołka et al., 2020, p. 2). 
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5.1.6 Summary Håen 2 

Based on the material presented, a few preliminary conclusions regarding Håen 2 

can be drawn. The furnace falls well within the Viking Age in terms of chronology 

through radiocarbon dating. The furnace type corresponds to the “Stone foundation” 

group introduced previously. Although the quantities of slag at the site could not be 

ascertained, production appears to have been of moderate scale at best. 

Slag macro- and micromorphology both confirm a practice of slag liquid slag 

tapping, with slag chemistry showing a limited amount of variation, indicative of a 

well-established practice. Low values for phosphorous in the slag are as expected 

for ironmaking slags from middle Norway, supporting the notion of locally sourced 

ores.  

An RII above 1.0 supports the notion of a well-established practice of ironmaking, as 

a presence of excess silica in the slag can be interpreted as an indication of in-depth 

knowledge of the properties of local ore sources and how to maximise output from 

these. 

The calculated slag viscosity suggests high temperature operation in order to 

achieve slag tapping, most likely in the highest range of feasible temperatures for a 

bloomery furnace. 
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5.2 Skistua/Vintervatn (Trondheim, Trøndelag) 

5.2.1 The furnace and excavation 

The furnace at Skistua/Vintervatn is located in the city of Trondheim in Trøndelag 

county. It is located in the middle of the popular recreational area “Bymarka” (the 

town common), half-way between the two landmarks Skistua (the skiing cabin) and 

lake Vintervatn. The furnace remains are found near a stream connecting the bogs 

below Skistua with the lake, in an area that has few other archaeological sites. The 

whole of Bymarka and the city of Trondheim have a rich archaeological and historical 

record, but for this area of Bymarka, there are few archaeological sites. Charcoal 

making pits from both Viking Age and the Medieval period dominate the surrounding 

forests. Aside from the furnace found at the site however, and an ore storage area 

near the uphill bog however (Figure 47), there were no other features that could be 

directly associated with ironmaking. 

The presence of the remains of a walled structure found in the vicinity of the furnace 

have not been linked to the furnace since no datable material was found within the 

remains of said structure, and there has been too much activity in the area 

throughout history to distinctly link the structure to the furnace based on the 

proximity alone.  

 

Figure 47: Overview of the furnace site at Skistua (red dot) and ore concentration (blue triangle) with the 
building Skistua in the top-right corner, and lake Vintervatn in the bottom left. 
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The ironmaking site is located c. 408 m.a.s.l. in a shallow valley on a slope 

overlooking the lake beneath it to the west (Figure 47). To the north, the site is 

sheltered by the highest point in the area, Gråkallen at 552 m.a.s.l. To the south, the 

site is sheltered by a ridge at 432 m.a.s.l., rising gently towards Skistua at 501 m.a.s.l. 

to the east of the site. A concentration of what was interpreted as ore was located 

c. 80 m north of the furnace, at the edge of a bog at 426 m.a.s.l., which is where the 

ore is assumed to come from. 

In 2003 archaeologists from the NTNU excavated the furnace as part of an 

investigation into how Bymarka had been used in historical times. With many 

charcoal production sites found in the entire area, an ironmaking site stood out and 

was deemed worth investigating further. The 2003 excavation and survey of the 

vicinity of the ironmaking site yielded a stone-built furnace foundation (Figure 48), 

associated slag heap, and two areas with suspected ore concentration in the area. 

Only one of them was registered in detail, being located near the bog to the north of 

the furnace site. Material from both areas was collected and made available for 

analysis. 

 

Figure 48: The furnace at Skistua after excavation, with the stone foundation clearly visible, and the 
suspected slag extraction feature towards the top-right. Picture taken towards north-east. Photo: 
R. Berge. 
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Based on the unmistakable stone foundation for this furnace, it can confidently be 

placed within the “stone foundation” furnace category presented earlier. Aside from 

the relatively well-preserved furnace foundation, little furnace lining or shaft 

remains were found within the remains of the furnace. A trench or channel leading 

out of the furnace centre (top-right in Figure 48) was interpreted as a slag tapping 

opening, as it contained slag that had solidified against the sides. 

Radiocarbon dating carried out on three samples of charcoal collected associated 

with the ironmaking site gave the date range AD 894-1214 (Figure 49), which stands 

in contrast to the originally reported AD 885-1025 (Berge, 2009, p. 117). The original 

dating makes the site contemporary to the previously presented furnace at Håen 2 

and is the reason this site was selected as well. 

 

Figure 49: Radiocarbon dating range for different features at Skistua. 

 

5.2.2 Slag distribution 

A slag heap was found just north-east of the furnace (behind it in Figure 48), which 

is surprising, as the terrain rises in this direction, suggesting that slag was deposited 

uphill from the furnace, rather than downhill. Since one of the benefits of slag tapping 

is that slag is removed from the furnace through gravity, depositing it uphill from the 

site appears counterintuitive. The slag heap was fully excavated and redeposited in 

the forest behind the furnace, away from the hiking path. Unfortunately, no exact 

measurements were carried out, but according to the leader of the excavation, R. 

Berge from the NTNU Archaeological Museum “Approximately 70 buckets of slag” 

were removed (R. Berge, pers. comm. 2017). Given the type of bucked used a rough 

estimate of the slag heap comes to c. 1400 l as a maximum. From the illustrations of 

the excavated area, an oblong concentration of slag and charcoal, measuring 

c. 3 × 2 m was identified as the slag heap (Figure 50). Distributing c. 1400 l slag 
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across an area of that size would yield a very shallow slag heap, no more than 25 cm 

in height, which, together with the total volume of the slag heap, suggests production 

was not carried out over a long time-span or at a high intensity.  

 

Figure 50: Map of the site at Skistua. Furnace labelled F at the centre of the image, slag heap labelled 
SH, with a suspected ore storage labelled O (bottom left). Illustration by R. Berge. 

 

5.2.3 Slag morphology 

Slag at Skistua was originally located in the slag heap to the north-east of the 

furnace, but was redeposited in the forest behind the furnace during the excavation. 

Therefore, the original context of samples could not be established to the same 

extent as for the previously presented site. 

Characteristic for the slag at Skistua was the absence of clearly defined tapped 

plates of slag. Instead, slag here was of a more clustered nature, indicating a higher 

viscosity during formation, or unsuccessful attempts at tapping. The samples varied 

in size from roughly fist-size to smaller (Figure 51), and had a large variety of shapes. 

A fairly common feature are impressions of charcoal, still clearly visible within the 

slag. Some fragments display flow patterns and clearly identifiable top and bottom 

sides, but the majority of slag is less clearly identifiable as tapped. This provided a 
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larger variety of identified slag categories than anticipated, with almost equal 

numbers of slag identified as tapped (n=14) and slag of uncertain origin (n=15), with 

only a smaller group (n=7) clearly identified as furnace slag, the latter of which was 

collected from within the furnace (Figure 52).  

 

Figure 51: Selection of slag specimen from Skistua. Top row (left to right): T/S SH S-13, T/S SH S-19, 

T/S SH S-24. Bottom row (left to right): T/S SH S-29, T/S SH S-10, T/S SH S-25. Photo: O. F. Nordland. 

 

Figure 52: Macroscopic classification of slag fragments from Skistua. Based on the numbers (n=36), 
there are 14 pieces of tapped slag, seven pieces of furnace slag, and 15 pieces of slag of uncertain origin 
in the collected assemblage. 

In terms of identifying characteristics of the slag, the vast majority had some type of 

flow patterns visible, but not as clearly defined as expected of tapped slag. About 
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half the specimen showed signs of surface corrosion, with no clear connection to 

the morphology. A large number of specimens showed some type of flow pattern, 

which were not always clearly connected to the slag being tapped out of the furnace. 

Impressions were found on roughly the same number of specimens, with some 

having both features.  

Impressions were identified as charcoal based on the fibrous nature of these 

impressions, as can be seen in Figure 53. The size of these charcoal impressions 

matches the shape and size (c. 1 cm3) of charcoal samples collected from within the 

furnace (Figure 54). 

 

Figure 53: Slags from Skistua showing fibrous impressions interpreted as charcoal, indicated with 
arrows. Clockwise from top left: T/S SH S-14, T/S SH S-21, T/S SH S-23, T/S SH S-15. Photo: 

O. F. Nordland. 
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Figure 54: Charcoal samples collected from inside the furnace at Skistua. Photo: O. F. Nordland. 

5.2.4 Slag microstructures 

Microstructurally, the slags from Skistua display the same crystal structures as 

presented earlier, with overall larger quantities of wüstite seen. In addition, the 

observed fayalite is largely less oriented, and the crystals larger (Figure 55). Well-

developed fayalite crystals growing in every direction are atypical for tapped slag as 

they develop perpendicular to the cooling front of the liquid slag. Fayalite growing in 

multiple directions indicates a slower rate of cooling without much movement. Large 

variation was observed regarding the size, presence and distribution of hercynite 

(Figure 56), which was present in large angular blocks, as well as smaller 

fragmented parts dispersed throughout the samples. 
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Figure 55: Selection of slag microstructures in slag from Skistua. Top row (left to right): T/S SH S-14, T/S 
SH S-3. Bottom row (left to right): T/S SH S-24, T/S SH S-30. S-3 (top right) appears virtually free from 
wüstite with large quantities of hercynite visible. S-14 (top left) shows large, blocky fayalite grains without 
any clear direction. S-24 and S-30 (bottom left and right respectively) show potential unidirectionality of 
the fayalite development.  

The virtual absence of magnetite bands within the samples lends further support to 

the notion of these slags not quite conforming to the classifiers used to identify 

tapped slag, while the high amounts of wüstite observed indicated primarily a large 

loss of FeO in the slag. 
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Figure 56: High magnification image of T/S SH S-20 showing dark grey angular hercynite among lighter 
grey fayalite, white wüstite, and almost black glassy matrix. 

Another observation was a large number of spherical voids noted within some 

samples (Figure 57). As these would have been formed by trapped gasses as the 

slag solidified, the almost perfectly round shape would indicate a stationary slag, 

that is, minimal movement during the solidification phase. This is in direct opposition 

to the general mechanics in place during slag tapping, suggesting that this slag was 

not tapped.  
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Figure 57: T/S SH S-25 showing high concentrations of wüstite, as well as large, thin fayalite grains, with 
cubic hercynite visible in between. Bright iron prills can be seen, as well as a large number of almost 

perfectly round voids formed by trapped gasses. 

During the detailed analysis of the samples, grains resembling angular prills were 

observed and assumed to be iron prills (Figure 58). The chemical composition of 

them however, with c. 13%wt S, 59%wt Ba and 27%wt O identified this to be barite, 

BaSO4. 
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Figure 58: Angular grain identified as barite by its chemical composition. 
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5.2.5 Slag chemistry 

The chemical analysis of 30 slag samples from the slag heap at Skistua showed an 

FeO rich slag with high concentrations of Al2O3 and SiO2. MnO was present in low 

concentrations (Table 15, see Appendix D for full analysis). P2O5 was detected in very 

low concentrations, as was SO3, lending further support to the notion of Trøndelag 

bog ores being low in phosphorous (Buchwald, 2005, p. 321). 

Table 15: Chemical composition of slags form Skistua acquired with SEM-EDS normalised 
stoichiometrically to 100% with analytical totals presented in the right-most column. Values below the 
detection limit are presented as < 0.1. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

T/S SH S-1 (n=5) 1.5 0.4 8.6 22.6 0.4 0.4 0.8 1.3 0.2 3.3 60.5 109.5 

T/S SH S-2 (n=5) 1.8 0.6 7.4 29.0 0.3 < 0.1 1.0 2.2 0.4 2.3 55.1 109.5 

T/S SH S-3 (n=5) 1.6 0.5 10.3 27.2 0.4 0.2 0.9 1.3 0.4 7.1 50.3 106.2 

T/S SH S-4 (n=5) 1.3 0.7 8.7 23.7 0.6 0.4 0.9 2.3 0.3 3.8 57.5 108.4 

T/S SH S-5 (n=5) 1.3 0.6 13.2 27.1 0.3 0.2 0.7 1.2 0.4 9.1 46.0 101.9 

T/S SH S-6 (n=5) 2.0 0.5 7.8 28.8 0.3 0.2 1.1 2.4 0.5 2.1 54.4 100.9 

T/S SH S-7 (n=5) 1.8 0.7 8.1 27.1 0.4 0.3 1.1 2.7 0.4 2.4 55.0 114.7 

T/S SH S-8 (n=5) 0.9 0.5 5.7 21.3 0.5 0.3 0.7 1.5 0.2 2.8 65.6 112.2 

T/S SH S-9 (n=5) 1.7 0.5 9.8 27.5 0.3 0.3 1.1 1.7 0.4 3.4 53.2 99.7 

T/S SH S-10 (n=5) 1.8 0.6 7.3 28.0 0.3 < 0.1 0.9 2.1 0.4 2.4 56.3 101.2 

T/S SH S-11 (n=5) 1.4 0.4 7.9 21.4 0.5 0.3 0.7 1.3 0.2 1.3 64.8 101.5 

T/S SH S-12 (n=5) 1.7 0.6 10.2 29.6 0.3 0.2 1.0 1.6 0.4 5.6 48.9 102.4 

T/S SH S-13 (n=5) 1.7 0.5 9.9 26.6 0.5 0.4 1.0 2.1 0.3 5.8 51.2 100.5 

T/S SH S-14 (n=5) 1.4 0.5 7.0 25.8 0.5 0.3 0.9 1.8 0.3 5.4 56.1 101.2 

T/S SH S-15 (n=5) 1.1 0.8 7.5 23.8 0.5 0.3 0.8 2.2 0.3 4.3 58.4 101.4 

T/S SH S-16 (n=5) 1.9 0.6 7.6 29.4 < 0.1 0.2 1.1 2.3 0.4 1.8 54.7 104.2 

T/S SH S-17 (n=5) 1.2 0.5 6.3 27.1 0.4 0.3 1.0 1.3 0.2 4.6 57.1 99.9 

T/S SH S-18 (n=5) 1.3 0.5 6.7 25.1 0.5 0.2 0.9 1.5 0.3 5.3 57.7 103.1 

T/S SH S-19 (n=5) 1.8 0.6 6.7 26.0 0.4 0.3 0.9 2.3 0.4 1.7 59.1 101.6 

T/S SH S-20 (n=5) 1.7 1.0 9.1 28.8 0.7 0.5 1.6 3.5 0.4 6.2 46.5 103.1 

T/S SH S-21 (n=5) 1.0 0.6 8.7 21.0 0.5 0.2 0.5 1.3 0.3 2.2 63.8 97.7 

T/S SH S-22 (n=5) 1.7 0.4 9.2 24.6 0.4 0.3 1.0 1.7 0.3 5.2 55.3 102.8 

T/S SH S-23 (n=5) 1.5 0.6 9.7 25.1 0.3 0.2 0.8 1.6 0.3 6.0 53.8 96.3 

T/S SH S-24 (n=5) 1.6 0.6 6.4 25.8 0.3 < 0.1 0.8 1.8 0.3 1.8 60.6 105.9 

T/S SH S-25 (n=5) 1.0 0.6 6.3 21.5 0.5 0.3 0.8 1.9 0.3 3.4 63.3 99.8 

T/S SH S-26 (n=5) 1.2 0.4 8.2 23.1 0.4 0.2 0.8 1.4 0.3 5.0 59.2 99.4 

T/S SH S-27 (n=5) 2.1 0.4 9.4 27.8 0.4 0.4 1.1 1.9 0.4 4.1 52.1 93.4 

T/S SH S-28 (n=5) 1.8 0.4 9.3 29.1 0.4 0.5 1.3 1.7 0.4 3.1 52.1 106.0 

T/S SH S-29 (n=5) 1.9 0.7 6.9 29.7 0.4 0.3 1.0 2.7 0.4 2.1 53.9 103.3 

T/S SH S-30 (n=5) 1.1 0.5 6.2 21.2 0.5 0.3 0.8 1.5 0.2 2.6 65.2 111.4 

 

Since the largest variation seen within samples was the presence or absence of P2O5 

and sulphur SO3 respectively, both which are only present in low concentrations in 
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the samples where they are detected, it appears as though the process at Skistua 

was uniform. This is confirmed further by little variation between the samples when 

comparing the average of the site to its standard deviation and coefficient of variation 

(Table 16). Another noteworthy observation is the high ratio between SiO2 and Al2O3, 

which produces an F-value of 3.2. Compared to the site at Håen 2, the concentration 

of MnO is also almost double. 

Table 16: Mean, standard deviation (SD) and coefficient of variation (CV) for slags from Skistua. 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

Skistua avg. 1.5 0.5 8.2 25.8 0.4 0.3 0.9 1.9 0.3 3.9 56.2 103.3 

SD 0.3 0.1 1.6 2.8 0.1 0.1 0.2 0.5 0.1 1.9 5.2 4.8 

CV 21% 24% 20% 11% 22% 27% 21% 29% 24% 48% 9% 4% 

  

The values for the analytical ratios presented earlier can be calculated using the 

same formulae (Equation 1 for the F-value, Equation 2 for the G-value, Equation 3 for 

the R-value, and Equation 4 for the RII). Notably here, an RII of around 1 (1.04 average 

for the whole assemblage) (Table 17), indicates good balance between iron and silica 

in the slag, with little iron sacrificed to make the slag. This in turn can be interpreted 

for a well-developed system, where the smelters had a good understanding of their 

work.  

When visualising the ratios (Figure 59), a more stretched pattern emerges, in 

particular for the R-value. 
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Table 17: F-value, G-value, R-value and RII for the slags from Skistua. 

Sample ID F G R RII 

T/S SH S-1 (n=5) 2.6 17.2 2.8 0.9 

T/S SH S-2 (n=5) 3.9 19.4 2.0 1.2 

T/S SH S-3 (n=5) 2.7 22.4 2.1 1.1 

T/S SH S-4 (n=5) 2.7 20.3 2.6 0.9 

T/S SH S-5 (n=5) 2.1 28.3 2.0 1.2 

T/S SH S-6 (n=5) 3.7 20.7 2.0 1.2 

T/S SH S-7 (n=5) 3.4 21.7 2.1 1.1 

T/S SH S-8 (n=5) 3.7 12.3 3.2 0.7 

T/S SH S-9 (n=5) 2.8 23.0 2.1 1.2 

T/S SH S-10 (n=5) 3.9 18.4 2.1 1.1 

T/S SH S-11 (n=5) 2.7 15.4 3.1 0.8 

T/S SH S-12 (n=5) 2.9 24.4 1.8 1.3 

T/S SH S-13 (n=5) 2.7 23.6 2.1 1.1 

T/S SH S-14 (n=5) 3.7 16.5 2.4 1.0 

T/S SH S-15 (n=5) 3.2 17.8 2.6 0.9 

T/S SH S-16 (n=5) 3.9 20.5 1.9 1.2 

T/S SH S-17 (n=5) 4.3 14.5 2.3 1.0 

T/S SH S-18 (n=5) 3.7 15.1 2.5 1.0 

T/S SH S-19 (n=5) 3.9 17.1 2.3 1.0 

T/S SH S-20 (n=5) 3.2 28.5 1.8 1.3 

T/S SH S-21 (n=5) 2.4 16.7 3.1 0.8 

T/S SH S-22 (n=5) 2.7 20.3 2.5 1.0 

T/S SH S-23 (n=5) 2.6 21.1 2.4 1.0 

T/S SH S-24 (n=5) 4.0 15.2 2.4 1.0 

T/S SH S-25 (n=5) 3.4 14.4 3.1 0.8 

T/S SH S-26 (n=5) 2.8 16.6 2.8 0.9 

T/S SH S-27 (n=5) 3.0 22.7 2.0 1.2 

T/S SH S-28 (n=5) 3.1 22.8 1.9 1.3 

T/S SH S-29 (n=5) 4.3 20.0 1.9 1.3 

T/S SH S-30 (n=5) 3.4 13.2 3.2 0.8 

     

Skistua avg. 3.1 19.3 2.4 1.0 
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Figure 59: Beeswarm plot showing the G-value, F-value, R-value and RII for slag from Skistua. 

Within the slag, in addition to the aforementioned barite observations, prills were 

observed in the majority of samples, but due to the varied size, not all were analysed. 

Of those analysed (Table 18), small amounts of manganese were identified in over 

half, in consistent quantities. Aluminium was detected in one of the samples, but this 

most likely was caused by the detection of the surrounding material, or possible 

contamination during sample preparation. 

Table 18: Iron prills in selected slag samples from Skistua.  

Sample ID Prill size Shape Al Mn Fe Total 

T/S SH S-3 c. 10 µm angular 1.5 0.4 98.2 103.4 

T/S SH S-14 c. 20 µm angular  0.2 99.8 98.6 

T/S SH S-18 c. 20 µm angular  0.3 99.7 101.6 

T/S SH S-19 c. 30 µm angular   100.0 96.9 

T/S SH S-21 c. 10 µm round   100.0 97.3 

T/S SH S-22 c. 20 µm round  0.3 99.7 99.1 

T/S SH S-23 c. 10 µm round   100.0 93.5 

T/S SH S-25 c. 20 µm round   100.0 100.2 

T/S SH S-26 c. 20 µm angular  0.2 99.8 98.7 

T/S SH S-27 c. 10 µm angular  0.2 99.8 99.6 

T/S SH S-28 c. 10 µm angular  0.2 99.8 102.6 

T/S SH S-30 c. 20 µm round   100.0 107.5 
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The presence of manganese in the metal as well as in notable concentrations in the 

slag will be discussed in more detail in a comparative discussion between Viking 

Age sites in Chapter 9 . 

Plotting the chemical composition of the Skistua slags on the SiO2-Al2O3-FeO+MnO 

ternary diagram resulted in a densely clustered graph along the divide between 

hercynite and fayalite (Figure 60), as was observed during the microscopic 

investigation (Figure 55). The dense clustering can be interpreted as an indication of 

a well-developed process, despite being located between the two optima identified 

(Charlton et al., 2010). Although it might appear as though the graph shows two 

clusters, the proximity of them makes it unlikely that these are different instances 

or an indication of procedural differences, but instead, the graph should be 

interpreted showing a single cluster covering a larger area.  

 

Figure 60: Al2O3-SiO2-FeO+MnO ternary diagram showing the individual plots for Skistua (black) with 
the average for the site plotted as well (red). Ternary after Charlton et al., 2010, p. 358. 
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Using the chemical composition of the slags, and Equation 5, the viscosity index KV 

for the site can be calculated, showing a rather low level of variation, with a site 

mean of 1.9, indicating a low viscosity slag (Table 19). Comparing this to the 

observations made during the macroscopic investigation of the samples, which did 

not conform to the expected tapped slag, raises the question how a low-viscosity 

slag could form the observed lumps rather than nice tapping sheets.  

Table 19: KV value for the slags from Skistua. 

Sample ID KV Sample ID KV 

T/S SH S-1 (n=5) 2.2 T/S SH S-16 (n=5) 1.7 

T/S SH S-2 (n=5) 1.7 T/S SH S-17 (n=5) 2.0 

T/S SH S-3 (n=5) 1.6 T/S SH S-18 (n=5) 2.1 

T/S SH S-4 (n=5) 2.1 T/S SH S-19 (n=5) 2.0 

T/S SH S-5 (n=5) 1.5 T/S SH S-20 (n=5) 1.6 

T/S SH S-6 (n=5) 1.7 T/S SH S-21 (n=5) 2.3 

T/S SH S-7 (n=5) 1.8 T/S SH S-22 (n=5) 1.9 

T/S SH S-8 (n=5) 2.7 T/S SH S-23 (n=5) 1.9 

T/S SH S-9 (n=5) 1.6 T/S SH S-24 (n=5) 2.1 

T/S SH S-10 (n=5) 1.8 T/S SH S-25 (n=5) 2.6 

T/S SH S-11 (n=5) 2.4 T/S SH S-26 (n=5) 2.2 

T/S SH S-12 (n=5) 1.5 T/S SH S-27 (n=5) 1.7 

T/S SH S-13 (n=5) 1.7 T/S SH S-28 (n=5) 1.6 

T/S SH S-14 (n=5) 2.0 T/S SH S-29 (n=5) 1.7 

T/S SH S-15 (n=5) 2.2 T/S SH S-30 (n=5) 2.6 

    

  Skistua avg. 1.9 

   

A potential explanation for the macroscopic morphology of slag from Skistua can be 

the operating temperature. Although this variable is difficult to ascertain, using 

Urbain’s method for slag viscosity allows assumptions to be made regarding this 

(Urbain, 1987) (Table 20).  
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Table 20: Calculated viscosity of slag from Skistua in Pa·s at different temperatures. 

Sample ID 1200°C 1300°C 1400°C 1500°C 

T/S SH S-1 (n=5) 10.3 4.3 2.0 1.0 

T/S SH S-2 (n=5) 16.8 6.6 2.9 1.4 

T/S SH S-3 (n=5) 17.2 6.7 3.0 1.4 

T/S SH S-4 (n=5) 11.2 4.6 2.1 1.1 

T/S SH S-5 (n=5) 20.8 8.0 3.5 1.6 

T/S SH S-6 (n=5) 17.1 6.7 2.9 1.4 

T/S SH S-7 (n=5) 14.7 5.9 2.6 1.3 

T/S SH S-8 (n=5) 7.3 3.1 1.5 0.8 

T/S SH S-9 (n=5) 17.9 7.0 3.1 1.5 

T/S SH S-10 (n=5) 15.0 6.0 2.7 1.3 

T/S SH S-11 (n=5) 9.0 3.8 1.8 0.9 

T/S SH S-12 (n=5) 22.3 8.5 3.6 1.7 

T/S SH S-13 (n=5) 15.9 6.3 2.8 1.4 

T/S SH S-14 (n=5) 12.0 4.9 2.2 1.1 

T/S SH S-15 (n=5) 10.3 4.2 2.0 1.0 

T/S SH S-16 (n=5) 17.6 6.9 3.0 1.5 

T/S SH S-17 (n=5) 13.1 5.3 2.4 1.2 

T/S SH S-18 (n=5) 11.0 4.5 2.1 1.0 

T/S SH S-19 (n=5) 12.0 4.9 2.2 1.1 

T/S SH S-20 (n=5) 17.9 7.0 3.1 1.5 

T/S SH S-21 (n=5) 9.0 3.8 1.8 0.9 

T/S SH S-22 (n=5) 12.6 5.1 2.3 1.1 

T/S SH S-23 (n=5) 13.5 5.4 2.4 1.2 

T/S SH S-24 (n=5) 11.6 4.7 2.2 1.1 

T/S SH S-25 (n=5) 7.7 3.3 1.6 0.8 

T/S SH S-26 (n=5) 10.2 4.2 2.0 1.0 

T/S SH S-27 (n=5) 17.6 6.9 3.0 1.5 

T/S SH S-28 (n=5) 20.5 7.9 3.4 1.6 

T/S SH S-29 (n=5) 17.4 6.8 3.0 1.4 

T/S SH S-30 (n=5) 7.5 3.2 1.5 0.8 

     

Skistua avg. 13.9 5.5 2.5 1.2 

 

An immediate observation from this table is the rather rapid reduction in viscosity, 

reaching well below 10 Pa·s at 1300°C, with a handful of samples already starting 

there at 1200°C. In addition to this, variation within the assemblage is low at low 

temperatures (Figure 61). At lower temperatures, small variation would be indicative 

of successful mastery of the smelting process as well as indication of solid 

temperature control. 
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Figure 61:  Graph showing the viscosity of the Skistua slag over temperature, with exponential trendlines 
added. Note that the Pa·s axis is scaled to match the one for Håen 2 to simplify comparison. 
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As can be seen from plotting the viscosity graph for the Skistua slags, most samples 

fall below 20 Pa·s even at the lowest temperature, with all reaching single digit 

viscosities before 1300°C, and all but three doing so just after 1250°C, suggesting an 

operating temperature within this range. 

 

5.2.6 Skistua ores 

During the excavation of the site and the surveying of the vicinity, an ore 

concentration at the edge of the bog was discovered, and identified as an ore storage 

site, associated with the furnace. In addition to this, a secondary, smaller area of 

suspected ore was discovered near the furnace. With samples from both made 

available for analysis, it became apparent that only one of these would work as a 

suitable source of ore, whereas the other most likely was a source of clay for 

furnace construction or repairs. 

The provided samples of ore from the site varied in both colour and granularity. The 

ones labelled T/S OS O-1 were of a rusty brown colour, and clumped together in 

porous, fragile lumps. Samples labelled T/S OS O-2 on the other hand had a light-

yellow colour, and were fine grained (Figure 62). Initial investigation with a magnet 

revealed that only samples from the O-1 group were magnetic, with no observable 

reaction between O-2 samples and the magnet. 

 

Figure 62: Ore samples from Skistua. T/S OS O-1 (left) and T/S OS O-2 (right) showing the difference in 
colour and grain composition. Due to the nature of the material, obtaining a clear photograph was 
challenging. Photo: O. F. Nordland. 
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Chemically, a significant difference in composition was noted between the two 

samples. Whereas the rusty brown sample O-1 contained large quantities of FeO, the 

O-2 samples contained concentrations too low to be from a useful ore (Table 21). 

Table 21: Chemical composition of suspected ores from Skistua analysed by SEM-EDS. Iron is 
presented as FeO to simplify comparison with the slag. Note the low analytical totals are a result of the 
high porosity of the samples. 

Sample ID Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO Total 

T/S OS O-1 (n=5) 1.1 < 0.1 5.3 19.6 0.4 0.4 0.4 0.8 72.1 53.7 

Std. deviation 0.4 < 0.1 1.2 5.7 0.1 0.1 0.2 0.6 7.3  

T/S OS O-2 (n=5) 2.1 1.2 15.9 66.4 1.6 0.4 2.3 < 0.1 10.1 30.9 

Std. deviation 0.2 0.3 1.5 2.8 0.2 0.1 0.6 < 0.1 3.7  

 

Considering the relatively high difference in SiO2 and FeO between these two ores, it 

is apparent that only O-1 could have been a useable ore. Due to the high 

concentrations of SiO2 in O-2, it is hypothesised that this could be either a clay 

storage for furnace construction or repairs, or in fact sand collected to act as a flux 

in the smelting process. 

The low concentrations of MnO in the viable ore sample contrast the noticeable 

higher concentrations of MnO in the slag samples discussed above. Even though a 

certain level of enrichment is to be expected in the slag, the analysed ore sample 

would likely not be able to produce the amount of MnO seen in the slag. Based on 

the sample size however, any further explanations would be unreasonably 

ambitious.  

The Al2O3/SiO2 ratio for both ore (0.27) and clay (0.24) is comparable to that of the 

slag (0.32), indicating that not much ceramic was melted during the process, as this 

would have lowered the ratio in the slag. Comparing the composition to two 

fragments of furnace lining, provided comparable numbers (Table 22), making it 

highly likely that the ore assemblage from which O-2 was taken, in fact was a clay 

assemblage, either left over from the construction of the furnace shaft, or intended 

for repairs. 
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Table 22: Chemical composition of two ceramic fragments collected from within the furnace at Skistua 
analysed by SEM-EDS. 

Sample ID Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 MnO FeO Total 

T/S F C-1 
(n=5) 1.8 5.2 14.9 62.0 < 0.1 3.5 1.8 0.9 < 0.1 9.9 71.2 

Std. dev 0.2 0.5 0.8 1.4 - 0.2 0.4 0.2 - 1.4  

            
T/S F C-2 
(n=5) 1.8 0.5 8.3 82.7 0.3 1.5 0.6 1.0 0.3 3.1 60.1 

Std. dev 0.3 0.1 0.6 1.3 0.0 0.1 0.1 0.7 0.1 0.9  

 

A good visualisation of the relationships between ore, slag and ceramics can be 

found in the Al2O3-SiO2-FeO+MnO ternary diagram, which shows an almost perfect 

overlap between O-2 and one of the samples from the furnace shaft (Figure 63).  
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Figure 63: Comparison of slags, furnace materials, and suspected ores from Skistua. Sample O-2 (blue) 
is an almost perfect overlap with one of the samples of furnace material, making it highly likely that this 
was in fact the clay source rather than an ore. 

Based on this, it is apparent that only O-1 can have been an ore, which should have 

been workable to produce iron. Whether or not other ore sources were utilised is 

hard to ascertain, especially given the environment: The site is located within a 

valley, with bogs above and below. It appears unlikely that ore sources further afield 

would have been exploited, as a new furnace could have been constructed there.  
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5.2.7 Summary Skistua 

Despite the macroscopic slag morphology for Skistua not conforming with the 

expected tapped slag seen in contemporary sites elsewhere in the country, the 

evidence cannot be interpreted as a site where the process was not well understood 

or in development. Tight grouping of virtually all variables analysed suggests a highly 

uniform production cycle, with little deviation from an established standard. 

Based on the estimated slag volume on the site, production appears to have been of 

relatively small scale, in line with what is generally understood of Viking Age 

ironmaking sites. 

With an RII of just above 1.0, it is apparent that the ironmakers at Skistua had 

mastered their craft extracting as much iron as their system of operation allowed 

for from the available ores. Based on the information at hand, it appears unlikely that 

more than the single identified ore source where exploited, although this cannot be 

ruled out completely due to the low concentrations of MnO in the analysed ore. 

Based on the calculated slag viscosities, smelting at Skistua happened in a lower 

temperature range than at Håen 2, with a workable slag achievable around 1350°C. 

Based on the slag morphology however, the absence of clearly identifiable tapped 

slag suggests operation below this temperature, with no attempts made to identify 

the exact range. 

The deviation in slag morphology from what is expected can most likely be attributed 

to the slag viscosity at different operating temperatures, where a slag as liquid as 

the one projected here, would need to be cooled down significantly before extraction 

in order not to produce the typical tapping patterns. 
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5.3 Summary Middle Norway 

With the two sites presented here being broadly contemporary and located in close 

proximity to each other, it is not surprising that they share a significant amount of 

similarities. In both cases, the furnaces are built in similar ways, based on a stone 

foundation surrounding and supporting a clay shaft measuring approximately 30 cm 

in inner diameter.  

Both furnaces are located in favourable locations with good access to running water 

in the immediate vicinity, and ore bearing bogs nearby. Dense forests surround both 

sites, allowing for good access to fuel. 

Further, both furnaces are found alone, although Håen 2 has documented furnaces 

in the surrounding area, which does not seem to be the case for Skistua/Vintervatn. 

In both cases, a modest slag heap was found immediately next to the furnace, with 

few other features or buildings associated with the smelting site. 

Slag from both sites is dominated by fayalite and varying levels of wüstite, with some 

occurrences of hercynite, as well as magnetite in between tap layers (where clearly 

identified). The main difference here lies in the orientation; slag from Håen 2 shows 

clear directionality in the fayalite, whereas the microstructure of Skistua/Vintervatn 

slags lacks a preferential orientation, consistent with a slower cooling.  

Chemically both sites have similar slag compositions, dominated by FeO, SiO2 and 

Al2O3 with detectable contributions from MnO and very low concentrations of P2O5. 

The descriptive statistics (F-value and so forth) presented are similar for both sites, 

suggesting a similar approach to ironmaking (Table 23). 

Table 23: Comparison of F, G, and R-value, and RII between Håen 2 and Skistua/Vintervatn. 

Håen 2 F G R RII Skistua F G R RII 

Min 2.6 4.9 1.3 0.3 Min 2.1 12.3 1.8 0.7 

Max 5 34.3 7.6 1.9 Max 4.3 28.5 3.2 1.3 

Median 3.2 24 1.8 1.4 Median 3.2 19.7 2.3 1 

Mean 3.3 23.3 2.1 1.3 Mean 3.2 19.3 2.4 1.0 

σ 0.5 5.7 1.1 0.3 σ 0.6 4.1 0.4 0.2 

CV 15.5 24.5 55.1 25.2 CV 18.4 21.2 18.7 16.6 

 

The biggest difference between these two sites appears to be the slag morphology, 

and proposed operating temperature. Since these two are closely related it seems 

likely that the clear flow-patterns seen in slag from Håen 2 must come from a 
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furnace where slag was tapped at a high temperature (and correspondingly low 

viscosity), whereas the slags from Skistua/Vintervatn appear to have been extracted 

from the furnace at a lower temperature.   
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6  IRONMAKING IN THE VIKING AGE – SOUTH-EASTERN NORWAY 

The area of South-Eastern Norway (Østlandet in Norwegian), covers a large area in 

the southern part of Norway. In the north, it is separated from the aforementioned 

Trøndelag region by the Dovre mountains. In the east, it borders Sweden, and in the 

west, it is separated from Western Norway (Vestlandet) by the Hardangervidda 

mountain plateau. Historically, ironmaking has been carried out in large parts of the 

area, away from the arable lowlands, which are found in the eastern part of the 

region along the Glomma River, and the head of the Oslofjord. This waterscape 

divides the area into an eastern and western divide, with large scale ironmaking 

identified on both sides, particularly the areas surrounding lakes Hovden and 

Møssvatn on the western side, Gråfjell and Rødsmoen on the eastern side, and 

Dokkfløyvatn located somewhat between these two. Chronologically, the eastern 

production sites fall largely into the Viking Age and Early Middle Ages, with the 

western sites predating them slightly.  

In the following, the results of the analysis of ironmaking remains from three sites 

in the area will be presented, with two located in the far north-west of the region 

(Gudbrandslie R31 and Gudbrandslie R6), and one from the south-west (Hovden S1) 

(Figure 64). The latter, following the modern political divide, falls outside of the 

Østlandet area, but due to the association with the Hardangervidda plateau, 

ironmaking sites here have traditionally been grouped with the Østlandet type (see 

Chapter 7.3).  
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Figure 64: Sites mentioned in this section: Gudbrandslie R6 (blue triangle), Gudbrandslie R31 (red circle) 

and Hovden S1 (green diamond). 
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6.1 Gudbrandslie R31 (Vang, Innlandet) 

During archaeological surveying of the area Gudbrandslie in Vang municipality, 

Innlandet county, which was intended for development into a recreational home 

area, an ironmaking site and three charcoal production sites were discovered and 

excavated in 2005 (Figure 65). The ironmaking site showed evidence for extensive 

use, spanning at least three phases. Since the area of Gudbrandslie is virtually 

littered with remains of ironmaking sites, the sub-identifier R31 will be used for this 

particular site. With a 14C date range spanning AD 715 – AD 1285, and a total of five 

ironmaking furnaces and associated slag heaps, it was identified as a possible early 

Viking Age site, and therefore selected for this study. Additionally, with five distinct 

furnaces covering the three main groups identified in previous chapters, but at the 

same location and with overlapping dates, this provides an excellent case study for 

comparing the different furnace designs. 

 

Figure 65: Gudbrandslie R31 (blue) and R6 (red).  
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6.1.1 The furnaces and excavation 

Since the site contains multiple furnaces, the details provided in the excavation 

report vary. For simplicity, this section will be structured by the furnace identifier. In 

later sections dealing with slag morphology and chemistry, they will be grouped 

together and treated as one site (R31), rather than by individual furnace due to 

overlapping slag heaps and difficulty differentiating the contexts for all slag samples 

(Figure 66). All information in this section is based on the excavation report (Tveiten, 

2008b), as no personal visit to the site was possible, due to the fact that the 

excavations were carried out in accordance with development plans for the area, 

which was completed by the time of this project. 

 

Figure 66: Plan of the excavated area at Gudbrandslie R31. Furnaces are highlighted with red circles. 

After Tveiten, 2008b, p. 44. 

 

6.1.1.1 Furnace 1, S-1008 

Furnace S-1009 was located in the entry opening of a smelting hut. Architecturally, 

the excavators drew connections to furnaces found at Dokkfløy, with a shaft 

superstructure constructed above a stone foundation, in this case constructed within 

a stone box made of stone slabs (Figure 67). Based on this, this furnace falls into the 

“Stone Box” foundation type presented earlier. About 30 cm of the shaft of the 

superstructure were preserved, revealing an inner diameter of 35 cm, with a wall 
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thickness of c. 5 cm. Slag tapping was evident through remains of a tapping trench 

leading away from the structure, with some in situ tapped slag remaining. 14C-dating 

gave a date range of AD 975-1020 for this furnace. 

 

Figure 67: Furnace S-1008, showing an outer assemblage of stones, as well as standing flag stones 
surrounding the centre of the furnace. Scale: 50 cm. Photo: O. Tveiten (Tveiten, 2008b, p. 19). 

 

6.1.1.2 Furnace 2, S-1013 

Furnace S-1013 was found between two structural remains, and not associated with 

any other features on site. Little remained of the superstructure, but the 

subterranean part revealed a stone bowl lined with six stone slabs angled outwards 

from a central flat hexagonal slab at the bottom at a 45° incline. The diameter at the 

top of the foundation was c. 50 cm, which, combined with the architectural remains, 

places this furnace in the “Flag-Lined Bowl Furnace” category discussed earlier 

(Figure 68). Both architecture and 14C-dates identify this furnace as the oldest on 

site, dated to AD 715-955 based on charcoal samples from the furnace. 
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Figure 68: Furnace S-1013, with the flagstone architecture clearly visible, and the tapped slag somewhat 
visible towards the left end of the scale bar. Scale: 50 cm. Photo: Ø. Dahle (Tveiten, 2008b, p. 19). 

 

6.1.1.3 Furnace 3, S-1014 

Virtually no evidence for the shaft remained at S-1014, but the subterranean 

foundation differed from others on site, as well as in the region. A furnace bottom 

measuring c. 30 cm was found within a horseshoe shaped wall of horizontally placed 

slate slabs (Figure 69). From pictures in the excavation report, it is apparent that 

slag was tapped out of the furnace away from the stone side, providing evidence for 

slag tapping at this furnace as well. Based on the architectural design, this furnace 

falls into the “Stone foundation” category rather than the “Stone box”, as no evidence 

for standing slate slabs was found. The furnace was located within structural 

remains separate from the previously mentioned, identifying at least two smelting 

huts on site. Charcoal samples from the furnace was 14C-dated to AD 1005-1030 and 

AD 1055-1215 respectively. 
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Figure 69: Furnace S-1014, showing the elaborate furnace foundation architecture, and flow of tapped 
slag out from the furnace. Scale: 50 cm. Photo: M. Helstad (Tveiten, 2008b, p. 20). 

 

6.1.1.4 Furnace 4, S-1017 

Outside and partially underneath the structure containing furnace S-1008, furnace 

S-1017 was located. It showed strong resemblance to S-1013, both in terms of 

architecture and size. The biggest deviation was a large piece of tap slag remaining 

in situ, exiting the furnace into the tapping trench. The slate slab forming the bottom 

of the furnace had a diameter of 25 cm, and the bowl was constructed of 5 slabs 

instead of the 6 seen in S-1013, however the angle of incline is the same (45°) (Figure 

70). A charcoal sample from the furnace was dated to AD 890-980. 
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Figure 70: Furnace S-1017 showing the angled flagstones typical of this furnace type. The opening 
towards the bottom (near the flagstone with slag adhering to it) was interpreted being used for slag 
extraction. Scale: 50 cm. Photo: M. Helstad (Tveiten, 2008b, p. 21). 

 

6.1.1.5 Furnace 5, S-1028 

Underneath the structure containing furnace S-1008, another flag-lined bowl 

furnace was found. Due to the stratigraphic arrangement, it is clear that this furnace 

predates both S-1008 and S-1017. The bottom was a flag-lined bowl furnace, 

constructed of five slate slabs angled 45-60° upwards from a central flagstone 

(Figure 71). 10-30 cm of the shaft superstructure were found at the centre of the 

furnace, revealing an inner diameter of c. 30 cm. A tapping trench was identified 

running out of the furnace, providing evidence for slag tapping here as well. Based 

on charcoal samples from within the furnace, it was dated to AD 990-1030, providing 

an indication of the earliest possible dates for the furnaces above it (S-1008 and S-

1013) to be towards the end of their dating ranges.  
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Figure 71: Furnace S-1028, showing the large flagstone forming the bottom of the furnace. Scale: 50 cm. 
Photo: O. Tveiten (Tveiten, 2008b, p. 21). 

 

6.1.2 Slag distribution 

Unlike the furnaces, which are easily identified individually, only two slag heaps were 

identified on site, associated with structures A and B, which contained furnaces S-

1008 and S-1014 respectively. With multiple furnaces overlapping, and even one (S-

1013) located between the structures, it is difficult to separate the furnaces belonging 

to the different slag heaps. Additionally, it is not certain that only one slag heap was 

used at any time of usage, and mixing might have occurred on site. Further to this, 

scattered slag deposits or slag layers were found surrounding and between the 

identified heaps. The term heap is here used simply as a descriptor, as both slag 

heaps measured 0.4 m in height. In comparison, slag distributions between and 

around varied from 0.15-0.3 m. In total, an estimated 2000 kg slag are located on the 

site, but division between furnaces is not possible. Despite this, the slag samples 

obtained all derive from different furnace contexts, allowing some separation to be 

made for the site. 
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Figure 72: Sample ID and associated calibrated 14C date for Gudbrandslie R31. 

 

6.1.3 Slag morphology 

The slag samples from Gudbrandslie R31 made available for analysis had already 

undergone initial sampling by the excavators. As such, they had to be considered 

representative, although there was no way of ascertaining this. All pieces analysed 

are small, rarely exceeding 3 cm along the longest axis (Figure 73), and had low 

density, with the heaviest being 31.2 g. Morphologically, all are either tapped slag or 

of uncertain origin, with no furnace bottoms of furnace slag clearly identifiable 

(Figure 74). As this is based on the material collected from the excavation however, 

one has to assume that other types of slag were present, but not collected. 
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Figure 73: Selection of slag samples from Gudbrandslie R31 showing the small size of the specimen. 
Top row (left to right): C55001-21/2, C55001-16/2. Bottom row (left to right): C55001-21/1, C55001-18/1. 

Photo: O. F. Nordland. 

 

 

Figure 74: Macroscopic classification of slag fragments from Gudbrandslie R31. Based on the numbers 
of specimens made available for study (n=9), only three were of uncertain origin.  
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With all fragments being equally small, it is tempting to interpret this as 

fragmentation of tapped slag after smelting, but could also be biased by initial 

sampling during excavation. However, as none of the fragments are of substantial 

thickness, it is possible that the slag sheets formed through tapping would fracture 

upon impact when tossed onto a slag heap, leading to the observed shapes. Clear 

fracture lines, as can be seen in Figure 73, can support this theory, at least for the 

samples studied. Alternatively, the slag concentration could have been broken up 

before transferring from the tapping trench onto the slag heap, to simplify this 

transfer. 

About half of the samples displayed clearly visible surface corrosion, and a similar 

divide was seen in terms of impressions or inclusions of small stones or sand, as 

well as clearly identifiable flow patterns. Based on the low number of specimens 

studied, it is not possible to make assumptions regarding the production process 

based on this alone.  

 

6.1.4 Slag microstructures 

Most of the samples analysed showed the by now expected concentrations of 

fayalitic crystals with intermixed wüstite concentrations. The crystals were 

clustered closely, obscuring the intermittent glassy matrix. Fayalite crystals are 

skeletal, almost acicular, denoting fast cooling. All samples show a mix of fayalite 

and wüstite with the exception of C55001-16/1, which showed virtually no wüstite. In 

contrast, C55001-13/2 contained large concentrations thereof (Figure 75). All 

samples contain large quantities of rounded voids, indicative of solidification before 

or after tapping, as solidification in a high state of viscosity would have elongated 

any voids caused by mobile gasses.  

Although obscured by the presence of dense wüstite, the somewhat unidirectional 

pattern of the fayalite crystals is indicative of tapping, with the small size of the 

grains indicating rapid cooling, which is supported by the round voids. The complete 

lack of observed magnetite bands does not necessarily contradict these 

observations, as they would not have necessarily appeared within the small 

specimens available for analysis. 
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Figure 75: Slag microstructures from Gudbrandslie R31. Clockwise from top left: C55001-13/2, C55001-
21/1, C55001-18/2, and C55001-16/1. 

Few samples contained iron prills, and of those found, only one was of spherical 

shape, with the others being interlocked with surrounding wüstite grains (Figure 76). 

The low quantity of prills observed, as well as their small size, indicates a good 

separation of iron and slag, although the large amounts of wüstite visible in some of 

the samples suggest a process where substantial amounts of iron were sacrificed 

to make a workable slag.  
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Figure 76: Iron prills seen in slag samples from Gudbrandslie R31. Only one of them has a spherical 
shape, while the others appear intermixed with wüstite, which could indicate formation from liquid state, 
suggestive of a higher carbon content in the system. 

 

6.1.5 Slag chemistry 

Slag samples from Gudbrandslie R31 are dominated by FeO, with SiO2 and Al2O3 as 

the other main contributions. Variation between samples is noticeable in these 

elements ranging from 45-65% for FeO, 14-34% for SiO2 and 5-10% for Al2O3 (Table 

24, see Appendix E for full analysis). MnO is detected in all samples, but in widely 

varying concentrations, ranging from 2-15%.  

This strongly suggests that a manganese rich ore was utilised at the site, at the very 

least in a combination of ores, of which one was rich in manganese. This is supported 

by the large variation seen in MnO concentration in the slag, where the lower values 

are similar in range to those presented in the previous chapter. 

The presence of both BaO and SO3 in the samples can be interpreted as indicative of 

the presence of barite in the ore, but without any detected visually, the 

concentrations would have to be rather small, and would, from a technological 

aspect, have little influence on the smelt as a whole. 
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Table 24: Chemical composition of slags form Gudbrandslie R31 acquired with SEM-EDS normalised 
stoichiometrically to 100% with analytical totals presented in the right-most column. Values below the 
detection limit are presented as < 0.1. Due to their different composition, C55001-16/1 and 2 have been 

separated from the rest. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO BaO Total 

C55001-13/1 1.2 0.5 5.5 14.5 0.6 0.2 1.3 1.6 0.3 15.1 59.4 <0.1 98.9 

C55001-13/2 1.2 0.5 5.7 15.6 0.6 0.3 1.3 1.6 0.1 14.8 58.0 0.4 103.2 

C55001-17 1.6 0.4 7.8 19.7 0.6 <0.1 1.4 1.3 0.3 8.7 58.3 <0.1 98.4 

C55001-18/1 1.7 0.4 7.8 20.9 0.6 0.2 1.6 1.4 0.4 7.7 57.4 <0.1 95.3 

C55001-18/2 1.8 0.4 7.8 20.7 0.5 0.2 1.6 1.4 0.3 7.6 57.6 <0.1 102.9 

C55001-21/1 1.4 0.3 6.7 17.9 0.5 0.1 1.3 1.0 0.2 6.0 64.4 0.3 103.1 

C55001-21/2 1.4 0.3 6.3 17.3 0.6 <0.1 1.3 1.0 0.3 6.0 65.7 <0.1 103.6 

              

C55001-16/1 1.9 0.5 9.3 30.7 0.5 <0.1 2.1 1.4 0.4 2.1 51.1 <0.1 103.0 

C55001-16/2 1.8 0.6 10.4 34.0 0.5 <0.1 2.3 1.6 0.6 2.7 45.6 <0.1 98.9 

              

Considering the uniformity of production at site level, calculating standard deviation 

(SD) and coefficient of variation (CV), shows a low level of variation within most 

elements (Table 25). The comparatively low variation of both FeO and P2O5 can be 

explained by a phosphorous bearing ore being used, as would be expected for bog 

ores. Variation in MnO suggests, as pointed out above, that a potential mixing of ores 

took place, and that there might be a manganese rich ore used as well in conjunction 

with a phosphorous bearing one. However, without access to multiple ore samples, 

there is no way of ascertaining this.  

Table 25: Mean, standard deviation (SD) and coefficient of variation (CV) for the slag samples from 

Gudbrandslie R31. Note that samples C55001-16/1 and 2 are omitted in these calculations. 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO BaO Total 

R31 avg. 1.5 0.4 6.8 18.1 0.6 0.1 1.4 1.3 0.3 9.4 60.1 0.1 100.8 

SD 0.2 0.1 1.0 2.5 0.1 0.1 0.2 0.3 0.1 3.9 3.4 0.2 3.2 

              

CV 16 % 20 % 15 % 14 % 10 % 74 % 12 % 19 % 33 % 41 % 6 % 178 % 3 % 

 

Comparing the F-value, G-value, R-value and RII for Gudbrandslie R31 showed a 

fairly consistent pattern, with the exceptions of samples C55001-16/1 and C55001-

16/2, which had higher F and G-values, and RII, as well as lower R-values (Table 26). 

As these are both associated with furnace S-1014, dated to AD 1055-1215 (Figure 72), 

it is possible that they represent a shift in technology towards the end of the Viking 

Age.  
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Table 26: F-value, G-value, R-value and RII for slags from Gudbrandslie R31. 

Sample ID F G R RII 

C55001-13/1 2.6 11.8 5.2 0.5 

C55001-13/2 2.7 12.4 4.7 0.5 

C55001-17 2.5 16.1 3.4 0.7 

C55001-18/1 2.7 17.1 3.1 0.8 

C55001-18/2 2.7 17.0 3.2 0.8 

C55001-21/1 2.7 13.1 3.9 0.6 

C55001-21/2 2.8 12.2 4.1 0.6 

     

C55001-16/1 3.3 24.7 1.7 1.4 

C55001-16/2 3.3 30.5 1.4 1.7 

     

R31 avg. 2.8 17.2 3.4 0.8 

 

The consistency seen within the values for the other samples however shows a 

uniform method of production, although variation in the RII (in particular for C55001-

16/1 and 2) suggests variation within iron sacrificed in slag formation. Due to different 

contexts and associated dates, the RII appears to change over time from the lowest 

values found in C55001-13/1 and C55001-13/2, both associated with the oldest 

furnace, to the highest values discussed above (Figure 77). Based on this it appears 

as though an early way around an RII of 0.6 was common in the earlier phase, 

whereas the later samples from C55001-16 show one at 1.5. 
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Figure 77: RII over time for the samples from Gudbrandslie R31. 
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Figure 78: Plot showing the values for F, G, R, and RII for Gudbrandslie R31. C55001-16/1 and 2 stand 

out on all graphs. 

As shown above, four iron prills of discernible size were detected and analysed 

(Table 27). The chemical composition revealed three of the prills to contain 

detectable, and uniform levels of Mn whereas the last, the large round one in C55001-

16/2 (Figure 76), contained no detectable values thereof, again supporting the notion 

of variation between C55001-16 and the other samples (that is, furnace S-1014). 

Lower analytical totals for the prill in C55001-16/2 can suggest a higher carbon 

content, but unfortunately this was not possible to confirm through analyses, and 

the round shape can be indicative of proper liquification. 

Table 27: Size, shape and chemical composition of prills from Gudbrandslie R31 slags. Note that values 
here are presented as pure elements, opposed to oxides in other tables. Values are normalised to 100%, 
with the ‘Total’ column representing analytical totals prior to normalisation. Elements not detected during 
analysis with SEM-EDS are reported as <0.1. 

Sample ID Prill size Shape Mn Fe Total 

C55001-18/2 P1 c. 30 µm cluster 0.4 99.7 98.2 

C55001-18/2 P2 c. 30 µm cluster 0.4 99.6 98.5 

C55001-21-2 c. 50 µm cluster 0.3 99.7 98.7 

C55001-16/2 c. 120 µm round <0.1 100.0 90.8 

 

This change in both composition, shape and size of prills mirrors the previously 

mentioned variation C55001-16/1 and C55001-16/2 represent compared to the other 

samples in this assemblage. Since manganese requires significantly more reducing 

conditions for the MnO -> Mn reduction (Iles, 2014, p. 439; Şeşen, 2017, p. 1), this can 
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be seen as evidence for a change in reducing conditions. Based on only two samples 

from the context that deviate, it is of course possible that they represent an 

accidental deviation from the established norm rather than a fundamental change.  

Plotting the compositional ratios for SiO2-Al2O3 and MnO+FeO for the Gudbrandslie 

R31 slags, the same pattern of C55001-16/1 and C55001-16/2 standing out from the 

rest emerges (Figure 79). Notably here, is that all samples cluster around the area 

labelled “Optimum 1” by Charlton et al. (2010: 358), whereas C55001-16/1 and C55001-

16/2 are significantly closer to the area identified as “Optimum 2”, which is indicative 

of stronger reducing conditions, possibly associated with the production of steely 

blooms (Rehren et al., 2007, p. 214). This would mean that indeed an operational shift 

occurred considering furnace S-1014, but based on the number of samples available 

for analysis, this cannot be said with certainty.  

 

Figure 79: Al2O3-SiO2-FeO+MnO ternary diagram showing the individual plots for Gudbrandslie R31 
(black) and the average for the site (red). With the C55001-16/1 and 2 separated (blue). Ternary after 
Charlton et al., 2010, p. 358. 
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Calculating the viscosity index (KV) for the slags from Gudbrandslie R31, the same 

distinct separation between C55001-16/1 and C55001-16/2 and the rest appear, with 

these samples having a substantially lower KV than the others, indicating a 

correspondingly higher viscosity (Table 28). Equally, the samples associated with 

furnace S-1013 (C55001-13/1 and C55001-13/2) show a high KV, meaning a low 

viscosity.  

Table 28: KV value for Gudbrandslie R31 slags. 

Sample ID KV 

C55001-13/1 3.95 

C55001-13/2 3.64 

C55001-16/1 1.48 

C55001-16/2 1.23 

C55001-17 2.61 

C55001-18/1 2.44 

C55001-18/2 2.48 

C55001-21/1 3.02 

C55001-21/2 3.21 

R31 avg. 2.67 

 

Using the calculations presented in Chapter 5  to calculate the slag viscosity at 

different temperatures, and equally divided picture emerges with C55001-16/1 and 

C55001-16/2 standing out with higher viscosities at all temperature ranges, most 

prominent at the lower end of the scale. Concurrently, the other samples all have 

surprisingly low calculated viscosities (Table 29). Based on this, it can be assumed 

that there was indeed an operational shift separating the two groups, one which in 

some way or the other had an impact on operational temperatures, or at the very 

least, how slag was treated.  

Additionally, the previous observation regarding samples C55001-13/1 and C55001-

13/2 having the lowest viscosity gains support, with their viscosities dropping lower 

than the other samples approximately 100°C earlier.  
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Table 29: Viscosity of slag from Gudbrandslie R31 in Pa·s. 

Sample ID 1200°C 1300°C 1400°C 1500°C 

C55001-13/1 3.2 1.5 0.8 0.4 

C55001-13/2 3.7 1.7 0.9 0.5 

C55001-16/1 24.3 9.2 3.9 1.8 

C55001-16/2 38.4 13.8 5.6 2.6 

C55001-17 6.9 3.0 1.4 0.7 

C55001-18/1 7.9 3.3 1.6 0.8 

C55001-18/2 7.6 3.3 1.5 0.8 

C55001-21/1 5.6 2.5 1.2 0.6 

C55001-21/2 5.1 2.3 1.1 0.6 

 

 

Figure 80: Graph showing the calculated viscosity of the Gudbrandslie R31 slags over temperature, with 
exponential trendlines added. 

Using the numbers presented in Table 29 all samples reach a viscosity of 5 Pa·s 

almost immediately at 1250°C, whereas those with the highest viscosity need to 

reach the highest obtainable temperatures before hitting that cut-off point (Figure 

80). As such, it is tempting to propose this as the desired viscosity at the site, as it 

would be obtainable for all samples, and yield a workable slag. At the same time, 

achieving a lower viscosity is possible for all samples but C55001-16/1 and C55001-

16/2, which would make slag handling even easier. Postulating a desired slag 

viscosity of around 5 Pa∙s, the furnace at Gudbrandslie R31 would be able to produce 

slag of this viscosity at temperatures around 1250°C for most samples, meaning that 
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operation would be possible within the lowest possible temperature range, just 

exceeding the solidification point of the fayalite contained within the slag. 

6.1.6 Gudbrandslie R31 ores 

In addition to slag samples from the site, a small sample of powdered ore was made 

available for analysis. The sample, labelled C55001-14 was retrieved during the 

cleaning of furnace S-1013, putting it in direct context with slag samples C55001-13/1 

and C55001-13/2. As it is the only ore sample available however, it will be compared 

to all slag samples on site, despite the probability that other ore types might have 

been used. 

The ore is granular and has a dark brown, almost black colour. Individual grains of 

a more reddish-brown colour are present, but the overall impression is that this is 

a dark ore (Figure 81). 

 

Figure 81: Ore from Gudbrandslie R31 (C55001-14). Photo: U. Veronesi. 

Chemically, the ore has a remarkably high content of MnO, and correspondingly low 

FeO, as well as small amounts of BaO and P2O5 (Table 30), as expected from bog iron 

ores and in agreement with the chemical make-up of the slag samples analysed.  
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Table 30: Chemical composition of ore sample from Gudbrandslie R31 analysed by SEM-EDS. Iron is 
presented as FeO due to machine settings, although it is more likely to be present as Fe2O3 in the ore. 
Note the low analytical totals are a result of the high porosity of the sample. 

  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total 

C55001-14 1.2 0.8 8.2 16.4 0.5 1.4 0.6 0.3 26.2 43.8 0.9 69.0 

S.dev 0.4 0.1 2.0 3.3 0.1 0.4 0.1 0.1 12.2 17.8 0.5 
 

 

Comparing the chemistry for the ore with the slag chemistry shows that at least one 

other, high yield iron ore has to be used in order for the process to work, with the 

exception for samples C55001-16/1 and C55001-16/2. Given the context for the ore 

however, a direct connection cannot be made. 

Comparing the ratios between FeO and MnO for the ores and the slags also reveals 

a substantially higher MnO content in the ore than in the slags, further supporting 

the notion of a secondary, unknown, ore (Figure 82). Another way of visualising this 

is by adding the values obtained from the analysis of the ore to the ternary diagram 

for the slag (Figure 79), which shows that only half the slag samples could have been 

produced with this ore, as the other half contains more FeO than the ore provides 

(Figure 83). 

 

Figure 82: MnO/FeO ratio for slags (blue) and ore (orange) from Gudbrandslie R31. Note that the 
horizontal axis starts at 40%. 
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Figure 83: Al2O3-SiO2-FeO+MnO ternary diagram showing the values for slag, slag average, and ore 
from Gudbrandslie R31.  

Based on this the utilisation of an iron rich ore at the site would have been necessary, 

in particular for the samples associated with the same furnace as the ore. The FeO 

content in C55001-14 is simply too low to produce both a fayalitic slag and metallic 

iron, and therefore another source of iron would be required. This is in particular the 

case relating to samples C55001-13/1 and 2, which both are from the same furnace 

context. Here there is more FeO than MnO, meaning that another ore containing more 

FeO than MnO had to be part of the mix for the slag to form. Since addition of MnO in 

the burden has several benefits towards the process, ranging from more efficient 

fuel to ore ratios for successful reduction to reducing the need of FeO to enter the 

slag, meaning that larger quantities of iron can be produced (Iles, 2014, pp. 238–239). 

Without detailed knowledge regarding other potential ores from the area however, 
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and this being the only available sample, any reasoning regarding why or how the 

ores were mixed is purely speculative. 

 

6.1.7 Summary Gudbrandslie R31 

Dealing with a site as Gudbrandslie R31 provides a few challenges, as multiple 

furnaces with overlapping slag deposits makes it difficult to consider the site as one. 

Despite this, it seems as though a base idea regarding ironmaking was utilised 

through most of the site’s period of use. Furnaces S-1013, S-1017 and S-1028 all 

having similar date ranges, furnace architecture and slag chemistry. With all three 

being identified as flag-lined bowl-furnaces, they span a total period from AD 715 

through AD 1030, covering the entire historical date range for the Viking Age. Based 

on this, it can be concluded that the early Viking Age technology of the site used flag-

lined bowl-furnaces, operating at conditions that reduced manganese into the metal 

product, and produced an iron-rich slag that was tapped at low viscosity. 

In contrast to this, furnace S-1014 (AD 1055-1215) represents a break with this 

tradition. With the furnace constructed within a stone foundation rather than as a 

flag-lined bowl furnace, it provides a clear break from this. This is further supported 

by the slag chemistry, which revealed a slag less iron-rich than for the previous 

phase, and appears to be operated under different conditions, resulting in less iron 

sacrifices in the slag formation, but also resulting in a higher slag viscosity, meaning 

the furnace either had to be run at a higher temperature to achieve the same 

viscosity as before, or that the slag was tapped in a more viscous state. The absence 

of manganese in the iron prills in the slag can indicate a change in operational 

conditions as well, but the overall low concentrations of MnO in the slag (around 2%) 

can also suggest the use of a different ore mix than before. 

The fact that a mix of ore had to be used is based on the analysis of the available ore 

sample, which alone would not have been sufficient for iron production. Therefore, a 

change in ore mix, or ore source, is likely for furnace S-1014.  
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6.2 Gudbrandslie R6 (Vang, Innlandet) 

Located in the same area as Gudbrandslie R31, Gudbrandslie R6 was affected by the 

same development project, and part of the same excavation project. As it is located 

c. 300 m (281 m in a straight line) to the south-east of Gudbrandslie R31 (Figure 65), 

across a ridge in an area abundant with ironmaking remains and charcoal production 

sites. It was located on dry soil surrounded by bogs, with a creek running nearby. 

The site was excavated in 2005, revealing a furnace within a smelting hut, as well as 

two slag deposits below the site. The date range obtained from the furnace and slag 

deposits places the period of use to the period AD 885-1030, spanning the whole of 

the Viking Age. As with Gudbrandslie R31, it was not possible to visit the site in 

person, so all information presented here based on the excavation report (Mjærum, 

2006a). 

6.2.1 The furnace and excavation 

With only a single furnace and associated structure identified, the site is treated as 

a single context despite the presence of two slag concentrations outside the 

smelting hut. Within the structural remains, a poorly preserved single furnace was 

identified (S3004). Despite a large area containing slag, shaft material and charcoal, 

an inner diameter of c. 40 × 32 cm is interpreted as representing the inner diameter 

of the shaft, of which nothing is preserved. In terms of the subterranean structure, 

only a heat exposed stone with a flat surface forming the furnace bottom is 

preserved, reported to measure 27 × 30 × 30 cm, surrounded by smaller stones 

(Figure 84). Whether these other stones were placed to stabilise this bottom stone 

or acted as the base for the foundation cannot be ascertained. With large stones 

surrounding these smaller stones however, it is most likely that this furnace would 

be of the type “Stone foundation”, as there is no indication of standing flag stones 

surrounding the furnace. Slag tapping through the side of the furnace was evident 

from the shape of the slag channel underneath the furnace, as well as in situ remains 

of slag at the side of the furnace. 

Seeing how the inner charcoal and slag layer corresponds to the size of the stone 

forming the bottom of the furnace, estimating an inner diameter of c. 30 cm seems 

reasonable for the furnace, and places it well within the generally found dimensions 

for Viking Age iron smelting furnaces. 
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Figure 84: The remains of the furnace S3004 at Gudbrandslie R6. Note the stones surrounding the 
cracked stone forming the furnace bottom, as well as the absence of any standing flag stones. Photo: 

Kristina Steen (Mjærum 2006a: 47). 

 

6.2.2 Slag distribution 

Despite only a single furnace being found at R6, two distinctly different slag heaps 

were identified during the excavation, located outside the smelting hut, downhill from 

the furnace. The fact that there are two heaps (S3003 and S3003), of which one 

extends underneath the western wall of the smelting hut, suggests that the site was 

used for at least two distinctly different phases.  

Placed on steep terrain, both slag heaps are located parallel and equidistant from 

the furnace, and both shared a conical shape that expanded away from the direction 

of the furnace. Estimated total volume of the slag heaps is 1.9 m3 (S3003) and 1.5 m3 

(S3005), with none of the heaps exceeding a height of c. 20 cm. In terms of slag 

quantities, calculations based on sampling of the slag heaps by the excavators gave 

c. 1570 kg in S3003 and c. 1275 kg in S3005, yielding a total of c. 2845 kg slag for the 

site (Mjærum, 2006a, p. 17). 

 



Ironmaking in the Viking Age – South-Eastern Norway 

 

 
| 206 |  

 

6.2.3 Slag morphology 

As with Gudbrandslie R31, the specimens made available for analysis from 

Gudbrandslie R6 had undergone initial sampling by the excavators, and as such have 

to be assumed to be representative for the site, without any possibility of confirming 

this. A common trend for all specimens was the small size, measuring only a few 

cm in length and width, with all samples being flat (Figure 85). Directionality in terms 

of top and bottom could be identified based on inclusions and morphology based on 

impressions from the soil on the bottom, and rope-like shapes resembling ripples 

on the surface.  

 

Figure 85: Slag samples from Gudbrandslie R6. Top row (left to right): C55003-9/2, C55003-13/2. Bottom 
row (left to right): C55003-19/1, C55003-23/1. Photo: O. F. Nordland. 

Evidence for tapping was evident in clearly visible flow patterns (such as C55003-

13/2 in Figure 85), and the presence of small inclusions made it apparent which side 

was in contact with the ground and which was the top surface. This, combined with 

the presence of a tapping trench at the furnace confirms the practice of slag tapping 

at Gudbrandslie R6, as expected from a Viking Age ironmaking site. 

Separating the slag found into the previously used categories of tapped, furnace slag 

and uncertain revealed that of the 8 pieces available only 2 could not be conclusively 

assigned to tap slag based on their morphology (Figure 86). Although the number of 
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samples made available for analysis is rather small (n=8), it has to be assumed that 

the samples collected during the excavation are representative for the site, and that 

the percentage wise distribution as such is also representative for the site, with a 

reasonable margin of error. 

 

Figure 86: Macroscopic classification of slag fragments from Gudbrandslie R6 (n=8). 
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6.2.4 Slag microstructures 

Cut samples of the slag specimens from Gudbrandslie R6 showed some variation. 

The microstructure was composed of densely spaced skeletal fayalite intermixed 

with dendritic wüstite with virtually no detectable matrix between, and angular iron 

prills (Figure 87). 

 

Figure 87: C55003-19/1 showing densely packed fayalite with well-formed dendritic fayalite, as well as 
a more globular variety. Angular prills are seen, and there is clear evidence for a cold-contact 
solidification front. 

Common for all samples is dense presence of large quantities wüstite, with prills 

observed in only a few samples. Confirmation of slag tapping can be found in both 

unidirectional fayalite growth (C55003-22, Figure 88), as well as cold-contact 

interfaces between slag layers (C55003-19/1, Figure 88), which curiously lack the 

formation of magnetite, yet show crystalline shape indicative of cold contact.  
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Figure 88: Microstructures observed in slag from Gudbrandslie R6. Clockwise from top left: C55003-9/2, 
C55003-13/2, C55003-22, C55003-19/1. 

Approximately half the samples from Gudbrandslie R6 (five in total) contained prills 

large enough for studying. Common for them was an amorphic or clustered 

appearance, often closely clustered with wüstite grains. In particularly the prills 

observed in C55003-9/1 and C55003-9/2 mirror the shape and pattern of the wüstite 

grains, suggesting they were formed through the reduction of wüstite within the slag, 

progressively coalescing together (Figure 89). 
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Figure 89: Selection of prills observed in samples from Gudbrandslie R6. 

  



Ironmaking in the Viking Age – South-Eastern Norway 

 

| 211 | 
 

6.2.5 Slag chemistry 

Chemically the slag samples from Gudbrandslie R6 were dominated by FeO ranging 

from c. 45-80%, with major contributions from SiO2 (c. 10-25%), Al2O3 (c. 4-8%) and 

MnO (c. 4-13%). Two samples (C55003-19/1 and C55003-19/2) stand out with 

particularly high FeO content, and correspondingly lower concentrations of other 

oxides (Table 31, see Appendix F for full analysis).  

Table 31: Chemical composition of the slag samples from Gudbrandslie R6, obtained by SEM-EDS. 
Values below the detection limit are noted as <0.1. All values are normalised to 100% with oxygen added 
stoichiometrically. The rightmost column shows analytical totals. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO BaO Total 

C55003-9/1 (n=5) 1.7 1.0 8.3 25.9 0.9 < 0.1 2.6 2.8 0.4 9.3 47.1 < 0.1 102.0 

C55003-9/2 (n=5) 1.8 1.0 8.4 26.9 1.0 0.1 2.6 2.7 0.4 9.0 46.1 < 0.1 100.4 

C55003-13/1 (n=5) 1.3 0.4 5.6 15.8 0.5 0.2 1.1 1.1 0.2 10.4 63.2 0.3 101.9 

C55003-13/2 (n=5) 1.4 0.3 5.7 15.9 0.5 0.2 1.2 1.1 0.3 10.5 63.0 < 0.1 101.1 

C55003-19/1 (n=5) 0.4 0.2 4.3 9.9 0.4 0.2 0.5 0.9 < 0.1 6.4 76.5 0.3 103.0 

C55003-19/2 (n=5) 0.4 0.2 4.0 8.2 0.4 0.2 0.4 0.7 0.1 4.2 81.2 < 0.1 100.0 

C55003-22 (n=5) 2.3 0.5 8.3 25.0 0.6 < 0.1 2.0 1.8 0.3 8.3 50.9 < 0.1 102.8 

C55003-23/1 (n=5) 1.7 0.4 7.0 20.5 0.5 0.3 1.5 1.3 0.4 11.6 54.9 < 0.1 103.1 

C55003-23/2 (n=5) 1.3 0.3 5.1 14.7 0.4 < 0.1 0.9 1.0 0.2 13.3 62.9 < 0.1 100.6 

 

Consistently high MnO content, combined with a similarly consistent presence of 

P2O5, suggests that similar ores were used. What can be said with certainty however, 

is that MnO-rich ores were used, given its high concentrations. At the same time, 

plotting the values for K2O and P2O5 shows an almost linear relationship (Figure 90), 

indicating that these elements might have been introduced from the same source; in 

this case the fuel ash. Since all samples are from the same site, it appears highly 

likely that the same type of vegetation was used for fuel.  
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Figure 90: Relationship between potassium (K2O) and phosphorous (P2O5) in Gudbrandslie R6 slags. 

The chemical composition shows a high variation for elements present in lower 

concentrations, with the highest concentrations showing the lowest (Table 32). BaO 

for example was only detected in concentrations above the detection limit in two 

samples.  

Table 32: Mean, standard deviation (SD) and coefficient of variation (CV) for the samples from 
Gudbrandslie R6. 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO BaO Total 

R6 avg. 1.4 0.5 6.3 18.1 0.6 0.1 1.4 1.5 0.3 9.2 60.6 0.1 101.6 

SD 0.6 0.3 1.8 6.9 0.2 0.1 0.8 0.8 0.1 2.7 12.3 0.1 1.2 

              

CV 47 % 66 % 28 % 38 % 41 % 81 % 58 % 51 % 53 % 30 % 20 % 200 % 1 % 

 

Comparing the F-value, G-value, R-value and RII for slags from Gudbrandslie R6 

revealed that, at least in terms of F-value, a low level of variation was observed, 

with values ranging from c. 2-3, indicating a consistent relationship between 

SiO2/Al2O3 (Table 33). As there is higher variation between other variables, namely 

the R-value and the RII, this consistency can most likely be attributed to a common 

source for both SiO2 and Al2O3, which would be found in the clay of the furnace.  
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Table 33: F-value, G-value, R-value and RII for samples from Gudbrandslie R6. 

Sample ID F G R RII 

C55003-9/1 (n=5) 3.1 25.6 2.2 1.1 

C55003-9/2 (n=5) 3.2 26.1 2.1 1.2 

C55003-13/1 (n=5) 2.8 11.0 4.7 0.5 

C55003-13/2 (n=5) 2.8 11.1 4.6 0.5 

C55003-19/1 (n=5) 2.3 7.1 8.4 0.2 

C55003-19/2 (n=5) 2.1 6.2 10.4 0.2 

C55003-22 (n=5) 3.0 21.1 2.4 1.0 

C55003-23/1 (n=5) 2.9 15.2 3.3 0.7 

C55003-23/2 (n=5) 2.9 9.4 5.2 0.5 

 
    

Gudbrandslie R6 avg. 2.8 14.8 4.8 0.7 

 

The large variation seen for the G-value confirms what has been observed 

microscopically, although all values fall into the range 5-50 suggesting equilibrium 

between fayalite and wüstite (Buchwald, 2005). The difference here is mainly that a 

high G-value can be explained by a larger contribution of elements from fuel ash 

compared to elements derived from the ore, with a lower ratio indicating the 

opposite. 

A similar relationship between samples can be seen in the R-value/RII, which, being 

more focused on the relationship between elements originating in the ore, show the 

inverse of the G-value, with particularly the RII enabling some further insights. With 

RII values being located close to 1 indicating a good balance, values well below this, 

such as can be seen for C55003-19/1 and C55003-19/2, indicate that a lot of FeO was 

sacrificed to form the slag. Considering that the F-value for these samples does not 

differ strongly from the other samples in the assemblage, whereas the G-value is 

the by far lowest, it appears likely that the observed increase in RII was not caused 

by addition of silica based fluxing agents, as this would change the F-value. 

Considering the raw chemical composition of these slags, an increased efficiency of 

manufacturing seems unlikely, as these samples contain the highest values of FeO, 

meaning a lot of iron was sacrificed in order to form the slag. Where these samples 

do stand out is that they are the ones with the lowest recorded MnO values, which 

can be explained by a change in ore source. As such, it is possible that these samples 

represent a change of the mixture of ores used, with all other inputs, namely fuel 

and furnace construction materials, remained the same.   
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Figure 91: Visualisation of G-value, F-value, R-value, and RII for Gudbrandslie R6 slags. 

Visualising the different values discussed above discourages the belief in a 

significant operational change seen in the chemistry (Figure 91), as all samples 

appear to fall close to each other, with no break between the groups. What does 

stand out however is the stretching of the ranges of both the R-value and RII, which 

is noticeable.  
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Figure 92: Al2O3-SiO2-FeO+MnO ternary diagram showing the samples for Gudbrandslie R6 (black) with 
the average for the site plotted as well (red). Ternary after Charlton et al., 2010, p. 358. 

Plotting the chemical composition of the slag samples from Gudbrandslie R6 on the 

Al2O3-SiO2-FeO+MnO ternary diagram (Figure 92) confirms the notion of samples 

C55003-19/1 and C55003-19/2 being different from the rest, as they are in the area of 

the ternary diagram where a wüstite would be the dominant phase. This can be seen 

in Figure 88 (bottom left). Despite the spread created by the analysed samples, the 

site average falls exactly within the area identified as “optimum 1” (Charlton et. al, 

2010), which can be interpreted as this being what the goal of production was, 

hypothesising that a larger sample size would have provided a clearer image 

confirming this. As such, the production of iron at Gudbrandslie R6 would have 

followed a locally well-established tradition. 

Comparing the calculated viscosities for Gudbrandslie R6 shows a good level of 

uniformity for most samples, with C55003-19/1 and C55003-19/2 once again standing 
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out. Using Bachmann’s viscosity index (KV), the site overall shows an average of 

c. 2.8±1, excluding the two aforementioned samples (Table 34). 

Table 34: Viscosity index (KV) for Gudbrandslie R6, including the average for the site including all 
samples. 

Sample ID KV 

C55003-9/1 1.9 

C55003-9/2 1.8 

C55003-13/1 3.6 

C55003-13/2 3.6 

C55003-19/1 6.0 

C55003-19/2 7.1 

C55003-22 2.0 

C55003-23/1 2.6 

C55003-23/2 4.0 

  

R6 avg. 3.6 

 

Building on the observations made from the viscosity index including the 

temperature variable, it is apparent that although there is internal variation within 

the site, all samples analysed would reach a very low viscosity at low temperatures 

(Table 35).  

Table 35: Calculated viscosities in Pa·s at different temperatures for Gudbrandslie R6. 

Sample ID 1200°C 1300°C 1400°C 1500°C 

C55003-9/1 12.4 5.0 2.3 1.1 

C55003-9/2 13.8 5.5 2.5 1.2 

C55003-13/1 4.0 1.8 0.9 0.5 

C55003-13/2 4.0 1.8 0.9 0.5 

C55003-19/1 2.0 1.0 0.5 0.3 

C55003-19/2 1.6 0.8 0.4 0.3 

C55003-22 11.6 4.7 2.2 1.1 

C55003-23/1 6.8 2.9 1.4 0.7 

C55003-23/2 3.3 1.5 0.8 0.4 

     

R6 avg. 6.6 2.8 1.3 0.7 

 

Visualising these values on a graph, shows that although there is a level of variation 

noted, this becomes insignificant at a lower resolution (Figure 93). Even the highest 

calculated viscosities for the site are close to a single figure range, and once the 

1300°C threshold is crossed, all samples are within a range where tapping would be 
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feasible. By 1350°C the level of liquidity would allow for easy tapping, making any 

temperature increase beyond this point redundant.   

 

Figure 93: Graph showing the calculated viscosity of the Gudbrandslie R6 slags over temperature, with 
exponential trendlines added. Note that the Y-axis (Pa·s) is scaled to match Figure 80 for ease of 
comparison. 

Postulating a workable slag at viscosities as high as 5 Pa∙s, the furnace at 

Gudbrandslie R6 would achieve this at temperatures as low as c. 1250°C, with all 

samples dropping below five Pa·s as early as 1350°C degrees, making it likely that 

operations were carried out within this temperature range, as any increase above 

would yield miniscule benefits compared to the energy input required to reach these 

temperatures. 

 

6.2.6 Gudbrandslie R6 ores 

In addition to the slag specimens, a sample of what is believed to be ore from the 

site was made available for analysis. Collected from one of the identified ore 

concentrations on the site, it has to be considered with the general issue of 

archaeologically retrieved ores; whether or not it is representative for the ores used 

on site, or whether or not it represents ore deliberately left behind by the smelters. 

Macroscopically, the ore sample is a fine powder of dark grey to black colour, with 

no large clumps forming. Whether or not this is the original state of the material, or 
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a result of storage and transport cannot be said with certainty. A fine-grained 

powder would however enable a better surface to volume ratio, making it favourable 

for reduction. Given that the ores presented here are mainly a mixture of fine 

powder, and lumps formed thereof, it is plausible that lumps that break down inside 

the furnace were preferred. 

 

Figure 94: Scanning electron microscope image of the ore sample from Gudbrandslie R6 at 250× 

magnification showing the granular composition of the sample. 

In the case of Gudbrandslie R6, the latter seems to be most likely, as the chemical 

analysis showed an ore of lower iron content than the slag, making it impossible to 

have been used to create both the slag and metallic iron. It has to be noted that the 

nature of the sample, it being a fine powder with an uneven surface and many voids 

(Figure 94), made analysis difficult and resulted in unreasonably low analytical totals 

for the bulk analysis at a low magnification. The results from the low magnification 

analysis showed an ore with an FeO content below what would be feasible for 

ironmaking, as the FeO content was below that of the analysed slag samples (Table 

36). 
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Table 36: Chemical composition of ore sample from Gudbrandslie R6 obtained with SEM-EDS. Due to 
unreliably low analytical totals at low magnification, a second analysis was carried out at higher 
magnification, yielding better results. 

Sample ID Na2O3 MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

R6 ore  
250x (n=5) 

2.1 0.4 10.4 27.1 0.7 0.4 1.8 0.6 0.5 7.3 48.8 36.5 

R6 ore 
1000x (n=7) 

0.6 0.2 9.5 5.3 1.6 0.5 0.2 0.1 0.2 0.9 81.0 74.1 

 

Decreasing the area of analysis, and focussing on individual grains within the sample 

however revealed that at least parts of the sample did contain sufficient FeO for the 

production of a bloom as well as the slag. As the high magnification analysis was 

carried out on a single grain, it is in no way representative for the sample as a whole, 

but once again makes the question of intentional deposition relevant. If the ore used 

had more of the usable grains, iron could be produced, and the debris left behind 

might therefore contain an imbalanced ratio of good ore — that is, ore that would 

yield a bloom — and bad ore — one that would not.   

 

Figure 95: Results for the analysis of the ore added to Figure 92. 
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Plotting the compositional data for the ore over the one generated from the slag data 

clearly visualises that the bulk analysis at low magnification would not allow for iron 

to be reduced, whereas the iron-rich grain studied at high magnification would in 

fact allow for this. 

 

6.2.7 Summary Gudbrandslie R6 

As a single furnace site, with only one possible origin for the slag, Gudbrandslie R6 

provides a good example of a Viking Age ironmaking site. Located near both bogs 

where ore could be retrieved and surrounded by forests that would provide the fuel 

for the furnace, it follows all indicators of a Viking Age ironmaking site. 

With little remaining of the furnace but the bottom of the subterranean part, the 

classification of the furnace relies on the observed architectural features, namely 

the stones surrounding the bottom layer. Based on this, the furnace does fit into the 

stone-foundation category presented earlier. 

The slag on site conforms to tapped slag, with a distribution of slag types similar to 

previously presented sites. Chemically, the variation within the site appears large 

based on the sample size, but it is highly likely that an increased sample size would 

reduce the differences seen, filling the blanks on tables and graphs.  

Using the calculated viscosities as a proxy, the two samples that have stood out for 

this site do not constitute a variation significant enough to suggest deviating 

production parameters. Although the chemical composition and placement on the 

ternary diagram suggest deviation from the norm, it is also possible that these 

samples simply represent a different part of the burden, formed under similar 

conditions to the rest, but resulting in a different chemical composition, which again 

manifests in different microstructures. Therefore, a single mode of operation can be 

deducted for Gudbrandslie R6 based on the available material. 

The available ore samples suffer from the usual issue relating why they were found 

deposited, rather than used during smelting. At a low magnification, the composition 

of available ore seems insufficient for iron smelting, but contains grains that very 

much would work. Therefore, it seems most likely that the ore sample studied was 

part of the unwanted material, with all the desirable parts consumed during use. 
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6.3 Hovden S1 (Bykle, Agder) 

Located near the village Hovden in Bykle municipality, Agder county, an iron 

production area was excavated in 2011. The project unearthed a total of four 

ironmaking sites (S1-S4) together with six charcoal pits. The following year, a further 

four ironmaking sites and 15 charcoal pits were excavated (Figure 96). As with 

ironmaking sites presented earlier in this chapter, the excavation at Hovden were 

caused by the development of holiday homes, in this particular case in the eastern 

part of town.  

Located in the mountainous areas of northern Agder, within the popular Setesdalen 

valley, Hovden lies within an area popular for winter sports, and contains a downhill 

skiing centre as one of its main attractions, creating an ever-growing need for 

holiday homes. This construction work has been partially responsible for the 

identification of many historical ironmaking sites in the area, which again has led to 

the establishment of an ironmaking museum in the village. 

 

Figure 96: Hovden S1 (blue) and other historical ironmaking sites surrounding Hovden. Note that there 
is no chronological filter applied to these sites, so not all are contemporary. © Riksantikvaren. 

As no personal visit to the site was possible due to the furnace being completely 

removed in the development project, all information presented here is based on the 
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2014 excavation report by J. Kile-Vesik and Z. Tsigaridas Glørstad (Kile-Vesik and 

Tsigaridas Glørstad, 2014). 

6.3.1 The furnace and excavation 

During the excavation at Hovden, a total of eight ironmaking furnaces were 

discovered. For this context, the focus will be on the one identifies as S1 (‘Structure 

1’), with the associated production remains.  

Ironmaking site S1 contained a single furnace enclosed by earthen banks, most likely 

from a structure completely surrounding it. These types of smelting huts (Blestertuft 

in Norwegian) are well known from the mountainous regions of central Norway 

(Narmo, 1996, 2003). Despite this, the focus here will not be on the architecture 

surrounding the ironmaking site, but the site itself. 

 

Figure 97: Map of the excavated area for Hovden S1. The exit of the smelting hut is identified towards 
the south at the centre of the map. Due to this, the relationship between the slag heaps and the furnace 
are unclear. Red lines denote profile sections kept during the excavation. After Kile-Vesik & Tsigaridas 
Glørstad 2014: 24. 

Although poorly preserved the furnace was identified in the north-eastern corner of 

the hut, near a large scatter of charcoal, interpreted as a charcoal storage area 

(Figure 97). The thick earthen banks surrounding the working area contained no 
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evidence for post-holes, suggesting either an entirely earthen built structure, or, 

more likely, a log house, an architectural style considered common for the period 

(Kile-Vesik and Tsigaridas Glørstad 2014: 24). The outer wall was measured to 

c. 6.5 × 5.2 m with the wall thickness varying from 0.8-1.1 m, and was composed 

mainly of soil with stones measuring up to 0.5 m diameter mixed within. With an 

enclosed space of c. 20 m3, the hut was large enough to accommodate a charcoal 

area, a furnace, a fireplace and a stone box of unknown purpose. Remains of the 

furnace were identified by two vertically standing flag stones with a space of c. 0.4 m 

between them and a horizontally placed flat stone at the bottom. In addition to the 

two larger slabs, several smaller stones outlined the furnace subterranean 

structure, and a concentration of slag in front of it can be interpreted as evidence for 

slag tapping (Figure 98). As there is no clear wall of stones surrounding the furnace, 

the presence of two parallel flag-stones places this furnace within the stone box 

category discussed earlier. 

 

Figure 98: The furnace within Hovden S1 (A369) during excavation. Note the flat standing stones 
surrounding the furnace bottom. The black area under the 1 m scale bar is most likely the remains of the 
slag extraction area. Photo: Dag Øyvind Hanssen Engtrø (Kile-Vesik & Tsigaridas Glørstad 2014: 28). 

In addition to furnace A369, which was found in a prominent location within the 

smelting hut on S1, another furnace, A423, was discovered c. 18 m to the south of A1, 

within similar architectural features. Being in worse condition than A369, even less 

information could be gathered from it, aside from a similar building method. A423 



Ironmaking in the Viking Age – South-Eastern Norway 

 

 
| 224 |  

 

did however provide a large assemblage of large stones close to the furnace, 

interpreted as a foundation for bellows. Additionally, both furnaces contained well-

built stone boxes, constructed of four stone slabs with blue clay filling the edges. 

The purpose of these boxes is unknown, but charcoal storage can be ruled out due 

to the nearby presence of large charcoal deposits. It has been suggested these might 

have served as ore storage, or was used as a water basin. The latter seems most 

likely, at least for Hovden S1, since the site is located roughly 50 m from the stream 

to the east, and about 100 m from the stream to the north (Figure 99). Therefore, 

having a local water storage to cool down tools or put out fires seems reasonable.  

 

Figure 99: Hovden S1 location showing the surrounding landscape. ©Riksantikvaren. 
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6.3.2 Slag distribution 

A challenge presented by the discovery of the second furnace A423, is that it raises 

questions regarding the relationship between slag heaps and furnaces. With two slag 

heaps found surrounding furnace A369, a logical interpretation would be that they 

represent two phases of use on the same furnace. With a second furnace located 

within reasonable walking distance (c. 20 m), the possibility of either of these heaps 

being related to that cannot be ruled out. At the same time however, the two slag 

heaps are both about 5 m away from A369, suggesting that slag heaps were located 

close to the furnace. Transporting waste products almost 20 m away from the 

production site seems like an unnecessary expenditure of energy. 

A second issue with the slag heaps is their location in relationship to the smelting 

hut; slag heap 105 is located only a few metres north of furnace A369, making it easy 

to connect these two. It is however also located on the other side of the wall of the 

smelting hut, on the far side compared to the entrance. Slag heap 104 on the other 

hand, is located only a few meters to the west of the entrance of the smelting hut 

(Figure 97). It therefore seems likely that these two slag heaps represent two use 

phases of the site. The first one, 105, representing a phase of use before the smelting 

hut was erected. The second one, 104 (Figure 100), most likely being a result of the 

smelting hut being built, requiring a new waste deposit closer to the door.  

 

Figure 100: Hovden S1 slag heap (A104). Scale 1 m. Photo: Jakob Kile-Vesik (Kile-Vesik & Tsigaridas 
Glørstad 2014: 25). 
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To complicate matters further, the presence of an anvil stone with a surrounding 

waste layer composed predominantly of slag (108 and 109 respectively in Figure 97) 

adds to the distribution of slag on the site. The type of slag and size of the stone in 

this working area have been interpreted as an area where blooms were 

consolidated, meaning that any slag retrieved here would still represent smelting 

slag, although morphologically it might differ. No clearly identifiable smithing slag is 

reported collected from the site. 

In terms of volume, both slag heaps were small, with A104 measuring no more than 

c. 2.5 × 2.6 × 0.2 m. Through sieving of a sample square in the slag heap, it was 

determined that 67% of the masses retrieved were slag. For the slag heap totalling 

a volume of 0.3 m3, a slag content of 217 kg was estimated. Slag heap A105, was of 

similar dimensions at 2.4 × 1.9 × 0.2 m, and although no sampling was carried out to 

assess the composition, assuming a similar composition as for A104, the total slag 

weight for heap A105 would have been approximately 335 kg, giving the site as a 

whole a total of c. 550 kg slag deposited in the slag heaps (Kile-Vesik and Tsigaridas 

Glørstad, 2014, p. 24). Any additional slag left in the furnace, tapping area or 

consolidation area is omitted in this calculation, but would most likely not add a 

substantial amount to the calculated total weight. 

6.3.3 Slag morphology 

Despite the varied origins of the slag, a striking resemblance was seen in specimens 

made available for study. As can be seen in Figure 100 the slag at Hovden S1 was 

predominantly small fragments measuring only a few centimetres across. This was 

further confirmed by the material studied, however, sampling bias has to be 

assumed here, as the material from the museum collections had already been 

filtered by the archaeologists during the excavation. The observations regarding slag 

size however were confirmed by the material made available, with all fragments 

being small and difficult to classify in terms of origin (Figure 101). Orientation in terms 

of top and bottom could however be established based on the morphology and 

presence of soil impressions on the underside of the samples clearly identifying 

them as tapped slag.  
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Figure 101: Slags from Hovden S1. Top left: C57899-1/1. Bottom left: C57899-1/2. Top right C57899-2 
(top). Bottom right C57899-2 (bottom). Photo: O. F. Nordland. 

In terms of distribution and classification the sample size for Hovden S1 (n=3) is 

simply too small for a meaningful interpretation. However, due to the contexts, 

sample C57899-2 had to be classified as uncertain rather than tapped slag or furnace 

slag as it was found in the area identified for bloom consolidation (Figure 102). The 

other two specimens both showed signs of slag tapping. 

 

Figure 102: Macroscopic classification of slag fragments from Hovden S1. Since only three samples were 

made available for studying, this classification cannot be considered representative for the site. 
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The small size of the fragments retrieved presents challenges with the macroscopic 

interpretation, as there is too little information available to draw any conclusions. 

What can be said however is that it appears as though the size collected is somewhat 

representative for the site based on the images used in the excavation report, 

showing small fragments of slag on the slag heap. Whether or not this is a result of 

post-depositional mechanical forces, or a result of deposition cannot be identified in 

this context. But it is clear that the slag must have been easy to work with, or it would 

have created larger fragments.  

Having access to a sample of slag from an area of bloom consolidation allows some 

comparisons to be made between the slag found here and slag found in the main 

slag heaps. As the morphology of the slag resembles that of tapped slag, it is likely 

that the slag accumulated in an area near the anvil stone, as droplets of slag expelled 

from the bloom would be easily identified as such.  

 

6.3.4 Slag microstructures 

The samples from the slag heap were dominated by fayalite, with highly variable 

contents of wüstite; whereas sample C57899-1/1 contained abundant quantities of 

wüstite and a few irregular iron prills, C57899-1/2 was virtually free of both wüstite 

and iron prills (Figure 103). Additionally, the fayalite crystals in C57899-1/1 were 

small and densely packed, a typical indicator of rapid cooling. A similar observation 

was made regarding C57899-1/2, where the fayalite grains also have developed in 

all directions. Aside from this, this sample however differs substantially from 

C57899-1/1, as it is virtually free from wüstite and iron prills, and the observed 

fayalitic structures were a lot larger at the same magnification, clearly indicating a 

Figure 103: Electron microscope images of slag samples from Hovden S1 showing the observed 
microstructures. Left: C57899-1/1. Right: C57899-1/2. 
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slower rate of cooling. The presence of almost perfectly spherical voids within both 

samples further confirms stationary cooling. 

Considering C57899-2 as different due to the context it was retrieved from allowed 

a more detailed study of this sample, which revealed little difference from the two 

presented above; the slag was dominated by large fayalite crystals with a dense mix 

of wüstite overlaying it, and a few small, and irregular prills in between (Figure 104). 

The size of the fayalite grains was the largest of all the samples studied from the 

site, most likely a testament to repeated heating of the bloom during consolidation, 

allowing for much slower cooling. There was no evidence for magnetite observed, 

which would be expected for slag cooling in oxidising conditions. As such, it is 

possible that this is a piece of furnace slag that was stuck to the bloom as it was 

transferred to the consolidation site. Alternatively, the small size of the specimen 

makes it possible that an oxidised area was not present on the sample. 

 

Figure 104: Electron microscope images of slag C57899-2 showing microstructures similar to the 
previously discussed. 

 

Based on the apparent similarity between the slag samples, no clear distinction 

regarding the forming processes could be made. Therefore, all samples are treated 
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as representing smelting activities without much changing during the consolidation 

phase. 

 

6.3.5 Slag chemistry 

Possibly caused by the small sample size, the slag samples from Hovden S1 showed 

uniformity in terms of slag chemistry. All contain around c. 50-60% FeO, together 

with c. 20-30% SiO2, and around 8% Al2O3. MnO is present in similar concentrations 

to this, at around 9% (Table 37, see Appendix G for full analysis). This conforms to 

the observations made based on the slag microstructure, where C57899-1/2 

contained no visible wüstite; it is also the one with the lowest FeO content. 

Table 37: Chemical composition of slag samples from Hovden S1 acquired by SEM-EDS. All values are 
normalised to 100% stoichiometrically with the analytical totals presented in the far-right column. Values 
below the detection limit are denoted with < 0.1. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

C57899-1/1 0.9 0.5 7.6 20.1 0.3 0.2 1.0 1.3 0.4 9.7 58.1 101.0 

C57899-1/2 1.1 0.7 8.1 28.2 0.4 < 0.1 1.6 1.8 0.5 7.5 50.1 97.2 

C57899-2 0.9 0.5 8.4 21.9 0.3 < 0.1 1.2 1.5 0.5 8.7 56.0 98.5 

             

Hovden S1 avg. 1.0 0.6 8.1 23.4 0.3 0.2 1.3 1.5 0.5 8.6 54.7 98.9 

 

Comparing the above values to each other confirmed the high level of uniformity 

observed. Ignoring the fact that three samples are hardly representative for the full 

scope of production at the site, the fact that they were retrieved from different 

contexts, thereby increasing the possibility of showcasing different facets of 

production on site. 

Table 38: Mean, Standard deviation (SD) and coefficient of variation (CV) for samples from Hovden S1. 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

Hovden S1 avg. 1.0 0.6 8.1 23.4 0.3 0.2 1.3 1.5 0.5 8.6 54.7 98.9 

Hovden S1 SD 0.1 0.1 0.4 4.3 0.0 0.1 0.3 0.3 0.1 1.1 4.1 1.9 

             

Hovden S1 CV 12 % 19 % 5 % 18 % 14 % 58 % 21 % 17 % 15 % 13 % 8 % 2 % 

 

Comparing the F-value, G-value, R-value and RII again paints a picture of a high level 

of uniformity across the site (Table 39), with lower variation between samples 

C57899-1/1 and C57899-2 than C57899-1/1 and C57899-1/2.  
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Table 39: F-value, G-value, R-value and RII for samples from Hovden S1 with the average for the whole 
site calculated from these. 

Sample ID F G R RII 

C55789-1/1 2.6 15.2 3.4 0.7 

C55789-1/2 3.5 20.9 2.0 1.3 

C55789-2 2.6 18.1 2.9 0.8 

     

Hovden S1 avg. 2.9 17.9 2.7 0.9 

 

The variation seen in the RII is surprising, and makes the interpretation tricky. A 

value below 1.0 indicates excess SiO2 in the slag, and values above indicating excess 

FeO. Therefore, the low sample size makes it difficult to establish what is the case 

for Hovden S1, but working with the available material and assuming it is 

representative, the average of 0.9 would suggest a low excess of SiO2, but a largely 

well-balanced slag. 

 

Figure 105: Beeswarm plots for slags from Hovden S1 showing F-value, G-value, R-value and RII. 

Due to the similarity between the two aforementioned samples, it is also possible 

that some of the slag accumulating in the bloom consolidation area was transferred 

to the slag heap, creating the close fits of samples studied here. The presence of a 

waste area littered with slag surrounding the assumed anvil stone however makes 

this seem like an unnecessary use of time and energy, as slag obviously was left in 

place as well. 
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Iron prills were observed in two of the samples, once again conforming to the high 

level of uniformity observed in the slag thus far. An interesting observation was the 

consistent presence of relatively high levels of manganese detected in all of the 

prills (Table 40). For one sample, C57899-1/1, the prill was so small that aluminium, 

silica, and potassium were detected from the surrounding matrix (Figure 106). These 

have to be considered false positives, as they would not be present within the metal. 

Considering that the other prills have similar values to this one, aside from elevated 

concentrations of Mn, it appears likely that a value of 0.3-0.4% Mn in the metal is 

representative for the site. 

Table 40: Prills found in samples from Hovden S1 showing shape, size, and chemical composition 
detected by SEM-EDS. Values below the detection limit are shown as < 0.1, with the column "Total" 
showing analytical totals prior to normalisation. All values are normalised to 100%. 

Sample ID Prill size Shape Al Si K Mn Fe Total 

C57899-1/1 10 µm round 0.3 0.4 0.1 0.3 98.8 101.8 

C57899-2 P1 15 µm round < 0.1 < 0.1 < 0.1 0.4 99.7 100.0 

C57899-2 P2 15 µm angular < 0.1 < 0.1 < 0.1 0.4 99.6 100.4 

 

 

 

Figure 106: Prills seen in samples from Hovden S1. 



Ironmaking in the Viking Age – South-Eastern Norway 

 

| 233 | 
 

 

Figure 107: Al2O3-SiO2-FeO+MnO ternary diagram showing the samples from Hovden S1 and the 
average. Ternary after Charlton et al. 2010: 358. 

Plotting the slag chemistry on the SiO2-Al2O3-FeO+MnO ternary (Figure 107) once 

again confirms the homogeneous nature of the samples, which already was 

observable in the raw chemical composition. With all samples falling into the area 

close to the lower optima identified by Charlton et al. (Charlton et. al 2010) the theory 

that a tradition tends to move towards one of the lowest temperature areas appears 

to be valid, although a larger sample size would be required to confirm this. 

Calculating the viscosity index (KV) for the sample again highlights the strong 

similarity between samples C57899-1/1 and C57899-2, despite originating from 

different contexts on the site. Further support for this is found when calculating the 

different viscosities for the samples at different temperatures (Table 41). As can be 

seen in the table below, regardless of sample, is that the calculated viscosity for the 

site shows a runny slag at low temperatures, suggesting the furnace could be 
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operated at temperatures around 1300°C – 1350°C achieving good slag extraction. 

With increased temperature, this would become all the easier. 

Table 41: Calculated viscosity in Pa·s at different temperatures, as well as the KV for each sample. 

Sample ID 1200°C 1300°C 1400°C 1500°C KV 

C55789-1/1 7.0 3.0 1.4 0.7 2.6 

C55789-1/2 15.8 6.2 2.8 1.3 1.7 

C55789-2 8.8 3.7 1.7 0.9 2.3 

      

Hovden S1 avg. 10.5 4.3 2.0 1.0 2.2 

 

Plotting the values for the calculated viscosity on a graph highlights the low viscosity 

of the slags even more so; scaling the Y-axis in the graph to match with the 

previously presented material, it becomes clear that all of the samples from 

Hovden S1 are in the lower range (Figure 108). Assuming that sample C57899-1/2 

does not represent a major variation within the site, but rather an outlier, it is easy 

to jump to the conclusion that Hovden S1 would achieve workable slag (below five 

Pa∙s) at low temperatures. Given the small sample size however, it is safer to 

assume a temperature range for the furnace between 1250°C and 1350°C, as this 

range allows for all samples analysed to reach the desired viscosity.  

 

Figure 108: Calculated slag viscosities for slag samples from Hovden S1. Note that the Y-axis (Viscosity 
in Pa·s) is scaled to the previously presented sites for ease of comparison. 
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6.3.6 Summary Hovden 

Hovden S1 contained a small furnace identified as belonging to the stone box group 

discussed previously. The presence of two slag heaps, of which one was located 

underneath the smelting hut shows at least two periods of use at the site. The 

presence of two small slag heaps suggests operation run over at least two periods, 

with one slag heap for each. It seems likely that the smelting hut surrounding the 

furnace was constructed as part of the second phase of occupation, but the 

relationship between the phases cannot be ascertained with the material available. 

What can be said with certainty however is that the scale of operation would have 

been modest, with each slag heap containing no more than a few hundred kilograms 

of slag, and the total for the site totalling around half a tonne. 

Slag samples were retrieved from different areas on the site, but are 

microstructurally and chemically shown to be similar, and all of tapped slag. This 

slag was dominated by around 55% FeO, with SiO2 and Al2O3 as the main contributors. 

A noteworthy presence of MnO around 9% points towards utilisation of MnO rich ores. 

Production appears to have followed a uniform method, but due to the small sample 

size, and uncertainty regarding the relationship between the slag heaps, it is possible 

that actual operation was less uniform than presented here. The material analysed 

does indicate a site where a well-established form of ironmaking was practiced. 

Fluxing of the slag appears unlikely, but if so, done in moderation, with slag reaching 

a low viscosity at temperatures as low as 1300°C. The presence of manganese within 

the analysed prills suggests conditions within the furnace favourable to the 

reduction of MnO to metallic manganese, in turn suggesting a highly reducing 

atmosphere in the furnace. 
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6.4 Summary South-Eastern Norway 

Although the three sites presented here are approximately 150 km apart, similarities 

and differences showcase this large area. With the analysed furnaces representing 

all previously presented types of furnace architecture – flag-lined bowl-furnace, 

stone box, and stone foundation – it is clear that this feature does merit further 

studying. 

What all sites share is the small scale of operation, which fits into the established 

understanding of Viking Age ironmaking being carried out as a small-scale activity. 

Noteworthy is the presence of metallic manganese in detectable concentrations in 

the prills found in the slag. In part, this can be explained by the notably high 

concentrations of MnO found in the ore for sites where ore was available. In the 

concentrations present, the ore was of an almost black colour. MnO-rich ores alone 

however would not be sufficient for the manganese to migrate into the metal, 

providing insight into the highly reducing atmosphere within the furnace.  

Since slag is heavily influenced by the ores used, which in turn vary based on 

geographic location, the fact that all sites created slag that was highly runny at low 

temperatures not only indicates a thorough understanding of the material at hand, 

but might point towards a broader common technological concept around furnace 

operation (Table 42). 

Table 42: Direct comparison of F-, G-, R-value and RII for sites from South-Eastern Norway. 

Gudbr. 
R36 

F G R RII Gudbr. 
R6 

F G R RII Hovden 
S1 

F G R RII 

Min 2.5 11.8 1.4 0.5 Min 2.1 6.2 2.1 0.2 Min 2.6 15.2 2.0 0.7 

Max 3.3 30.5 5.2 1.7 Max 3.2 26.1 10.4 1.2 Max 3.5 20.9 3.4 1.3 

Median 2.7 16.1 3.4 0.7 Median 2.9 11.1 4.6 0.5 Median 2.6 18.1 2.9 0.8 

Mean 2.8 17.2 3.4 0.8 Mean 2.8 14.8 4.8 0.7 Mean 2.9 18.1 2.8 0.9 

σ 0.3 6.4 1.3 0.4 σ 0.4 7.7 2.9 0.4 σ 0.5 2.9 0.7 0.3 

CV 10.3 37.2 36.9 49.9 CV 13.0 52.2 60.0 56.6 CV 17.9 15.8 25.6 34.4 

 

With all sites located in areas where ironmaking sites area abundant, it is clear that 

certain areas attracted iron smelters more than others. Both Gudbrandslie and 

Hovden contain remains of ironmaking that, if studied collectively, most likely would 

reach an almost pseudo-industrial scale. A caveat here is of course the find bias. 

With large scale development carried out in these areas, large numbers of 

excavations have been carried out. Subsequently, areas without this level of 
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development might hide further large production areas which until then, will remain 

undiscovered. 
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7  IRONMAKING IN NORWAY BEFORE THE VIKING AGE 

After summarising the historiography of Viking Age iron smelting, and introducing a 

selection of sites in detail, this chapter deals with ironmaking in Norway before the 

Viking Age. This non-linear approach to chronological organisation of topics was 

chosen to thoroughly familiarise the reader with the particularities of Viking Age 

ironmaking, and allow a stronger comparison and contrasting between the two 

periods. 

This chapter will present the two key ironmaking traditions in Norway predating the 

Viking Age, and the information presented earlier will enable a better understanding 

of the differences between the methods of iron production used the Viking Age and 

earlier periods. This chapter serves as a summary; Chapter 10 contains a detailed 

comparison between the two periods on a regional level, highlighting changes from 

pre-Viking Age to Viking Age ironmaking in these areas. 

 

7.1 Introduction 

Early excavation of large-scale ironmaking sites in Norway, in particularly at 

Møsstrond in the 1970’s made it clear that multiple furnace types have been in use in 

Norway at different times (Martens, 1972; Martens and Rosenqvist, 1988). Further 

support for this came in the 1980’s when excavations at Dokkfløy revealed older 

furnaces that differed from those found around Møssvatn (Larsen, 1991). To add to 

the confusion, excavations in the Trøndelag area of middle Norway in the 1980’s 

revealed furnaces of similar date to those found in south-eastern Norway, but of a 

fundamentally different architecture (Farbregd, Gustafson and Stenvik, 1985). With 

further finds in this region conforming to the previously identified type, it became 

clear that throughout the Early Iron Age and into the Merovingian Period, two distinct 

traditions of ironmaking are known in Norway (Figure 109). Named after the 

dominant regions where they were found, the Trøndelag-tradition and Østland-

tradition both differ significantly enough from each other to merit distinct naming. 

Key in the three-furnace typology of the study of ironmaking in Norway, a synthesis 

of the different traditions will be presented in the following section, using 

descriptions of excavated furnaces to highlight the similarities within the individual 

traditions, as well as the differences between them. Despite distinct differences, both 

early Iron Age ironmaking traditions employed slag pit furnaces rather than tapping 
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furnaces, used in the Viking Age, with remains often manifesting as large slag blocks 

in comprehensive slag heaps. 

 

Figure 109: Distribution and frequency of records for the two dominant types of ironmaking furnaces in 
Norway during the Early Iron Age. Trøndelag style furnaces in blue, Østland style furnaces in orange. 
Data based on recorded furnaces in Askeladden August 2020. 
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7.2 The Trøndelag tradition 

In the system of three main types of furnaces, the first one, Ia, is in Norway also 

referred to as the Trøndelag-furnace, after Trøndelag county in middle Norway 

where most of these furnaces are found (Figure 109). The very first were found at 

Heglesvollen, 20 km south-east of the town of Levanger, in Trøndelag county in 1982 

(Farbregd, Gustafson and Stenvik, 1985). Later excavations of similar furnaces in the 

same part of the country lead to the name Trøndelag-furnace being used within 

Norway to describe this particular type (Espelund and Evenstad, 1999). It is worth 

noting that although only 176 furnaces of this type are documented in the Norwegian 

national database for cultural heritage Askeladden (Appendix H), a total exceeding 

1000 in the area is estimated (Espelund and Stenvik, 1991), with over 300 stated to be 

known (Prestvold, 1999; Espelund, 2007b). This discrepancy between registered sites 

and sites known to local archaeologists highlights a critical issue with this 

endeavour. Nevertheless, the sites presented provide a good overview and 

understanding of the material at hand, and more importantly, provide geographical 

information regarding the extent of different furnace typologies. 

Used throughout most of the Early Iron Age and towards the transition into the Late 

Iron Age, this tradition is represented in most of the counties surrounding the 

Trondheimsfjord, spanning the period c. 350 BC – AD 550 (Stenvik, 2013). Due to the 

high level of uniformity seen between these sites, it is apparent that this was a well-

established and long-lasting tradition for ironmaking.  
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7.2.1 Furnace architecture 

At the heart of the typological identification of this type of furnaces lies a highly 

uniform furnace architecture. From the most photogenic at Heglesvollen to the 

mostly collapsed sites, a distinct horseshoe shape of neatly arranged stones forming 

a subterranean slag pit underneath the furnace is a common attribute for all sites, 

and the key identifier for these furnaces (Figure 110). Constructed of material 

available in the area, the size and shape of the stones used varies, but the 

dimensions follow a uniform pattern. 

 

Figure 110: Furnaces of the Trøndelag-tradition, showing the signature horseshoe shape. Clockwise 
from top left: Heglesvollen (Stenvik, 2013, p. 49), Stordalen (Stenvik, 1999, p. 5), Fjergen (Stenvik, 1996, 
p. 14), and Storbekken (Stenvik, 1989, p. 6). 

Access to this underground slag pit was facilitated through a slope leading from the 

open part of the horseshoe to the surface, allowing for easy extraction of slag blocks 

after smelting. Part of the uniformity of these sites is not only the design of the slag 

chamber, but also the size; virtually all excavated furnaces are reported to have a 

slag chamber measuring c. 80 cm inner diameter, with an almost equal height 

(Figure 111). This is a stark contrast to the significantly smaller Viking Age furnaces, 

measuring c. 30 cm diameter. 
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Figure 111: Furnace inner diameter distribution (in cm) for selected Trøndelag furnaces (Stenvik, 2013, 
p. 48). 

As often is the case with the study of prehistoric ironmaking sites and furnaces, little 

is known about the furnace proper and what shape or size it had. Based on a few 

finds (Rundberget, 2002, p. 71; Stenvik, 2013, p. 47) of sloped fragments of furnace 

lining, a conical shape narrowing down towards the bottom of the furnace has been 

suggested. With this design, a funnel narrowing down towards the transition area of 

the furnace and the slag pit, which arguably would be the hot spot and area where 

the bloom would form, addition of both fuel and ore would be strongly simplified, at 

the expense of a challenging architecture. Large impressions of wood identified on 

the slag blocks has given birth to the theory that the furnaces were fuelled with wood 

rather than charcoal. Further support to this is found in the absence of charcoal spill 

around furnaces, as well as the absence of charcoal storage sites near the furnaces 

(Prestvold, 1999). Proposing Scots pine (Pinus sylvestris) as a fuel, it has been 

hypothesised (Stenvik, 2013) that the high resin content of the tree would facilitate a 

quick rise to high temperatures, and the subsequent charring of the wood within the 

furnace would allow for the proper reducing conditions to develop.  

Although only a relatively small number of production sites of this type have been 

excavated in detail, the distinct large slag blocks formed within the extraction 

chamber underneath the furnace allow for many more production sites to be 

grouped within this tradition (Figure 112), which leads to a frustrating circular 
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argument: An ironmaking site in middle Norway where the slag heap contains 

predominantly large slag blocks will be identified as an Early Iron Age ironmaking 

site based on the typology. At the same time, an ironmaking site without clear 

furnace remains or distinct slag heap will be classified as Trøndelag type site if the 

dating corresponds to the period of use and it is found within the areas where these 

furnaces are dominant. Although a reasonable approach from a registration point of 

view, it runs the risk of furnaces that deviate from the standard getting overlooked. 

 

Figure 112: Slag block from Heglesvollen showing five depressions. The block is reported to weigh 
120 kg, measuring c. 70 cm diameter at 30 cm thickness (Espelund, 1996, p. 60). 

 

7.2.2 Site layout 

In addition to the consistent shape and size, furnaces of this type appear to follow a 

pattern of grouping; virtually all of them are found in batteries of four furnaces along 

a brink, with a few sites containing a fifth furnace as well. Compared to this, the 

usually single or at most paired Viking Age furnaces show a smaller scale of 

operation. The location along the brink with the slag extraction opening facing the 

edge serves a logical purpose; depositing the slag down the slope makes for less 

energy and labour-intensive slag removal, which shares similarities with Viking Age 

tapping furnaces also utilising this benefit. 

An interesting feature about these sites, which has led to one of the Norwegian 

terms used to describe these sites being rosettanlegg (petal-site), is the reoccurring 
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presence of four to five depressions or pits arranged around the furnace in a petal-

like pattern (Farbregd, Gustafson and Stenvik, 1985; Espelund and Stenvik, 1991; 

Stenvik, 2013).  Although the purpose of these pits is not fully understood yet, one 

theory is that these are related with air intake. Support for this theory is found in 

large slag blocks retrieved from slag heaps containing five distinct impressions on 

top (Figure 112) which, according to Espelund (Espelund, 2013b) correspond to the 

five depressions surrounding the furnace. With shaft fragments from Fjergen 

containing holes c. 8-10 cm in diameter, natural draft can be assumed. In which case 

cleaning the air inlet areas would be simplified massively if a small depression 

allowed the operators to access the tuyères (Stenvik, 1996, p. 33). Alternatively, if 

tuyères were inserted into the inlets, the diameter could shrink to the area where 

bellows would be necessary, meaning that a substantial number of people would be 

required to operate the furnaces. Following this assumption, it becomes clear that 

ironmaking following this tradition was a gargantuan enterprise, with four to five 

furnaces, each operated with four to five bellows. If a single operator per bellow is 

needed, and all furnaces are run simultaneously, iron smelting following this 

tradition would require no less than 20-25 individuals present at the site for the 

furnace operation alone. Adding potential cooks, supervisors etc. to the equation, 

these early ironmaking sites leave an impression of a well-organised and large-

scale operation. Even without bellows in use, a workforce of multiple people would 

be required to run all furnaces smoothly, and it is highly unlikely that a single 

individual, or couple of individuals, would be able to do so. This further highlights the 

contrast to Viking Age sites, which by and large would be able to be operated by as 

few as two-three individuals 

 

7.2.3 Geography 

Named for the region these furnaces are predominantly found in, the Trøndelag 

region in middle Norway indeed forms the core area of where these furnaces are 

found, with two municipalities, namely Rennebu and Meråker, containing 44 and 39 

furnaces of this respectively. It is worth noting here that the number might be both 

higher and lower for both, as data from the central database contains information 

regarding both excavated and surveyed sites. Aside from the aforementioned finds 

in the southern Norwegian county of Agder, only one more furnace is found outside 

Trøndelag county, in Molde, the administrative centre of neighbouring Møre og 
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Romsdal county (Figure 109). As these furnaces are consistently found in 

mountainous areas close to settlements, a large part of them is located in 

municipalities along the Swedish border. It is therefore likely that there are 

examples of these in Sweden as well, but in order to keep the amount of work 

fathomable, no in-depth study of Swedish material was carried out.   

It is also worth stressing that, although the majority of furnaces are found in the 

areas mentioned above, it is possible that furnaces within adjacent (or further away) 

regions would be of this type, but detailed information was not available for them. 

As such, the regions presented here have to be considered as the key areas based 

on the current state of research. 

Regardless of the modern political divides however, all sites share a common local 

geographic presence. That is, they are consistently located in the highlands close to 

both bogs and forests (Figure 113). From a logistical point of view, this makes sense 

on multiple levels. Primarily, having your key resources at hand makes it easier to 

transport the resources. Secondly, in particular relating to the ore, agricultural 

activity for centuries will inevitably leave an impression on the area, including 

draining bogs. Being dependent on bog ore meant that ironmaking would have to be 

carried out near the bogs where the ores could be sourced, or the ores transported 

to production sites. 
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Figure 113: Distribution of Trøndelag type furnaces based on registered GPS coordinates. Note that 
there are more registered sites than this map portrays. Using a topographic map as the background 
underlines their consistent location at the edge of mountainous areas. 

Another issue relating to the relationship between archaeology and agriculture is 

the disturbing influence of the later; extensive agriculture, especially when carried 

out locally for centuries, has a strongly detrimental impact on the local 

archaeological record. Hence, the presence of potential ironmaking sites in heavily 

tilled areas cannot be ruled out, but equally not proven.   
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7.2.4 Operational parameters 

During the identification of the Trøndelag tradition, Arne Espelund, at the time a 

professor in material science at the NTNU got involved with the archaeological 

excavations and carried out analyses of material retrieved from several of the 

earlier excavated sites. Subsequently, further analyses of material from these sites 

have been generated, providing a corpus of material to draw some conclusions 

regarding the processes happening within the furnaces of this type.  

 

7.2.5 Slag morphology 

The most striking, macroscopically apparent feature of this type of furnace, the slag 

blocks, already confirm that the process taking place utilised vertical slag 

separation. That is, the slag forming within the reaction area dripped or flowed down 

into the slag pit underneath, opposed to tapping furnaces, used in the Viking Age, 

where the slag was extracted vertically. Due to this, there is a natural limit of how 

much slag each furnace could produce before the rising level of slag would cover 

the tuyères and thus stop production. With the furnaces following a consistent 

pattern of shape and size, an estimated maximum volume of slag can easily be 

calculated: postulating a perfectly cylindrical shape of the chamber with a diameter 

of 0.8 m and a height of 0.8 m, using the formula for the volume of a cylinder 𝑉 =

𝜋𝑟2ℎ, gives a volume of 402124 cm3. With an average slag density of 3.5 g/cm3 

(Rostoker and Bronson, 1990, p. 81), this means any furnace could hold up to 

c. 1400 kg of slag, an amount substantially above the 50-150 kg slag blocks retrieved 

in excavations (Stenvik, 2013).  

 

7.2.6 Slag chemistry 

Despite the large number of known sites of the Trøndelag tradition, the number that 

are well excavated is substantially lower. For even fewer of these, analyses of the 

material have been carried out. Leading on this was Arne Espelund, who got involved 

early in the discovery of these furnaces, and has published much about them 

(Espelund and Stenvik, 1991; Espelund, 2007b, 2011b, 2013b, 2014). Thanks to this, 

some data is available to look at the slag chemistry for several of these sites, 

although the data is not unproblematic; one of the core issues for most of these is 

that certain elements were omitted in the analysis or presentation of the data, as 

can be seen in Table 43. Luckily, the sites that have been presented in the literature 
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earlier are found in different areas of Trøndelag county, representing the geographic 

and geological variation of the area (Figure 114). Another challenge lies in sampling 

large slag blocks, as single samples will not necessarily be representative for blocks 

weighing 100 kg or more. 

 

Figure 114: Sites mentioned in this section in relationship to each other, including the date ranges 

presented for the sites in the literature. 

 

Table 43: Chemical composition of selected Trøndelag style furnaces. Values not reported are labelled 
NR. Data from (Buchwald, 2005, p. 317; Espelund, 1996, p. 60, 1989, p. 187)  

Site Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO 

Fjergen 0.6 0.6 6.3 23.1 0.4 NR 0.6 0.6 0.5 7.6 58.1 

Heglesvollen NR NR 5.6 24.8 NR NR NR 1.3 NR 4.0 47.2 

Vårhusvollen NR NR 4.4 23.0 NR NR NR 1.0 NR 4.1 48.5 

Tovmoen NR NR 4.1 20.0 NR NR NR 0.9 NR 3.5 51.6 

Storbekken NR 0.6 6.7 28.9 0.1 1.0 NR 1.3 0.4 1.7 58.4 

            

Common for all these sites is a consistently low content of FeO + MnO, paired with 

very consistent values for Al2O3 and SiO2. As many samples have a large number of 

the most common oxides studied in iron slag omitted in the presentation, behind this 

uniformity might be more variability that is disguised by errors with normalisation 

or the analysis; information that unfortunately is not available for these numbers. 

Although published in recent years, some of these values, namely those for 
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Heglesvollen, Vårhusvollen and Tovmoen, were analysed in the 1980s, which 

provides a challenge with potentially less accurate equipment. 

Despite these issues and shortcomings, the ratios between elements should not 

change drastically when including some of the elements. Especially when looking at 

values like the F-value, G-value, and particularly R-value and RII, the latter of which 

only depend on values presented in the above table, it is possible to still use these 

values, albeit with caution.  

Table 44: F-value, G-value, R-value and Reducible Iron Index (RII) for slag from the Trøndelag iron 
smelting tradition. 

Site F G R RII 

Fjergen 3.7 12.3 2.1 1.2 

Heglesvollen 4.4 13.5 1.5 0.9 

Vårhusvollen 5.2 10.3 1.7 1.0 

Tovmoen 4.9 9.1 2.0 1.2 

Storbekken 4.3 14.3 2.0 0.9 

 

Although a first glance at the different values presented in Table 44 and Figure 115 

gives the impression of two groups forming, for example a >1 RII and <1 RII, these 

groups are not formed by the same samples. Given the comparatively low variation 

within the R-value and RII, it is also likely that this divide is artificial. Looking at the 

range for the G-value, where any value between 5 and 50 would suggest equilibrium 

between fayalite and wüstite (Buchwald, 2005), meaning that all values here 

represent that situation, regardless of the span. Simultaneously, the R-value of 

around 2 simply confirms that these slag samples are from smelting activities rather 

than smithing; a superfluous confirmation, as the macroscopic morphology of slag 

blocks already strongly indicates this.  
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Figure 115: Plot visualising the G-value, F-value, R-value and RII for selected Trøndelag tradition sites. 

The variation seen within the RII does create two groups; one exceeding 1.0 and one 

just below it. Although this can be interpreted as difference in efficiency, with 

Heglesvollen, Vårhusvollen and Storbekken all sacrificing iron in the production of 

the slag, the especially Vårhusvollen (RII = 0.96) is close enough to 1.0 that it is likely 

a balanced system was aspired. Following the same rationale, the sites with an RII 

exceeding 1.0 would have excess silica in the slag, which might be interpreted as a 

sign of fluxing. Although this is possible, there is a less complex explanation; the 

sites presented here cover a relatively large geographical area, and the ores used 

would be sourced from local bogs. Even within a small area, such as between the 

sites of Tovmoen and Storbekken, the ratios calculated above present surprisingly 

large variables. At the same time, Storbekken and Heglesvollen have virtually the 

same values despite being geographically and chronologically the furthest apart. As 

such, variations seen on this level are most likely caused by local variation within a 

regional system. 

Comparing the composition and placement within the Al2O3-SiO2-FeO+MnO ternary 

diagram again shows a high level of uniformity and provides further support of the 

sites having strong similarities in the slag chemistry. Since slag is a product of the 

processes taking place within the furnace, it would suggest a strong similarity 

between these as well. With all of the sites presented falling well into the fayalitic 

area of the ternary diagram, an observation already confirmed largely by an R-value 

of close to two is confirmed.  
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Figure 116: Ternary diagram showing the relationship between Trøndelag style sites. 

Another observation highlighted by visualising the ratios in this way is how they 

appear to approach neither of the optima discussed earlier (Figure 116).  

Using the same chemical data to calculate slag viscosities is not unproblematic, as 

there is no reporting of some elements that do influence the composition at different 

temperatures. Using a value of 0 for those not reported is the most consistent 

solution to this problem, but it does raise the problem of influencing the numbers 

towards one side or the other. At the same time, it is impossible to predict a value, 

and assigning one randomly would yield equally problematic results. As such, the 

calculations presented here use a value of 0 where no number is reported. 

For the viscosity index (KV), the sites show a consistently low number, corresponding 

to a uniform level of viscosity (Table 45). It can be argued that a larger sample size 
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potentially might change the numbers, but in terms of the technology used at the 

sites, vertical slag separation does not require the same level of liquidity as 

horizontal, meaning that a satisfactory level of slag-metal separation could be 

achieved at a lover viscosity.  

Table 45: Viscosity index (KV) for Trøndelag style furnaces based on data presented in Table 43. 

Site KV 

Fjergen 2.3 

Heglesvollen 1.7 

Vårhusvollen 2.0 

Tovmoen 2.3 

Storbekken 1.7 

 

As the KV as an index gives an estimated notion of relative viscosity, it applies in this 

case to highlight the strong similarities between sites. As all sites have similar 

values, a similar level of viscosity is expected. Going further, and actually comparing 

the calculated viscosity based on slag chemistry at different temperatures, shows a 

similar divide, with Fjergen and Tovmoen falling close to each other, Heglesvollen 

and Storbekken being virtually the same, and Vårhusvollen occupying the space in 

between (Table 46). 

Table 46: Calculated viscosity in Pa·s for Trøndelag tradition sites at different temperatures. 

Site 1200°C 1300°C 1400°C 1500°C 

Fjergen 9.0 3.8 1.8 0.9 

Heglesvollen 18.1 7.1 3.1 1.5 

Vårhusvollen 14.0 5.6 2.5 1.2 

Tovmoen 9.9 4.1 1.9 1.0 

Storbekken 17.6 6.9 3.0 1.5 

 

Visualising this as a graph (Figure 117) highlights this more clearly, showing the close 

relationship between geographically and chronologically distant sites within the 

same system. Unlike Viking Age iron furnaces, within which the slag was extracted 

liquid, the slag blocks forming in these furnaces were most likely only removed after 

consolidation. Therefore, the viscosity itself is not as relevant here, and it is virtually 

impossible to predict operating temperatures above the required bare minimum. 
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Figure 117: Graph visualising calculated viscosity values and temperature for the presented sites of the 
Trøndelag tradition. 

 

7.2.7 The socio-economic role of ironmaking 

Due to the uniform nature of ironmaking and the large scale, it would be ill-advised 

to omit the relationship ironmaking played with society. For the Trøndelag-tradition, 

the large-scale of the operation, paired with the remote locations, has led to the 

conclusion that work must have been organised at a central level. Organising a 

workforce of 20-25 people for a single site requires a substantial amount of 

organisation. Feeding and accommodating this number of people is a large 

undertaking even for a single site. With hundreds of sites known from the region 

(Prestvold, 1999), it is a task that cannot be improvised. This shows a marked 

difference to the situation in the Viking Age, where smelting sites are still found in 

remote areas, but at a much smaller scale, requiring fewer people and less 

organisation. 

Based on the quantity of sites known, and the quantities of slag found at them, some 

basic calculations (assuming 1 kg slag represents 1 kg iron produced) estimate 

production to be in the hundreds of tonnes for individual sites (Stenvik, 2005). 

Assuming similar production quantities for other sites, a total of c. 500 known sites 

would produce approximately 500 000 tonnes over the lifetime of the individual sites. 

Even with a conservative assumption of even distribution throughout the c. 800 years 

of use, an annual production of c. 600 tonnes seems extreme. Especially when 

considering the use of iron in the 17th century in Norway was estimated to c. 1 kg per 
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capita per year, and little reason to assume a higher consumption in earlier times 

(Stenvik, 2005). An annual production able to supply half a million consumers a year 

generates a vast surplus in an area with a low population. An example used in the 

literature is the village of Meråker, which contained an estimated 10-12 farms at the 

transition from the Early to Late Iron Age, yet has evidence of 40 ironmaking sites 

from this period. Depending on the occupancy of these farms, and assuming a 

consistent but conservative production of iron, a single furnace could provide more 

than enough iron for all occupants (assuming a production of c. 50-150 kg per 

furnace) for several years. With four concurrently run furnaces, this generates a 

vast surplus (Stenvik, 1994; Prestvold, 1999). 

 

7.2.8 Summary Trøndelag tradition 

Based on the short summary presented here, there can remain little doubt about the 

uniformity of the way iron was made in mid-Norway during the Early Iron Age. 

Limited to most of the county, the tradition sharing the name with the region stands 

out as a long-lasting and well-developed tradition. The uniform furnace design and 

size, as well as consistent site layout makes it easy to distinguish sites following 

this tradition from others, allowing identification of Early Iron Age sites at a 

macroscopic survey level.  

Large scale and complex production, drawing on a labour force exceeding local 

population is a strong indicator of a well-organised workforce, requiring planning 

and supply, which would be difficult to facilitate in a fragmented or non-stratified 

society.  

Although the method was in use for the best part of a millennium, and covered a 

large area, variation observed within the slag remains most likely is the result of 

different local geology and geography rather than intentional variation, suggesting a 

well-defined knowledge of the processes involved, and a high level of repetition of 

these.   



Ironmaking in Norway before the Viking Age 

 

 
| 256 |  

 

7.3 The Østlandet tradition 

The other Early Iron Age tradition for ironmaking seen across a large part of Norway, 

known as type Ib, or the Østlandet tradition, takes its name from the Norwegian name 

for the area it is mainly found in; the mountainous inland part of southern Norway.  

Although the name translates as “Eastern country”, the area is located west of the 

Oslofjord, east of the Hardangervidda plateau. This mountainous area in close 

proximity to both arable land and important trade hubs has a rich and long tradition 

of ironmaking, with substantial numbers of ironmaking sites spanning all parts of 

the Iron Age found (Figure 119). 

Shortly after it had become clear that the ironmaking tradition in Trøndelag was a 

regional phenomenon, excavations at lake Dokkfløyvann from 1986 to 1989 revealed 

the presence of multiple types of ironmaking furnaces (Larsen, 1991). Through dating, 

it became clear that one of the types was contemporary with the Trøndelag-tradition, 

but differed substantially in furnace design and site layout. Due to this, it was 

recognised as an alternative tradition to the Trøndelag-tradition, forcing an 

expansion of the three-phase system, now incorporating phase Ia (Trøndelag) and 

phase Ib (Østlandet). 

Although only a relatively small number (9) of these has been excavated 

(Rundberget, 2010), numerous sites have been registered throughout the region (40), 

through surveying and reporting of slag heaps. This is possible due to the distinct 

difference in slag morphology compared to later practices; furnaces of this type also 

left behind large slag blocks.  

Chronologically, the furnaces of this type have been dated from c. 500 BC – c. 700 AD 

(Figure 118). Although some dates fall outside this period, the use of pine as fuel 

makes the dates challenging due to a potential high age of the material in use 

(Rundberget, 2010, p. 41; Stenvik, 2013, p. 64).  
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Figure 118: Date range for Ib style furnaces based on 63 radiocarbon dates. Graph: B. Rundberget 
(Larsen, 2013, p. 64). 
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Figure 119: Distribution of Østland style furnaces in southern Norway based on information from 
Askeladden as of August 2020. 

 

7.3.1 Furnace architecture 

Although only a relatively small number of these furnaces have been excavated, a 

clear pattern can be observed in how the subterranean part of the furnace is built. 

Like most furnace remains, little to nothing remains of the superstructure, meaning 

our knowledge of the furnaces is limited to the subterranean part. For these 

furnaces, this means the slag pit. 

Commonly dug down from the surface to a depth up to c. 1 m, these pits both feature 

as simple holes in the ground, as well as more elaborate builds featuring flagstones, 

creating an angle towards the lowest point, and, in contrast to the type Ia furnaces, 
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without options to extract the slag without dismantling the furnace (Figure 120). 

Finds at Dokkfløy (Larsen, 1991), Rødmoen (Narmo, 1997), Fagstad (Dannevig Hauge, 

1946; Mjærum, 2006d), and Englaug Østre (Martinsen, 2017), all contained furnaces 

where the slag pit was surrounded by assorted large stones, most likely for support 

and insulation, and neatly arranged flag stones lining the slag pit.  

Due to the angled sides of the slag pits, measurements of the diameter usually 

operate with two values; one at the top and one at the bottom, and the measurements 

presented in the literature show a lot more variation than the contemporary 

counterparts of the Trøndelag types further north. Structure XV at Dokkfløy DR 75 

(Larsen, 1991), for example, measured only 0.4 m diameter at the very bottom of the 

slag pit, but at the top, 0.7 m above the bottom, the diameter had increased 

substantially to 1.5 m.  One of the more recently excavated furnaces at Fagstad 

(Mjærum, 2006d), in comparison, measured 1.2 m diameter and a depth of 0.8 m, with 

no information given regarding the inner diameter at the bottom.  

Where flag stones are used in the furnaces, the spaces between stones were filled 

with clay, creating a continuous seal. In terms of the shaft, little remains of them, but 

pieces of furnace lining give indications of a minimum height. At Dokkfløy’s DR223 

site (Larsen, 1991, 2009) a piece measuring 0.6 m was retrieved, suggesting a 

minimum height of that for these furnaces. Compared to Viking Age furnaces which 

rarely would exceed this height, it is clear that a significant change in size occurred. 

Due to little furnace material being recovered, there is no knowledge relating to 

angle, size, quantity and shape of air inlets, keeping important aspects of the 

tradition unknown (Larsen, 2009). 
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Figure 120: Selection of Ib style furnaces, with the two on top in profile. Clockwise from top left: Børstad 
(Sæther, 2016, p. 15), Englaug østre (Martinsen, 2017, p. 10), Dokkfløy DR 223 (Larsen, 1991, p. 1), 

Fagstad (Mjærum, 2006d). 

 

7.3.2 Site layout 

In contrast to their contemporary northern counterparts, furnaces of the Østlandet 

tradition show larger variation in site layout and furnace arrangement. Often found 

alone or in pairs, similar to the arrangements favoured during the Viking Age, there 

is no clear preference for lining up multiple furnaces side-by-side. The early 

identified site at Dokkfløy contained evidence for multiple furnaces, but no clear 

pattern associated between the remains. A challenge here was the presence of large 

amounts of large slag blocks, as well as large quantities of furnace remains found 

in the area. This was interpreted as evidence for reuse of the slag pit, but not the 

superstructure. If the interpretation presented is correct, operations at Dokkfløy 

required the shaft of the furnace to be dismantled after use, and the slag block being 

extracted from the slag pit, before a new shaft could be erected over it and the 

furnace reused (Larsen, 1991, 2009; Espelund and Evenstad, 1999).  

A similar pattern is seen at the nearby Rødsmoen project (Narmo, 1997), where 

clusters of Østlandet furnaces were found in close proximity to each other, but had 
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differing radiocarbon dates, which excluded contemporary use. Based on this 

evidence, it appears likely that the furnaces represent individual episodes of use, 

rather than concurrent production.  

Excavations of a smaller scale, such as at FV 116 (Risbøl Nielsen, 1995b), RV3 (Risbøl 

Nielsen, 1995a), Fagstad (Dannevig Hauge, 1946; Mjærum, 2006d), Holen (Storrusten, 

2009), Haug (Eggen and Johansson, 2010), Kirstianslund (Langvik Berge, 2011a), 

Eidsvoll Verk (Sæther, 2015), Børstad (Sæther, 2016), Hausåker (Wenn, 2016b), and 

Englaug østre (Martinsen, 2017), all confirm a similar pattern of individual furnaces 

indicative of low intensity operations at a smaller scale than their contemporary 

northern counterparts, sharing more commonalities with later Viking Age traditions. 

A reoccurring feature found near furnaces are single post-holes or pairs thereof. 

Although the interpretation of these is difficult, a common interpretation is that these 

were used to provide some form of shelter for operators (Larsen, 1991, p. 53). 

Although it cannot be ruled out that these were not in some form related to the use 

of bellows, Larsen (Larsen, 1991, p. 57) cautions that the size of the post holes, 

measuring 0.6-0.7 m deep with a diameter of c. 0.6 m, makes this unlikely. 

 

7.3.3 Geography 

As observed with the Trøndelag-tradition, and arguably most early ironmaking 

traditions, the location of ironmaking sites for the Østland-tradition was dominated 

by access to areas where the key ingredients – ore and fuel – could be sourced 

easily. Although most of the furnaces of this type are located in or near mountains, 

enough of them are found well within arable lands, suggesting a different approach 

to ironmaking (Figure 119). 

A possible explanation can be found in the sheer size of the area where these are 

found, as well as the nature of it. As Figure 119 shows, much of the southern part of 

Norway consists of low-laying land suitable for farming. This not only allows for 

larger population sizes and density in the area, but also creates larger travel 

distances the further away from mountains settlements are located. It therefore 

seems likely that production was carried out where needed, which conforms to the 

theory that key criteria for location of production sites are transport and access to 

raw materials (Weber, 1922, p. 34). 
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7.3.4 Operational parameters 

Like other ironmaking sites presented earlier, work has been carried out on the 

remains for this tradition in an attempt to uncover a broader understanding of this 

method of ironmaking. Especially with more recent excavations, chemical analysis 

of finds was often carried out, providing material for comparison. 

7.3.5 Slag morphology 

The strongest defining feature of this tradition, which allows slag heaps to be 

identified belonging to this type are the massive blocks of slag left behind after 

smelting. Reaching sizes of around 400 kg for the most extreme (Mjærum, 2006d, p. 

10; Larsen, 2009, p. 127), smaller blocks of around half the size are known as well 

(Olafsen, 1916, p. 36). In addition to the large slag blocks, smaller fragments are 

common, indicating that larger blocks were broken up before being discarded in the 

slag heap (Larsen, 1991, p. 67; Narmo, 1997, p. 22). This shows a marked difference 

from Viking Age material, where slag was tapped out of the furnace in a liquid state. 

Based on this, it appears unlikely that several hundred kilograms of slag would be 

the results of individual smelting events, but rather accumulative results of reuse of 

a furnace, which only was cleaned when the slag reservoir was full. Support for this 

can be seen in the observation of layers within the slag block at Englaug østre, where 

multiple layers of slag are reported, with an excess on the top-most layer spilling 

out of the furnace (Figure 121). 

 

Figure 121: Slag block in situ within the furnace remains at Englaug Østre. (Martinsen, 2017, p. 8). 
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Despite the massive size of the slag blocks, they are not consistently compact slag. 

Instead, pockets of trapped gasses and impressions of large pieces of wood make 

them less dense than the size would indicate. It also suggests that a lattice of wood 

was utilised within the slag pit to ensure keeping the burden within the reaction zone. 

Alternatively, it could also be interpreted as wood being used as fuel rather than 

charcoal. A thick layer of charcoal surrounding the furnace however would be 

indicative of charcoal used as fuel, as firing with uncharred wood would not result 

in this type of layer forming. In this regard, Østlandet furnaces differ less from Viking 

Age furnaces than their contemporary northern counterparts, as charcoal as a fuel 

was used during this time as well. 

 

7.3.6 Slag chemistry 

With a number of excavations on Østland sites carried out in recent years, 

comprehensive chemical analyses of slag samples from the said excavations have 

been standard. Using a selection of sites that have been mentioned earlier in this 

chapter, and that cover a good part of the area where this type of ironmaking was 

practiced (Figure 122), an image of what was characteristic for this tradition can be 

painted. 

 

Figure 122: Ironmaking sites mentioned in this section in relationship to each other with date ranges 
shown. 

  



Ironmaking in Norway before the Viking Age 

 

 
| 264 |  

 

Table 47: Chemical composition of slags from selected Ib furnaces in weight percent (%wt), with the 
exception of BaO, which is reported in parts per million (ppm). Unreported values are presented as NR 
in the table. Børstad (Jouttijärvi, 2015b), Englaug østre (Jouttijärvi, 2017), Fagstad (Espelund, 2006), 
Holen (Grandin, 2010a), Kristianslund  (Grandin, 2010b), Eidsvoll Verk (Jouttijärvi, 2014), Haug 
(Grandin, 2010c), Kvien (Grandin, 2010d), Hausåker (Jouttijärvi, 2015a). 

Site Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total 

Børstad 0.4 0.5 4.1 23.0 0.3 0.9 0.7 0.2 25.3 42.7 14500 99.6 

Englaug ø. 1.1 0.2 6.4 18.6 0.4 1.3 1.1 0.2 3.1 59.9 3300 92.8 

Fagstad NR 0.6 4.9 21.7 7.1 1.0 1.9 0.2 13.3 48.8 2000 99.6 

Holen 0.2 0.3 2.5 17.0 0.4 0.4 1.0 0.2 12.9 57.9 4310 93.3 

Kristianslund 0.2 0.3 2.2 10.4 0.4 0.3 0.8 0.1 2.7 76.0 1850 93.5 

Eidsvoll V. 0.9 0.6 3.4 13.1 0.2 0.5 0.7 0.1 0.5 78.3 71 98.3 

Haug S-104 0.2 0.0 2.9 21.3 0.7 0.5 0.8 0.2 26.9 33.2 31500 89.9 

Haug S-105 0.2 0.1 3.3 19.9 0.5 0.5 1.0 0.2 19.5 43.9 26100 91.7 

Kvien 0.6 0.8 5.7 21.5 0.3 1.2 1.5 0.3 2.0 59.2 391 93.0 

Hausåker  1.1 0.2 4.7 20.9 0.2 1.0 1.3 0.2 1.5 68.7 2767 100.0 

 

Comparing the chemical composition of slag analyses from Østland furnaces shows 

something of a mixed bag. Most notable is the high variation in MnO content, which 

ranges from >1% to above 25%. P2O5, which was expected to be found in low 

concentrations (Buchwald, 2005), does follow this with the exception of the sample 

from Fagstad (Espelund, 2006) showing a substantially higher concentration than 

the others. As both MnO and P2O5 content are direct results of the ore selection, 

consistently high concentrations of MnO for one, can provide some insight into the 

ore used. With the highest concentrations of MnO in the slag matching the reported 

values for SiO2, it is reasonable to assume even larger concentrations thereof in the 

ores used. Given that large quantities of MnO in the ore will influence the colour, 

giving it a black appearance in concentrations exceeding c. 30%wt (Charlton et al., 

2010, p. 360), it seems likely that the high-manganese slags at least were products 

of a very dark ore. In this context, it is worth noting that a single ore source will vary 

in how much manganese is present depending on the depth of retrieval of the ore 

(Buchwald, 1998, p. 16; Thelemann et al., 2017, p. 477).  

Based on this, and without access to detailed analyses of ores from the presented 

sites, two equally plausible explanations for the high MnO concentrations manifest; 

first that the ore chosen was selected deliberately based on an unknown set of 

criteria by the smelters. In this case, the most likely selecting factors would be the 

colour or flavour. Secondly, that the sources utilised were previously unused, and 

therefore ore was collected from the top most layers, which contain more MnO than 

underlying lower layers. Based on the reported ages for the two sites with the 
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highest MnO concentrations (Figure 120), the second explanation seems more likely, 

but the first cannot be ruled out.  

Another immediate observation that can be noted when looking at the reported 

numbers is how Kristianslund and Eidsvoll Verk stand out with elevated values 

reported for FeO both around 75%, and well above the observed c. 50% for the rest. 

For Kristianslund, where only a small quantity of slag was found in what looks like 

a furnace bottom, slow cooling of the slags was interpreted as confirmation of this 

being indeed furnace slag (Grandin, 2010b). In the slag from Eidsvoll Verk, the low 

concentrations of CaO and K2O were used as an initial classifier to confirm that these 

slags also were created during smelting rather than forging (Jouttijärvi, 2014, p. 1). 

With both of these FeO rich slag samples also belonging to iron smelting, it seems 

as though there is more variation within the Ib group than initially thought. 

Comparing the F-, G-, R-value and Reducible Iron Index (RII) for the presented slags 

here paints a diverse picture (Table 48). With the G-value and R-value showing the 

most variation, the F-value and RII are slightly more informative.  

Table 48: F-value, G-value, R-value and RII for slags from Østlandet style furnaces. 

Site F G R RII 

Børstad 5.6 9.0 2.3 0.8 

Englaug ø. 2.9 14.2 2.4 0.7 

Fagstad 4.5 12.0 2.1 0.8 

Holen 6.8 5.9 3.1 0.6 

Kristianslund 4.8 4.6 5.4 0.3 

Eidsvoll V. 3.8 6.7 4.3 0.4 

Haug S-104 7.3 7.0 2.2 0.9 

Haug S-105 6.1 7.7 2.4 0.8 

Kvien 3.8 14.8 2.0 0.8 

Hausåker 4.4 10.3 2.4 0.7 

 

Using the F-value, which will be lower for primary smelting than secondary refining, 

that is, the re-forging of the bloom into objects or subsequent smithing activities 

(Buchwald, 2005, p. 138), all numbers are low enough to further confirm that the 

samples are in fact from smelting. This confirms the above assessment regarding 

the samples from Kristianslund 2 and Eidsvoll Verk, meaning that the variation seen 

is not due to these being from smithing activities. 

The G-value, although mainly useful for more modern applications, can at least 

confirm the association with ironmaking rather than steel. However, it is worth 
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noting that Buchwald indicates a G-value between 5-50 being indicative of 

equilibrium between ferrite and wüstite (Buchwald, 2005, p. 170), with increased 

numbers indicating a dominance of fayalite. Therefore, it stands to reason that the 

analysis from Kristianslund 2, with G=4.55, has higher concentrations of wüstite than 

fayalite, which could indicate a somewhat wasteful process, at least from the 

perspective of maximising iron output. 

The R-value, used as a further identifier of smelting slags rather than smithing slags 

is interesting for all samples presented here. Where pure fayalite has an R≈2.0 

(Espelund, 2013b, p. 59), a higher value indicates better efficiency in terms of iron 

produced. With all values presented here falling very close to the 2.0 mark, it is clear 

that there was room for improvement at Kristianslund 2 and Eidsvoll Verk, which 

once again standing out as more iron rich. 

The RII, which provides similar information to the R-value, shows a high level of 

uniformity for the materials presented here, as well as once again, highlighting the 

two iron rich samples from Kristianslund 2 and Eidsvoll Verk. What can be seen here 

is that all slags had varying levels of excess iron, which could have been utilised 

with an adjustment of the mixture fed into the furnace to ensure enough SiO2 is 

present to bind some of the excess iron. 

Visualising the different variables presented here shows that, despite having varied 

values, the trends are similar, and that there is enough evidence here to suggest a 

common principle of ironmaking, although a few sites do stand out (Figure 123). 
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Figure 123: Visualisation of the G-value, F-value, R-value and RII for the sites presented above. 

Looking at the visualisation seen in Figure 123, it appears as though there is more 

variation within the groups than there is. The G-value in particular will be heavily 

influenced by the local geology, as it is composed mainly of the non-deliberate 

ingredients in the smelt. Simultaneously, the F-value is strongly influenced by the 

materials the furnace is constructed of. The R-value and RII on the other hand are 

more influenced by the operational parameters of the furnace, and as such provide 

a clearer picture here. Both R-value and RII group in a dense cluster with only three 

sites standing out for each of the values; these being the same (Holen, 

Kristianslund 2, and Eidsvoll Verk). Since the three outliers do not form a group of 

their own, it is difficult, based on the information available here, to ascertain whether 

or not there is genuine variation of whether these are simple outliers, but the 

remaining samples forming a single group at least indicates a level of consistency.  

Plotting the samples on the Al2O3-SiO2-FeO+MnO ternary diagram further 

emphasises the view of uniformity with the three aforementioned sites standing out 

from the rest (Figure 124). Although they chronologically are the oldest based on the 

radiocarbon dates (Figure 122), the site of Hausåker, which is of similar age, falls 

further away.  
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Figure 124: Ib style furnaces plotted in the Al2O3-SiO2-FeO+MnO ternary diagram. 

Following this, the notion that a well-established system of ironmaking moves 

towards one of the two areas of the ternary there the lowest temperature is required 

for liquification of the fayalite holds true (Charlton et al., 2010).  

Since there is no clear chronological or geographical connection between 

Kristianslund 2 and Eidsvoll Verk, it is impossible to ascertain whether or not this is 

a competing, or alternative, method of using type Østland furnaces, or if these indeed 

are just outliers that happen to fall close to each other in terms of slag chemistry 

and attributes. Another possible explanation for the non-conformity of these site 

might be found in the samples themselves. If the samples chosen for analysis 
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happen to be non-representative for the site, a deviation as the one observed here 

might occur. As presented in the previous chapter, sample T/S SH S-27 is an 

example of this. In the case of Kristianslund 2, three fragments of a furnace bottom 

were used for the analysis (Grandin, 2010b, p. 12). For Eidsvoll Verk, a total of 15 

samples were analysed (Jouttijärvi, 2014, p. 4), with the numbers presented 

representing the site average. Based on this, an issue with sampling might be 

possible for Kristianslund 2, but seems a lot less likely for Eidsvoll Verk.  

Another possible explanation for the deviation seen could be that the two sites 

represent unsuccessful smelts. The high iron content in the slag shows that there 

was room for improvement in the methods used, and most likely represent slag from 

smelts that did not yield much iron. The very early radiocarbon dates for these two 

sites invites speculation regarding how well established the method was at these 

sites, speculations that will not be entertained here.  

Seeing how close the other sites group however, it is clear that a certain level of 

uniformity applied for these types of furnaces, where most of the variation probably 

can be explained by geographic variation, which in turn would transfer into both clay 

and ore chemistry.  

Using the same data to calculate the slag viscosities for the sites presented here, a 

similar pattern of uniform sites with outliers appears. The viscosity index (KV) shows 

only a minor deviation from the values calculated for Østland furnaces, with the 

exception of the sites of Kristianslund 2 and Eidsvoll Verk, which consistently stand 

out (Table 49). With numbers ranging from 2.40 – 2.88, most of the other sites again 

conform to a uniform pattern.  

With the furnaces in question being slag pit furnaces utilising vertical slag-iron 

separation, the slag viscosity itself is not as important as for horizontal separation. 

However, it is noteworthy that the higher numbers seen here – compared to the 

Trøndelag tradition – indicate a less viscous slag, that would easily sseparate from 

the metal.  
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Table 49: Viscosity index (KV) calculated for the Ib style furnaces discussed here. 

Site KV 

Børstad 2.6 

Englaug østre 2.7 

Fagstad 2.5 

Holen 3.7 

Kristianslund 2 6.4 

Eidsvoll Verk 7.1 

Haug S-104 2.5 

Haug S-105 2.8 

Kvien 2.4 

Hausåker 2.9 

 

An interesting observation that can be made based on the viscosity index at least, is 

how close sites like Englaug Østre and Børstad appear to be. Geographically, this is 

reasonable as they are located close to each other. Chronologically however, they 

have been dated to half a millennium apart, with little change in one of the easiest 

observable slag attributes; the viscosity. 

Adding the variable of temperature to the calculation once again highlights how 

Kristianslund 2 and Eidsvoll Verk differ from the rest; a pattern seen in all 

calculations so far (Table 50). Concurrently, the sites of Fagstad and Kvien show a 

slightly higher viscosity than the others, but also very close to each other. This 

closeness is also seen in them having virtually the same RII (Table 48), and them 

overlapping on the ternary diagram (Figure 124).    

Table 50: Calculated viscosity in Pa·s at different temperatures for the Ib style furnaces. 

Site 1200°C 1300°C 1400°C 1500°C 

Børstad 6.2 2.7 1.3 0.7 

Englaug østre 7.2 3.1 1.5 0.8 

Fagstad 9.1 3.8 1.8 0.9 

Holen 3.9 1.8 0.9 0.5 

Kristianslund 2 2.0 1.0 0.5 0.3 

Eidsvoll Verk 1.8 0.9 0.5 0.3 

Haug S-104 6.2 2.7 1.3 0.7 

Haug S-105 5.7 2.5 1.2 0.7 

Kvien 8.8 3.7 1.7 0.9 

Hausåker 6.7 2.9 1.4 0.7 
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Based on the values seen here, it is clear that all sites, regardless of which one, 

operated with a liquid slag, even at low temperatures. With the highest numbers 

already below 10 Pa·s, it is evident that the Østlandet furnaces presented here would 

have no problem achieving a good separation of metal and slag at the lowest 

possible temperatures. With furnaces operated with slag pits, a high viscosity is not 

needed, as the separation could occur with trickle-down viscosity. 

Visualising the data paints an even clearer picture, underlining the low viscosity, as 

well as once again showing the uniformity of the process; except for the two sites 

that consistently stand out (Figure 125). Using the graph below, it is particularly easy 

to see different the Østlandet tradition is to the Trøndelag tradition.  

 

Figure 125: Calculated viscosity in Pa·s for selected Østlandet style furnaces, with the Y-axis scaled to 
match the one for the Trøndelag furnaces for easier comparison (Figure 117). 

With viscosities being this low at low temperatures, there is little to no need to 

exceed the minimum temperature for liquifying the fayalite. As such, although 

Kristianslund 2 and Eidsvoll Verk might be problematic in other aspects, in terms of 

viscosity they show a surprisingly efficiency.  

The other sites, all falling close to each other or overlapping once again reinforce 

the notion of a well-established system operating over a large area and a long time-

span. Based on this, the available material, despite showing some variation, can be 

used to compare Early Iron Age ironmaking techniques in Norway not only between 

themselves, but also with later methods used. 
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7.3.7 The socio-economic role of ironmaking 

In contrast to the northern Trøndelag tradition, ironmaking in the south-eastern part 

of Norway was carried out both in remote, mountainous areas, as well as in low 

laying areas, similar to where it was produced during the Viking Age. With over half 

of the sites presented here being located in the arable land around lake Mjøsa 

(Figure 122), it is clear that ironmaking in this part of the country was not a fringe-

activity, but carried out closer to settled areas.  

This contrast is further supported by the arrangement of ironmaking sites; where 

the Trøndelag tradition ironmaking sites contained batteries of furnaces, Østlandet 

tradition furnaces are largely found alone or in pairs, indicative of a smaller scale of 

operation and less controlled approach to ironmaking. Despite this wide distribution 

and smaller scale of operation, it cannot be ruled out that ironmaking was part of a 

larger, organised socio-economic system in place in south-eastern Norway during 

the Early Iron Age. The presence of large numbers of hillforts, littered throughout 

the area, has caused a long-lasting debate about the political organisation in the 

area at the time (Mitild, 2004). 

 

Figure 126: Ironmaking sites (orange squares) and hillforts (blue circles) in south-eastern Norway during 
the Early Iron Age based on data from Askeladden, November 2020. 

Using fortifications as a proxy for power, pairing both ironmaking sites and hillforts 

in southern Norway, highlights that although some ironmaking sites are indeed 

located very close to fortifications, the vast majority are still located in areas 
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presumed far from large settlements areas; in or near mountains (Figure 126). It also 

shows that although some are located within arable areas, and also near hillforts, it 

appears as though this is not the standard for this type of ironmaking. Further, using 

hillforts as an indicator of some sort of local organisation, the sheer quantity of these 

found in southern Norway suggests a rather chaotic situation during the Early Iron 

Age (Mitild, 2004, p. 83). 

Based on this, it appears likely that although iron was most likely not produced for 

a self-sufficient farmer, there seems to be no clear indication for an overarching 

organisation of production and distribution. Instead, it appears that iron was made 

by craftspeople where they could access both ore and fuel, and distribute their wares 

to customers throughout the region. 

 

7.3.8 Summary Østlandet tradition 

With a large number of sites registered in a confined area of the country, it is 

appropriate to describe this method of ironmaking as the local tradition of the time. 

Covering most of the Early Iron Age, the way of making iron in large, free-standing 

and single furnaces in south-eastern Norway had a long tradition. The uniformity of 

the furnace design and size leads to the understanding of this being a single tradition. 

With furnaces having a similar size, c. 1 m diameter, the largest variation lies within 

how the slag pit is designed. With some furnaces having clay lined pits, others stone, 

and yet others none, it is clear that is the strongest expression of variation seen.  

In terms of slag morphology, the sites consistently produced both large slag blocks, 

often found in-situ within the slag pits, as well as smaller fragments, evidence of 

destruction of the slag blocks prior to removal from the slag pit. Finally, the absence 

of large quantities of tapped slag goes far in confirming that slag was separated 

vertically from the blooms. Unlike the Trøndelag tradition however, furnaces in 

south-eastern Norway appear to have been operated using charcoal as a fuel, and 

impressions of wood seen in slag blocks are interpreted as remains of wooden 

support placed within the slag pit. 

Chemically the slag shows a high level of uniformity, despite the sites presented 

here covering a large area as well as a long time span. This shows that a general 

understanding of the desired operating parameters must have existed, and that 

variation between the different sites most likely can be attributed to geographical 
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and geological variation, rather than intentional one. A key feature that stands out 

for these furnaces is the high concentration of MnO in the slag. With MnO being a 

residual component of the ore used in the process, it is clear that ores rich in MnO 

were used. Whether or not this was intentional, that is, dark ores were sought out, 

is impossible to ascertain without a detailed in-depth study of the material, which 

unfortunately lies outside the scope of this project, but given the high concentrations 

of MnO seen in some of the samples, the ore used there would have to be almost 

black. 

With furnaces found virtually all across the region, a pattern of control or 

preferences cannot be seen clearly. Since ironmaking depends on access to key 

resources, the site locations are most likely a result of being the nearest to 

settlements where ore and charcoal could be sourced. Without an overarching 

system of control or distribution however, the uniformity seen in furnace layout and 

operation suggests a somewhat shared origin rather than planned organisation. 
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7.4 Summary 

Based on the three-phase system for ironmaking in Norway, the two dominant 

traditions of the Early Iron age share commonalities, but are defined by their 

differences. Where the Trøndelag tradition bears clear signs of a system of oversight 

and planning, the same cannot be said with certainty for the Østlandet tradition. 

The first big commonality of both traditions is where iron was being smelted. Sites 

are located in mountainous areas separated from arable land. Whether or not this 

was choice or necessity is impossible to say, but an argument can be made for the 

latter. As ironmaking relies on access to ores and fuel, it makes sense to carry out 

operations in areas where both are easily sourced, rather than moving large 

quantities of ore and wood down from the mountains. At the same time, the lack of 

ironmaking sites in arable areas could well be a result of farming practices over the 

past two and a half millennia. 

Although both traditions have been identified as slag pit furnaces, and thereby differ 

from Viking Age furnaces on the most fundamental level, there are more differences 

in the furnace design than commonalities. Furnaces in Trøndelag were clearly 

designed with a plan of reuse in mind. Allowing slag to be extracted from inside the 

slag pit without having to destroy the entire furnace must have been a time and 

labour-saving practice, and shows a similar approach to furnace design as later slag 

tapping. Opposed to this, destroying the entire furnace and subsequently breaking 

up a slag block to reuse a slag pit seems awfully wasteful using the same 

parameters. 

Despite the common practice of vertical slag separation, the slag properties show a 

clearly distinct pattern. Slag from the Trøndelag tradition sites by and large have a 

lower FeO and MnO content than their southern counterparts. Simultaneously, the 

P2O5 content of the samples follows the pattern of slag from Trøndelag having lower 

values.  

As a consequence of the higher MnO content in the Østlandet slags, the amount of 

iron lost in the slag is technically lower, although the combined values are largely 

similar. Whether or not this represents a deliberate choice by the smelters, or was 

a serendipitous accident forced by the nature of the ores cannot be confirmed, as 

too little work has been carried out regarding ore samples from the period.   
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What is striking about both traditions is the similarity of the composition of the slag 

analysed despite samples covering the majority of areas in which they were 

practiced, over the entire pre-Viking Age. Some variation is expected due to varying 

geological contexts, yet the consistency of both ratios of SiO2, Al2O3, and MnO+FeO, 

as well as how similar the calculated viscosities are, provide strong evidence 

towards well-established practices kept alive over a long time. 

The biggest difference between the two methods of producing iron is seen in the 

organisation of the sites and the scale of operation. Where the furnaces in middle 

Norway are arranged in batteries of four to five per site, each postulated to be 

operated by four to five bellowers, sites in south-eastern Norway most often contain 

single furnaces, with the odd pair of furnaces found, a trait that can also be seen in 

the later Viking Age sites. In terms of labour requirements this provides a stark 

contrast; Trøndelag furnaces in middle Norway would require a substantially larger 

workforce to operate, assuming all furnaces are run concurrently, whereas the 

southern counterpart could make do with much less. In light of this, the overarching 

organisation of labour again points towards a less hierarchically organised system 

in the south-east. This also has implications for both the scale of production as well, 

as a larger scale of operation would cater to a different market. Where the middle 

Trøndelag tradition is assumed to have produced iron for an export market, the 

situation for the south-eastern Østlandet tradition is a bit less clear, but the smaller 

scale of operation would indicate a more limited market. 

This can in turn be related to the geographic surroundings of the area. Trøndelag, 

located half way along the old sailing route connecting northern Norway to southern 

Norway, and from there on the continent, is a very shielded area. With all good 

farmland located in the lowlands surrounding the Trondheimsfjord, mountain ranges 

to the south, east, and north provide a natural boundary only broken by the fjord 

itself. In contrast, the lowlands surrounding the Oslofjord stretch far north, and are 

easily accessible by sea from Denmark, as well as by land from what is modern day’s 

Sweden. This would create a more fluctuant political climate, which is supported by 

the myriad fortifications found in this area. Based on this, it can be assumed that a 

more mobile political landscape was detrimental for large-scale iron production, 

whereas a stable in a more secluded area allowed large scale production to develop. 

Dealing with two regionally restricted, contemporary yet very distinct ways of 

making iron shows that at the very least that multiple ideas of ironmaking were in 
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use in the Early Iron Age, and persisted into the transition of the late iron age. The 

cut-off points around AD 500 for the Trøndelag tradition, and somewhat later, during 

the 7th century for the Østlandet tradition indicate an almost seamless transition in 

ironmaking traditions in southern Norway, with a bit of a gap in our knowledge in 

middle Norway.  
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8  HOW UNIFORM WAS VIKING AGE IRONMAKING IN NORWAY?  

The previous chapters have presented a new approach to Viking Age ironmaking in 

Norway, based on a systematic and detailed comparison of furnace architecture and 

slag chemistry. The presentation of new data, collected and analysed as part of this 

project, paired with published analyses allows for a deep and thorough discussion 

regarding Viking Age ironmaking, and the changes it brought. To understand the 

latter, it is useful to refer to the previous chapter, where our knowledge of pre-Viking 

iron smelting was summarised. Most work to date has focussed on specific 

geographic regions, and the synthesis in this and the following chapter is the first 

approach to compare ironmaking throughout the entire country.  

This chapter focuses on the macro level, predominantly furnace architecture, with 

the next chapter dealing with the operational parameters deduced from slag 

chemistry.  

In this chapter, arguments for why furnace architecture is an important attribute to 

study, and how this reflects different approaches to ironmaking representative of 

larger regional differences, which go beyond the superficial similarities of using slag 

tapping furnaces are presented. 

Thereafter questions regarding scale of operation between the different furnace 

types, and how this can be seen as another aspect of regional variation are 

presented. The chapter concludes with a discussion relating to when and where the 

different furnace types are encountered. 
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8.1 Furnace architecture 

In contrast to other archaeological structures, typologies of furnaces tend to heavily 

emphasise the technological parameters of use. When studying furnaces, it is helpful 

to know whether or not it is a shallow pit-furnace, which essentially is a covered 

hearth, where the reduction takes place in a small area. Compared to these, a tall 

shaft furnace with a superstructure measuring up to several metres high differs 

significantly enough to separate them (Tylecote, Austin and Wraith, 1971, p. 343; 

Martens, 1978; Espelund and Stenvik, 1991; Rehder, 2000, p. 84; Chirikure and 

Bandama, 2014, p. 296; Humphris et al., 2018, p. 401). It is easy to differentiate between 

vertical slag-tapping into a space underneath the reaction zone, or horizontally away 

from it. Thus, the three-period system used in Norway, very much relies on 

typological assessments of slag handling, and the operational variation deduced 

from this. For the Viking Age all furnaces are classified as shaft furnaces with slag 

tapping (see Chapter 4 ). When studying them more closely different sets of 

classification or typologies are necessary. Due to the size, typological criteria 

applied for buildings can be partially suitable for furnaces. However, as a furnace is 

after all a large tool, typological means for artefacts equally apply. In order to find a 

suitable way to order and organise furnaces, and their differences or similarities, 

both approaches will be investigated briefly. 

   

8.1.1 Furnaces as buildings 

A challenge when treating furnaces as structures is the nature of the typological 

criteria used. For houses, types are often identified “[…] on the basis of specific 

similarities, e.g. in morphology, the presence of certain constructional features, 

material or context […]” (Beck, 2018, p. 144). For a furnace, the site will always be an 

iron smelting site, and thus the context cannot be used as a separator. In terms of 

material, the nature of the furnace places specific requirements on the materials 

chosen, and studies of refractory materials often emphasise smaller reaction 

vessels (Rostoker and Bronson, 1990, p. 60; Martinón-Torres and Rehren, 2009). For 

crucibles or moulds it is possible to choose and mix specific types of clay (Freestone, 

1989, p. 156; Martinón-Torres and Rehren, 2014, p. 108). Although a study of the 

technical ceramics applied in furnace construction might yield valuable insight, it is 

omitted at this stage due to the focus of the project, as well as availability of material. 
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Difference in morphology often is accompanied by differences in operation. The 

classification proposed by Martens (Martens, 1978, p. 36) rightfully differentiates 

classification identifiers as architectural and operational. Her division between 

“elements of working” and “elements of building”, are useful to separate different 

technological choices. In order to differentiate a shaft furnace where liquid slag was 

tapped from the bottom from a bowl furnace where slag was collected in a pit at the 

bottom, this system is sufficient. The moment one attempts to separate different 

types of shaft furnaces with slag tapping on the other hand, the system reaches its 

limit. In the scope of this project, Martens’ method for identifying different methods 

of ironmaking is applicable to separate Early Iron Age methods from each other, as 

well as to differentiate them from later methods (see Chapters 4 and 5 , as well as 

Chapter 10 ). In terms of understanding the uniformity, or lack thereof, of Viking Age 

ironmaking, it falls short. This is not only because Viking Age furnaces collectively 

fall into the category of shaft furnaces with slag tapping, but also because the size 

is rather uniform. An exception from this are flag-lined bowl-furnaces which, as 

discussed earlier, will not receive a detailed discussion here. 

This leaves the final criteria presented by Beck, “certain constructional features” 

(Beck, 2018, p. 144) for an attempt to create typologies for furnaces. As has been 

shown in Chapter 4.4, a reoccurring variation within Viking Age ironmaking furnaces 

in Norway can be seen in the subterranean support for the furnace. With limited 

information regarding the shape and size of the superstructure, this is the only 

feature that can be used to compare different types. With emphasis in the study of 

furnaces often being placed on operational parameters, the variation in the way the 

furnace foundation is constructed makes for an interesting observation. From a 

purely technological point of view there is no difference in whether the furnace is 

built within a raised ring of stones, or within a box or cist constructed of stone slabs, 

or above ground. All allow for a furnace to be used in virtually the exact same way, 

yet the spatial variation for either of the methods strongly indicates a preference for 

one or the other.  

Although variation in available building materials has to be taken into consideration, 

the presence of multiple types at the same site (see Chapter 6.1.1) needs to be 

interpreted as material selection to be preferential rather than geographically 

restricted. Herschend (2009: 172) states appropriately regarding Early Iron Age 

houses in Denmark:  
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“If the variations in basic layout are negligible, the differences in appearance 
are more marked owing to the differences between available building 
materials in different parts of the country. The interior layout therefore is the 
primary significant trait” (Herschend, 2009, p. 172).  

 

Applying this approach to furnaces, where the interior layout is restricted to the 

construction of the foundation and the support, this points towards foundations being 

the main area where intentional variation can be identified.  

Since buildings cannot exist independent from the social and cultural surroundings, 

it is at this point tempting to identify the discrepancy in furnace architecture as 

indicative of different cultural environments. The highly specialised role of a furnace 

however cautions against this. As mentioned above, and elaborated further below, a 

furnace serves more purposes than being purely built. In addition to the architectural 

requirements of stability and functionality, chemical and physical requirements also 

have to be met. Therefore, variations in architecture should be interpreted as 

indicators of different approaches to furnace construction.  

Based on the above, treating furnaces as buildings rather than purely technological 

artefacts allows for further subdivision and identification of variation or uniformity 

that a purely technological approach would not enable. Yet, since furnaces are purely 

technological structures, considering them in light of their technological role is 

equally important.  

8.1.2 Furnaces as tools 

Using criteria for the assessment and classifications of buildings on furnaces makes 

sense from the architectural point of view, as they are built structures of sometimes 

considerable size. Since furnaces are also tools, typological considerations for 

artefacts also apply. 

The initial classification of a tool often follows a logical sequence; the initial question 

is what the function is. The more complex, or multi-purpose a tool, the more difficult 

to answer this question becomes. For an iron smelting furnace however, this is a 

straight forward answer; the purpose is to reduce iron oxide to metallic iron. A 

second common criterion for classification is shape. Typologies for tools often 

consider difference in shape, size, and craftsmanship in order to both sort the 

different items into groups, and create lineages of these. Due to the relevance for 

this project, Petersen’s typologies of Viking Age weapons (Petersen, 1919) and Viking 

Age tools (Petersen, 1951) both follow this approach. Although the difference 
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between a sword and an axe or spear is apparent to the observer, it produces the 

initial classification. Likewise, an ironmaking furnace at first glance is easy to 

identify. Subsequent division into different types or groups, just as for tools, follows 

a similar pattern of comparing size, shape, and artisanship. Hammers, for example, 

are grouped by Petersen according to size and purpose, where a direct connection 

is made between use, shape and size (Petersen, 1951, p. 80). Transferring these 

criteria for separation to iron smelting furnaces, the deduced purpose will always 

remain the same. Size and shape however can be transferred to a point. Size itself 

is a common metric used in comparison, and can be used to create groups or 

subdivisions, as has been done in Chapter 4.4. Using the criteria of shape, the main 

issue arises regarding what dimension to study. For a hammer, one can measure 

the length, width, and placement and size of the shaft hole. For a furnace, these 

metrics are problematic as furnaces rarely are found intact. Using a metric such as 

the inner diameter of whatever is left, groups can be created. Any subdivision beyond 

this however is not possible based on these criteria alone. 

 

8.1.3 Creating subdivisions 

A common attribute studied is the technological element of a furnace. In particular, 

the way the insulation is achieved, and how waste products are handled. Air supply, 

which also is an integral part of any furnace construction, is also used to differentiate 

between furnace types. Within each of the groups thus created, size tends to be a 

main source of variation. Using the common criteria for furnace classification, all 

Viking Age iron smelting furnaces, with the exception of flag-lined bowl-furnaces, 

are small shaft furnaces with slag tapping (Martens, 1978). Comparing size, most of 

the furnaces (Figure 25) fall into a very similar span, with an inner diameter of 

c. 30±10 cm, and although this does allow for a clear differentiation, it is impractical 

to create groups over a difference of a few centimetres. Thus, relying purely on 

criteria for tools or artefacts shows a consistently uniform way of designing 

furnaces. 

Implementing the criteria used for buildings, as highlighted above, allows further 

details of the architecture to be included in the creation of sub-groups. When looking 

at the materials used for the furnace, three are always involved in some form or the 

other: stone for the foundation, clay for the shaft, and soil for insulation. Although 

some Viking Age iron smelting furnaces in Norway appear to have been constructed 
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without the use of stones at the base, the vast majority used them. All of these three 

variables can be studied and compared in detail. Due to the number of furnaces 

investigated here however, this was not done as it would exceed the constraints of 

the project. Especially when applying architectural criteria, differences in material 

choice can be attributed to local conditions. Comparing material from middle Norway 

to southern Norway presents challenges in regards to the variation in environment. 

Therefore, the focus cannot be on the materials themselves, but rather how they 

were used.  

For iron smelting furnaces in Viking Age Norway, it has been shown that there were 

different approaches to how to create the subterranean part of the furnace 

(Chapter 4 ). Although the function of a stone setting at the base of the furnaces 

studied here serves primarily to stabilise the superstructure, the way the stones are 

used suggest two distinct solutions to the same problem. Although it is impossible 

to determine whether or not these differences expanded higher up the furnace shaft, 

the consistency in which these are found in geographically distinct regions supports 

a theory of diversity within the uniformity. Since structural features play a key role 

in the distinction of building types the differences should be weighted heavily.  

 

8.1.4 Different types of furnaces – technological implications 

The three-period division of Norwegian ironmaking emphasises the fact that phase II 

furnaces, which cover the Viking Age and Early Medieval period, are identified based 

on the method of slag separation (Johansen, 1979; Espelund and Stenvik, 1991). From 

a technological point of view, this is a rational and reasonable identification, and 

there is no reason to challenge the divide between the different phases. 

As with any form of technology, ironmaking is part of a complex cultural system 

where only fragments remain for the archaeologist. With technical requirements 

placed on the furnace structure itself, key elements have to be present in order for 

the desired results to be achieved. There are however myriad ways of getting there, 

and each decision along the process is a testament to a worldview or reality that is 

represented, in part, through those choices (Haaland, 2004; Barndon, 2005). 

Although individual touches and alterations are an issue when dealing with this, an 

intentional deviation from an established system has to be treated as a new version 

of the said system. Therefore, reoccurring changes are used to identify different 

categories.  
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A common way of classifying ironmaking sites in Norway has been based on the 

arrangement and size of slag heaps, as well as the relationship of the different 

components on an ironmaking site (Narmo, 1997, p. 120). Although this is a 

worthwhile endeavour the fact that slag is in essence a waste product, makes it 

unlikely that a large amount of thought went into how to discard it. The shape will be 

influenced by where the slag heap is located in relationship to the furnace, which in 

turn will be influenced by where in the terrain the furnace is located. Since 

ironmaking sites need good access to both bogs for ore and forest for fuel, a lot of 

Norway is suitable for ironmaking. Including a source of running water and some 

well-drained ground does not impose too strict limitations on the area. Therefore, 

the location of ironmaking sites might well have played a role in the decision where 

to place it, and how to arrange the different elements. I do at this point not believe it 

likely however that Viking Age iron smelters would put too much thought into the 

location of where they carried out smelting as long as the site covered the basic 

requirements. 

Throughout the study of Viking Age and Early Medieval ironmaking sites in Norway, 

in particular in the county of Hedmark, attempts at classifying the different 

arrangements of sites have been made. A key component of this classification was 

Narmo’s division of ironmaking sites and furnaces based on which previously 

discovered ironmaking site or furnace they resemble the most, and are named after 

the first site where a furnace of this type was discovered (Narmo, 1997, p. 121). Of the 

four types he identifies (434-type, 370-type, 300-type, and 695-type), 434 is the least 

studied due to the small number of sites. Of the later three, the 370-type is the oldest, 

with a given date range of AD. 600-1250 (Narmo, 1997, p. 122), making it the most 

relevant one for the early Viking Age. Both the 300 and 695-type are dated somewhat 

later, with the start estimated to c. AD 950, and going out of use towards the end of 

the 13th century (Narmo, 1997, p. 123). 

The key differences noted by Narmo emphasise the relationship between the furnace 

and the storage areas for charcoal and ore, as well as the arrangement and location 

of the slag heaps (Figure 127), all of which will be decided by need rather than careful 

planning. It is worth noting however that in particular the 695-sites are interpreted 

as having some shelter or structure surrounding the furnace, and that slag heaps 

on both sides of this shelter can represent different periods of occupation.  
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Figure 127: Illustration of the differences between ironmaking sites of the 300-type and 695-type. After 
Narmo 1997: 122. 

A less detailed and thus more flexible model for the arrangement of ironmaking 

smelting sites was presented more recently. Rundberget (Rundberget, 2017, p. 133) 

in his assessment of the ironmaking sites at Gråfjell strips the model down to the 

components rather than their location (Figure 128). This basic model is composed of 

the various core elements located at every smelting site (furnace, ore and charcoal 

storage, and slag heap), but he stresses how both the size, shape, distance between, 

and orientation of these components varies and that therefore the model cannot be 

considered static. 

Both approaches to this have strengths and weaknesses; Narmo’s model over-

emphasises the orientation of elements around the furnace. Arguably, where a 

smelter chooses to store their ingredients does not necessarily represent a 

traditional preference, but rather the result of personal choice. At the same time, 

Rundberget’s model is almost too spartan in what is included. The presence of 

structures or shelters around the smelting site in Narmo’s 695-type for example 

makes these stand out, as a permanent structure is an additional element to the 

basic model.   
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Figure 128: The 'basic model' for an ironmaking site (Rundberget, 2017, p. 133). It is worth noting that 

the illustration is not to scale, and only meant to highlight the core components of a site. 

Regardless of what method of illustrating the organisation at site, a practical 

observation can be made; the slag heap is usually located on the opposite side of the 

furnace in relationship to the ore and charcoal storage areas. This is the only logical 

spot for it, as slag tapped onto the work area not only would pose a major health and 

safety hazard, but also contaminate charcoal or ore. Between this and the fact that 

all of these elements are necessary for a functioning site, the relationship between 

the different components should not be overemphasised. Even with a majority of 

sites showing a similar pattern in organisation, it would be a stretch to argue that 

this was part of an overarching design. For ironmaking sites studied here, focus has 

not been placed on the different elements on the smelting site.  

8.1.5 Geographic variation 

Comparing how different furnace types fit into the fragmented society of Viking Age 

Norway shows a clear divide, along the Gudbrandsdalen valley (Figure 129). 

Gudbrandsdalen and Østerdalen are the two only feasible land-based connections 

between southern and middle Norway, and the connection between Hedmark in the 

south and Trøndelag in the middle follows the line of Østerdalen. Thus, the two 

architectural groups can be divided into a northern (stone foundation) and a southern 

(stone box) group (see Appendix I for a full list). 
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Figure 129: Combined map showing all different ways of constructing furnaces in Viking Age Norway. 
Blue squares: Stone Box. Orange circle: Stone foundation. Red triangles: Unknown. Bright blue crosses: 

No foundation. Flag-lined bowl-furnaces are omitted here.  

Aside from the architectural similarities seen in furnaces in this area, a common 

occurrence seen today is in placenames containing the element blæster (smelting 

or furnace) or a form thereof. Although there are exceptions from this region (Figure 

130), there is an overlap with one of the identified groups. Other terms likely are used 

in other areas, but a detailed study of this has not been carried out here.  
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Figure 130: Map of areas with placenames containing names related to blæster (furnace/smelting) 
(Stemshaug, 1991, p. 127). 

A challenge when working with place names is that it is hard to assess the age of 

them; some may be older than the sites studied, others younger. And some might 

even be named after the activities carried out there. As Stemshaug points out, sites 

might have been named after the remains of ironmaking found there years after the 

last smelt (Stemshaug, 1991, p. 120). Omitting the entire study of linguistics and place-

names, a difference in naming can be seen as supporting the understanding that 

technological processes do not take place in parallel with society, but as part of it, 

and that all aspects have to be considered (Haaland, 2004, p. 11). Here, the dynamic 

between architectural and linguistic differences strongly suggests a diverse 

approach.  
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8.2 Scale of operation 

A key element in identifying iron smelting methods is the scale of operation. Not only 

does this provide tangible numbers to assess how much iron was made, but the 

scale can also give an indication of the required level of sophistication and logistics 

(Costin, 1991). Relating the scale of operation to the duration of operation is 

challenging, as the only way to assess the number of smelting campaigns is through 

a detailed stratified excavation of slag deposits (Humphris and Carey, 2016).  

8.2.1 Quantifying slag heaps and iron production 

A reoccurring challenge when trying to assess the quantities of iron made at an 

ironmaking site is quantifying the amount of slag present. Slag heaps come in all 

shapes and forms, and rarely have simple geometric shapes enabling excavators to 

measure them easily. It is time consuming to excavate and measure whole heaps. 

Because of this, multiple approaches have been suggested for calculating the best 

possible volume of a slag heap. Omitting any discussion on the implications different 

shapes might have, multiple models designed for different shapes of slag heaps have 

been presented and applied. Without an estimate knowledge of the volume of slag 

present in a slag heap, any further calculations based on ore and slag chemistry are 

at best qualified guessing. 

Narmo (Narmo, 1996, p. 89) approached the challenge of quantifying slag heaps by 

measuring the weight of 1 m2 of slag at 1 cm thickness in the heap, and then 

multiplying this by both area of the heap, and average height, measured across 

multiple points. This method uses the formula for the volume of a cylinder to 

calculate the slag heap: 

Equation 12: Calculating the volume of a cylinder. 

𝑉 =  𝜋𝑟2ℎ 

In this example (Equation 12), where r is based on the longest axis in m, and h the 

height in m, the mass of the slag heap can be calculated: 

Equation 13: Calculating the mass of a slag heap based on volume V and reference weight w. 

𝑚 = 𝑉 × 𝑤 

Where w the reference weight for the slag in kg. Since the equation (Equation 13) 

calculates the volume based on the average thickness measured across, a 

shortcoming is that it does not account for unevenness. 
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Using his own data for comparison, Narmo presents two slag heaps that were fully 

excavated and weighted in order to calibrate the model. Here, the measured content 

for slag heap one, weighing 1860 kg deviates from the calculated 1560 kg, and for 

slag heap two, measured to 1747 kg was calculated to only 1522 kg (Narmo, 1996, p. 

90). This highlights a challenge with this model, as there still is a deviation of some 

hundred kg slag between the calculated and estimated values. 

An adjusted approach to the volume calculations was taken by Mjærum (Mjærum, 

2004a, p. 9), where the approach of excavating a test square of 50 × 50 cm and 

sorting and weighing it was still applied, but more consideration was given to the 

shape of the heap. Here, the volume of the slag heap was calculated using the 

formula for calculating the volume of a cone: 

Equation 14: Calculating the volume of a cone. 

𝑉 =
𝜋𝑟2ℎ

3
 

As most slag heaps are measured along their longest axis, this calculation can be 

carried out using the longest axis, as the shape will only rarely be round enough to 

establish the radius r (Equation 14). 

Knowing the volume of the total heap, as well as the mass of the reference slag 

excavated in the test trench, the total amount of slag produced is calculated as 

before (Equation 13).  

Taking the elliptic shape of a slag heap into consideration, a further approach to 

calculating the volume of a slag heap is possible (Gundersen, 2012b, p. 30; 

Rundberget, 2017, p. 271) . Here, the volume is calculated as the volume of half an 

ellipsoid (Equation 15). 

Equation 15: Calculating the volume of an ellipsoid. 

𝑉 =

4
3 𝜋𝑎𝑏𝑐

2
 

Where a, b, and c represent the measured length, width, and height of the heap in 

metres. For values a and b, only half the measured value is used. For value c 

however the measured value is used, as the height is only half the axis of an 

imagined ellipsoid. Subsequently, the mass is calculated as before, using a reference 

sample from the slag heap (Equation 13).  
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Comparing the visuals these three models are based on (Figure 131), an ellipsoid 

seems the most appropriate for this exercise, and has shown to form a good bridge 

between the former two (Gundersen, 2012b, p. 31). 

 

Figure 131: Visualisation of different methods for calculating the volume of a slag heap. Narmo’s method 
relies on a cylinder and average height (left). Mjærum uses a wide and narrow cone (middle), with 
Rundberget’s method using half an ellipsoid and highest point (left). 

Using these different approaches to calculate the volume of a slagheap highlights a 

significant challenge; the varied morphology, terrain, and composition of these heaps 

makes it challenging to decide on the ideal way to calculate the quantity. Further, the 

density of the slag will be directly influenced by the smelting method applied at the 

site, meaning that slag can vary a lot in density. Comparing numbers for a small 

selection of sites highlights this further, showing the substantial difference between 

calculated volume of the slag heap (Table 51). 

Based on the large variation between the numbers, the method suggested by Narmo, 

which uses the form of a cylinder, gives large numbers. This most likely due to the 

fact that even though he used an average for the height, these numbers are not 

always available, and it therefore presents a highest possible number. Mjærum’s 

method, using the flattened cone, consistently gives far lower numbers. A 

shortcoming here is the fact that the angle of the sides is not accounted for, and even 

with a steep slag heap, the calculation underestimates the actual quantities. 

Rundberget’s formula, using the half-ellipsoid, roughly between the other two, 

appears to be the most reasonable one to use.  

In addition to calculating the sheer volume of a slag heap, the density of slag is a key 

aspect for quantifications. All of the methods above utilise a form of sampling to 

create a reference density for the entire heap. A risk of this is that masses might 

have been disturbed or moved around, and thus that a sample taken from the centre 
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of the heap might not be representative. Further, the differences in slag density, even 

within a single site, make it challenging to estimate the total amount of slag 

produced. 

Table 51: Measured dimensions and calculated volumes for a selection of Viking Age ironmaking sites. 
Hovden S1 contained one furnace but two slag heaps, all others had one furnace per slag heap. See 
Table 60 for sources. 

  Slag heap Volume (m3) 

Name 
Foundation 
type 

Length (m) 
Width 
(m) 

Height 
(m) 

Cylinder Cone Ellipsoid 

Okshovd V. Stone box 5.2 5.0 0.3 5.9 2.0 3.8 

Hovden S1 Stone foundation 
2.6 2.5 0.2 0.8 0.3 0.5 

2.4 1.9 0.2 1.0 0.3 0.5 

Hovden S2 Unknown 3.8 3.3 0.2 2.2 0.7 1.3 

Hovden S3 Stone box 3.9 3.3 0.4 5.0 1.7 2.8 

Hovden S4 Stone box 4.9 3.6 0.7 12.6 4.2 6.1 

Sudndalen Stone box 4.7 2.4 0.2 3.8 1.3 1.3 

Høksjøberget Unknown 5.5 4.3 0.5 11.9 4.0 6.1 

Beito Stone box 3.9 3.7 0.3 3.1 1.0 2.0 

DR 262 Stone box 5.1 3.6 0.3 6.1 2.0 2.9 

Erlandsgard 5 Stone box 4.0 2.0 0.8 10.1 3.4 3.4 

JFP. 3 III Stone foundation 5.8 5.6 0.2 5.3 1.8 3.4 

JFP. 3 IV Stone foundation 5.0 5.2 0.2 3.9 1.3 2.7 

JFP. 30 I Stone foundation 8.5 6.5 1.3 73.8 24.6 37.6 

JFP. 30 II Stone foundation 12.0 6.5 1.0 113.1 37.7 40.8 

JFP. 30 III Stone foundation 9.8 6.0 1.5 113.1 37.7 46.2 

JFP. 30 IV Stone foundation 8.5 3.6 0.6 34.0 11.3 9.6 

 

Not all of the sites presented above had a reference weight for the slag density 

presented. For those where it was presented or could be calculated, the discrepancy 

between the different methods for calculating the volume becomes apparent (Table 

52 and Figure 132). The difference, for example, between c. 4600 kg at Hoven S4 

using Mjærum’s method, and the c. 14000 kg using Narmo’s method is a staggering 

300%. Rundberget’s method, which falls between the two, presents a suitable middle 

way. 
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Table 52: Calculated weight of slag heaps based on different methods of calculating the volume. See 
Table 60 for sources. 

   Volume (m3) Kg 
per 
1 m3  

Total slag (kg) 

Name 
Foundation 
type 

Cylinder Cone Ellipsoid Cylinder Cone Ellipsoid 

Okshovd V. Stone box 5.9 2.0 3.8 665 3953 1318 2534 

Hovden S1 
Stone 
foundation 

0.8 0.3 0.5 803 682 228 437 

1.0 0.3 0.5 803 799 267 422 

Hovden S2 Unknown 2.2 0.7 1.3 216 485 162 278 

Hovden S3 Stone box 5.0 1.7 2.8 1104 5539 1846 3125 

Hovden S4 Stone box 12.6 4.2 6.1 1104 13909 4636 6734 

Sudndalen Stone box 3.8 1.3 1.3 1333 5130 1710 1725 

Høksjøberget Unknown 11.9 4.0 6.1 564 6700 2233 3451 

Beito Stone box 3.1 1.0 2.0 762 2341 780 1504 

 

A mitigating solution is to measure the entire volume of a slag heap rather than 

calculating it. Multiple methods for this have been proposed (Rundberget and Hill, 

2007, p. 37; Florsch et al., 2011; Humphris and Carey, 2016), but all require the 

measurements to take place during excavation.  

 

Figure 132: Visualisation of calculated slag heap weight based on Table 52. 
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8.2.2 Iron production volumes 

Having established a method for quantifying the amount of slag produced at a site, 

the information can be used to estimate the amount of iron produced. A rough 

estimate suggested by Espelund uses a ratio of 1:1 (Espelund, 1996, p. 67, 2007a, p. 

69). As a rough estimate for identifying larger and smaller production sites, this 

might be useful, but a more localised approach is necessary in order to truly identify 

the scale of operation. Due to differences in production method, and time of use, a 

large slag heap does not necessarily equal large scale operation. Likewise, a small 

heap does not automatically mean small-scale operation.  

Using the chemical composition of materials used in the smelt, multiple methods for 

calculating the amount of iron produced have been presented (Espelund, 1996, p. 66, 

2007a, p. 69; Thomas and Young, 1999, p. 157; Charlton et al., 2010, p. 354). Depending 

on what information is available, they offer different levels of accuracy for 

determining how much iron was produced per unit of slag. Where more complex 

models rely on information about the composition of as many variables as possible, 

such as ore, slag, furnace material and fuel, (Thomas and Young, 1999, p. 157; Charlton 

et al., 2010, p. 354), a simpler approach is the one presented by Espelund, which 

focuses on the difference in the ratios of FeO to SiO2 in the ore and slag. Due to 

limited availability of analysed furnace material and fuel, this method is the only one 

used here. 

Espelund (Espelund, 2007a, p. 65) defines an Enrichment Value (EV) as the ratio 

between the concentration of any element in the slag divided by its concentration in 

the ore (Equation 16). This enrichment shows how the composition of the material 

has changed through the reduction process inside the furnace, and can be used for 

further calculations. 

Equation 16: The enrichment value (EV). 

𝐸𝑉 =
%𝑋𝑠𝑙𝑎𝑔

%𝑋𝑜𝑟𝑒
 

Following Espelund’s model, a reduction value (RV in Equation 17) can be calculated 

to identify the variation in iron between slag and ore. Based on the assumption that 

all SiO2 in the slag comes from the ore, which itself is problematic as will be 

discussed later, these numbers can be used to assess how much FeO in the slag 

came from the ore. Since some iron has to disappear from the system in order to 
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form a bloom, the difference between FeO put into the system from the ore, and FeO 

retrieved from the slag, equals the amount of iron produced.  

Equation 17: The reduction value (RV). 

𝑅𝑉𝐹𝑒𝑂 = (𝐸𝑉𝑆𝑖𝑂𝑠
× 𝐹𝑒𝑂𝑜𝑟𝑒) − 𝐹𝑒𝑂𝑠𝑙𝑎𝑔 

This enrichment value indicates how much ore was required per unit of slag. For 100 

kg slag, a multiplication by 100 shows how ore was required for said 100 kg. From 

this, the ore required for 100 kg slag minus the 100 kg slag gives the amount of iron 

produced. At this stage, as the calculation uses oxides, yet the iron output would be 

in metallic iron, a further calculation is required. With the output presented as FeO, 

a conversion to Fe can be carried out by using the molar weight of the molecules 

from the periodic table. With Fe at 55.845 g/mol and O at 15.999 g/mol, one mol of 

FeO weighs 71.844 g. A simple calculation of the ratio allows a multiplication by 0.78 

for the given value to indicate how much Fe was produced. 

Testing this model on two samples analysed as part of this project highlights the 

importance of representative ore samples. The ore samples from Skistua (sample 

T/S OS O-1) and Gudbrandslie R31 (sample C55001-14) used here, and presented in 

chapter 5.2, have an average composition as presented below (Table 53). 

Table 53: Composition of analysed ore samples from this project. Elements presented as %wt with 
oxygen added stoichiometrically normalised to 100%. Values below the detection limit are shown as 

< 0.1. 

Sample ID Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total 

C55001-14 1.2 0.8 8.2 16.4 0.5 1.4 0.6 0.3 26.2 43.8 0.9 69.0 

T/S OS O-1 1.1 < 0.1 5.3 19.6 < 0.1 0.4 0.4 0.4 0.8 72.1 < 0.1 53.7 

 

A first glance at the composition of the ores shows that the concentration of FeO and 

MnO is problematic for the ore from Gudbrandslie R31. Compared to the slag values 

for the same sites (Table 54), it becomes clear that a simple mass balance 

calculation is not sufficient to calculate the amount of iron produced at 

Gudbrandslie 31. Alternatively, the ore sample can of course represent discarded 

material that was left behind intentionally. 

Table 54: Average composition of slag samples from Gudbrandslie R31 and Skistua. 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total 

Gudbrandslie 
R31 slag (avg.) 1.5 0.4 7.5 21.2 0.5 1.6 1.4 0.3 7.8 57.5 0.1 100.8 
Skistua slag 
(avg.) 1.5 0.6 8.0 26.1 0.4 0.9 1.8 0.3 3.7 56.5 0.0 102.6 
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The most obvious issue with the material from Gudbrandslie R31 is the fact that there 

is more FeO in the slag than there is in the ore. This makes calculations difficult, as 

it is clear that the ore would not have been suitable for those calculation models. 

The difference in MnO between the two sites presented here might partially 

compensate for that however, as the combination for both MnO and FeO brings the 

potential up to around 70 %wt. 

Using these two sites as examples for the calculations presented above one can see 

that although both sites have a very similar ore requirement for 100 kg slag based 

on SiO2 content (129.7 kg and 133.2 kg respectively), the Fe output varies dramatically 

(Table 55). For Skistua, an estimated 30 kg iron produced per 130 kg ore and 100 kg 

slag seems reasonable, giving a slag to iron ratio of c. 1:0.3. Gudbrandslie R31 on the 

other hand shows a negative amount of iron produced. 

Table 55: Calculations on how much ore was required to produce 100 kg slag based on samples from 
Gudbrandslie R31 and Skistua, using the method shown above. 

 Kg ore FeO Fe 

Gudbrandslie R31 129.7 -0.8 -0.6 

Skistua 133.2 39.6 30.7 

 

Although this model allows for a quick assessment of the output, the numbers 

produced have to be treated with caution. The largest caveat here is the assumption 

that all SiO2 in the slag is derived from the ore. Since the furnace will be made out 

of clay rich in SiO2, and that some of the furnace material will be absorbed into the 

slag, there is more SiO2 in the system than provided by the ore alone.  

The model can be refined by taking all elements that can be provided from the ore 

into consideration. Thomas and Young (Thomas and Young, 1999, p. 161) have shown 

that the ore contribution for most elements lies around 80-85%. Additionally, they 

identified that fuel ash did not contribute more than 1.8% for most elements (Thomas 

and Young, 1999, p. 161). Based on where the material can come from in addition to 

the ore (Table 56), a more complex formula can be created to account for these 

variations.  
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Table 56: Overview over the parent material for elements which originate in ore. After Charlton et al., 
2010, p. 355. 

 
MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO FeO BaO 

Ore • • • • • • • • • 
Clay 

 
• • 

  
• 

  
• 

Fuel ash • 
  

• • 
    

 

Adjusting Equation 17 based on this, a revised and more accurate version can be 

produced, allowing for more of the variation to be accounted for. Although there still 

are unknowns from furnace lining and fuel ash, this approach provides a more 

accurate presentation based on ore and slag alone (Equation 18). 

Equation 18: Revised version of Equation 16 to account for maximum contribution based on different 
parent materials based on Table 56. 

𝐸𝑉𝑠𝑙𝑎𝑔 =

(
𝑀𝑔𝑂𝑠𝑙𝑎𝑔

100 × 98) + (
𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔

100 × 85) + (
𝑆𝑖𝑂2𝑠𝑙𝑎𝑔

100 × 85) + (
𝑃2𝑂5𝑠𝑙𝑎𝑔

100 × 98) + (
𝐶𝑎𝑂𝑠𝑙𝑎𝑔

100 × 98) + (
𝑇𝑖𝑂2𝑠𝑙𝑎𝑔

100 × 85) + 𝑀𝑛𝑂𝑠𝑙𝑎𝑔 + (
𝐵𝑎𝑂𝑠𝑙𝑎𝑔

100 × 85)

𝑀𝑔𝑂𝑜𝑟𝑒 + 𝐴𝑙2𝑂3𝑜𝑟𝑒
+ 𝑆𝑖𝑂2𝑜𝑟𝑒

+ 𝑃2𝑂5𝑜𝑟𝑒
+ 𝐶𝑎𝑂𝑜𝑟𝑒 + 𝑇𝑖𝑂2𝑜𝑟𝑒

+ 𝑀𝑛𝑂𝑜𝑟𝑒 + 𝐵𝑎𝑂𝑜𝑟𝑒

 

Using this revised version of the formula, where the enrichment of the slag is 

calculated based on ore contributions, the value can then be multiplied by 100 in 

order to obtain a more accurate estimate of ore required for the production of 100 kg 

slag. Additionally, the reduction value for iron (RVFeO) can thus be recalculated as: 

Equation 19: Calculating the RVFeO using the EVslag from Equation 18. 

𝑅𝑉𝐹𝑒𝑂 = (𝐸𝑉𝑠𝑙𝑎𝑔 × 𝐹𝑒𝑂𝑜𝑟𝑒) − 𝐹𝑒𝑂𝑠𝑙𝑎𝑔 

Based on this revised version, the calculations for ore requirement at 

Gudbrandslie R31 and Skistua (Table 55) can be recalculated to: 

Table 57: Ore required for production of 100 kg slag, and output of iron based on the revised RVFeO from 

Equation 19. 

 Kg ore FeO Fe 

Gudbrandslie R31 65.0 -29.1 -22.6 

Skistua 135.0 40.9 31.8 

 

For Skistua the change is minor and shows that the original, SiO2-based approach 

provides a good approximation of the quantities. It also shows that the low 

concentration of FeO in the ore from Gudbrandslie R31 makes it unsuitable for iron 

smelting. Based on the numbers obtained, the ratio slag:iron does not change for 

Skistua, remaining at 1:0.3, whereas Gudbrandslie R31 has a ratio of 1:-0.2. 
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Since the ratio of iron to slag is highly dependent on the ore sources, and thus the 

geological context of the site, multiple ratios have been presented in the literature, 

ranging from 1:1.4 on the upper extreme at Gråfjell JFP 1 to 1:-0.2 at Gudbrandslie R31 

(Table 58).  

Table 58: Slag to iron ratio for different Viking Age ironmaking sites.  

Site Slag:Iron Source 

JFP 1 1:1.4 (Rundberget, 2007b, p. 336) 

JFP 5 1:0.3 

JFP 5 1:1.2 

JFP 7 1:0.2 

JFP 7 1:0.5 

JFP 8 1:0.2 

JFP 8 1:0.6 

JFP 13 1:0.2 

JFP 13 1:0.4 

JFP 39 1:1 

Skistua 1:0.3 Table 57 

Sudndalen 1:0.2 (Grandin and Englund, 2012a, p. 29; Johansson, 2012, p. 110) 

Hovden 1:0.1 (Grandin and Englund, 2012b, p. 37; Ogenhall, Grandin and 
Englund, 2013c, p. 30; Kile-Vesik and Tsigaridas Glørstad, 2014, 
p. 237, 2014, p. 316) 

Gudbrandslie R31 1:-0.2 Table 57  
 

  

Despite the large variation within these numbers, the median of 1:0.3 is a good 

estimate for most production sites (Martens and Rosenqvist, 1988, p. 173; 

Haavaldsen, 1997, p. 76). An element adding to the difficulty is the difference in both 

dating, location, and in fact furnace architecture. Visualising this showing both the 

date range for the site, the slag:iron ratio and the furnace type shows the outline of 

a pattern that ought to be studied further (Figure 133). The key challenge here is 

access to analyses of both slag and ore, which are not as frequent as desired. There 

is also an overweight of furnaces of the stone foundation type, which is due to the 

fact that the Gråfjell project where most of these are from is the most recent large-

scale excavation of ironmaking sites, and as such, was the one with the most recent 

approach to analyses.  
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Figure 133: Visualisation of slag:iron ratio for selected sites. The length of the error bar indicates the 
range of the 14C-range along the horizontal axis. The shape of the marker indicates the furnace type, 

with stone box furnaces shown as squares, and stone foundation as circles. 

A pattern that does appear when visualising the ratio of slag to iron over time, is that 

it seems to decrease over time, meaning that the smelters improved their systems. 

Since some sites had been analysed multiple times, multiple marks of the same 

colour denote the same site. It does however appear as though there are three 

groups on the graph; one at or above a ratio of 1:1, all at Gråfjell, and gradually 

improving over time. Secondly, a group around 1:0.3, which also improves over time. 

It is worth remembering that these are geographically distinct sites, and not all 

within the same area. And finally, a group that gradually goes from negative to a very 

low positive ratio. Since this last group is composed of the furnaces built within stone 

boxes, it is tempting to argue that these represent a less efficient way of making 

iron. With only three samples however, this does not seem prudent. As the available 

material increases however, it can potentially highlight a differentiation between 

furnace groups. 

What does become clear regardless of this however is that highly varying 

efficiencies in iron production could operate at the same site. Whether or not this 

difference was caused by a difference in skill of the smelters, or access to resources, 

is impossible to ascertain, but the former seems plausible seeing as JFP 5 has two 

likely contemporary results, one of which has a high yield of 1:1.2, and another on the 

lower end at 1:0.3 (Figure 133).  
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How to use these ratios to calculate the efficiency of the process becomes 

complicated when taking the volume of the slag heap as a starting point for further 

calculations. Not only are there multiple ways to calculate the volume, deciding on 

which ratio to use adds a level of bias that makes it virtually impossible to provide 

reliable values. If the assumption that high yield furnaces were operated by a master 

smelter, and low yield ones by an apprentice are true, ideally all furnaces should 

reach the high ratio of 1:1. Alternatively, lower ratios could represent exploitation of 

new areas, which again should lead to improved ratios with time, or a system where 

the quantity of production was not a key concern for the smelters. This is where the 

resolution of analysis provides a challenge. Without well-dated ore samples as well 

as equally well-dated slag samples, it is impossible to determine whether or not the 

productivity at the site has improved over time. 

Adding the variation in yield to the variation in volume calculations for a slag heap 

highlights the possibly largest problem with this type of calculations; with three 

different ways of calculating the weight of a slag heap, and multiple ratios, a single 

slag heap will have as many different output values as ratios used (Table 59). A way 

to mitigate this challenge and still be able to make reasonable predictions regarding 

the scale of operation requires decisions to be made on which models to use. Based 

on the above calculations for slag heap volume, the model using the ellipsoid is the 

most accurate to use for slag heap volumes. Further, based on the observations 

from Table 58 and Figure 133, one can suggest a slag:iron ratio of 1:0.2 for stone box 

type furnaces, the same Martens used in her calculations for Møsstrond (Martens 

and Rosenqvist, 1988, p. 102), and a ratio of 1:0.6 for stone foundation furnaces. 

Although this is based on rather small sample numbers, which might well change 

with access to more data, this allows a breakdown between the groups in iron 

produced per site. 

Using the above information paired with data available from excavation reports and 

publication, a more comprehensive comparison between sites is possible. For cases 

in the literature where the weight of a slag heap is reported, those numbers are 

used. For sites where the density for a specific sample from the heap is given this 

was multiplied with the calculated volume of the slag heap (Table 60).  
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Table 59: Comparison of slag heap volume estimates and iron production estimates based on different methods for calculating slag heap volume as well as iron production ratios. 
See Table 60 for sources for the different sites. 

 

 

 

 

 

 

 

Site Slag heap kg iron produced 

Name Furnace 
volume (m3) 

kg 
per 
m3 

weight (kg) Cylinder Cone Ellipsoid 

Cylinder Cone Ellipsoid Cylinder Cone Ellipsoid 1:0.2 1:0.6 1:1 1:0.2 1:0.6 1:1 1:0.2 1:0.6 1:1 

Okshovd V. SB 5.9 2.0 3.8 665 3953 1318 2534 791 2372 3953 264 791 1318 507 1520 2534 

Hovden S1 SF 
0.8 0.3 0.5 803 682 227 437 136 409 682 45 136 227 87 262 437 

1.0 0.3 0.5 803 799 266 422 160 480 799 53 160 266 84 253 422 

Hovden S2 U 2.2 0.7 1.3 216 485 162 278 97 291 485 32 97 162 56 167 278 

Hovden S3 SB 5.0 1.7 2.8 1104 5539 1846 3125 1108 3324 5539 369 1108 1846 625 1875 3125 

Hovden S4 SB 12.6 4.2 6.1 1104 13909 4636 6734 2782 8345 13909 927 2782 4636 1347 4040 6734 

Sudndalen SB 3.8 1.3 1.3 1333 5130 1710 1725 1026 3078 5130 342 1026 1710 345 1035 1725 

Høksjøberget U 11.9 4.0 6.1 564 6700 2233 3451 1340 4020 6700 447 1340 2233 690 2071 3451 

Beito SB 3.1 1.0 2.0 762 2341 780 1504 468 1405 2341 156 468 780 300 903 1504 
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Table 60: Overview over estimated iron production from sites with reported values for slag heaps. Volume calculations are based on the ellipsoid model. Furnace on site refers 
to furnace associated with the slag heap. Mixed denotes a mixture of types, FLBF Flag-lined bowl-furnace, NF No foundation, SB Stone box, and SF Stone foundation. For 
Storbekken III, dimensions of the slag heap are not reported (NR), but a weight estimate presented.  

Site Slag heap Iron produced (kg) Source 

Name 
Furnace 
on site 

Length
(m) 

Width 
(m) 

Height 
(m) 

Volume 
(m3) 

Weight 
(slag, kg) 

1:0.2 1:0.6 1:1  

Gudbrandslie R31 S1008 FLBF 3.0 4.0 0.4 2.5 410 82 246 410 (Tveiten, 2008b, p. 22) 

R300 K1 Mixed 4.4 3.5 0.4 3.2 2837 567 1702 2837 (Narmo, 1997, p. 44) 

R300 K9 Mixed 1.4 1.0 0.4 0.3 121 24 73 121 (Narmo, 1997, p. 44) 

R305 K1 Mixed 9.0 6.5 0.7 21.4 9662 1932 5797 9662 (Narmo, 1997, p. 48) 

R370a K6 NF 8.0 6.0 0.1 2.5 403 81 242 403 (Narmo, 1997, p. 22) 

R695 K1 NF 9.7 7.7 0.9 35.2 21300 4260 12780 21300 (Narmo, 1997, p. 57) 

R695 K2 NF 10. 7.5 0.8 33.0 26800 5360 16080 26800 (Narmo, 1997, p. 57) 

Varpe Bru NF 9. 3.0 0.1 1.7 1700 340 1020 1700 (Mojaren Gran, 2015, p. 30) 

Hovden S2 NF 3.8 3.3 0.2 1.3 140 28 84 140 (Kile-Vesik and Tsigaridas Glørstad, 2014, p. 32) 

Hovden S1 A104 SB 2.6 2.5 0.2 0.5 220 44 132 220 (Kile-Vesik and Tsigaridas Glørstad, 2014, p. 24) 

Hovden S3 A262 SB 3.9 3.3 0.4 2.8 1507 301 904 1507 (Kile-Vesik and Tsigaridas Glørstad, 2014, p. 38) 

Sudndalen A118 SB 4.7 2.4 0.2 1.3 3865 773 2319 3865 (Johansson, 2012, p. 25) 

Beito A101 SB 3.9 3.7 0.3 2.0 735 147 441 735 (Kile-Vesik, 2016b, p. 15) 

Okshovd vestre S3 SB 5.2 5.0 0.3 3.8 3139 628 1883 3139 (Gundersen, 2012b, p. 30) 

Gudbrandslie R6 S3003 SB 5.0 6.4 0.2 3.4 2840 568 1704 2840 (Mjærum, 2006b, p. 18) 

Gudbrandslie R36 S4004 SB 5.2 4.0 0.4 4.8 412 82 247 412 (Gundersen, 2008, p. 25) 

Gudbrandslie R48 SB 9.0 3.5 0.2 2.5 740 148 444 740 (Tveiten, 2008a, p. 17) 

Gudbrandslie R160 S2004 SB 5.2 4.2 0.2 2.3 1000 200 600 1000 (Mjærum, 2006a, p. 21) 

Gudbrandslie R160 S2006 SB 3.5 4.9 0.3 2.2 1200 240 720 1200 (Mjærum, 2006a, p. 22) 

Tørrisheisen S-3 SB 5.5 5.0 0.2 2.2 3000 600 1800 3000 (Tveiten, 2008b, p. 16) 

Tørrisheisen S-4 SB 8.0 5.0 0.1 2.1 2437 487 1462 2437 (Tveiten, 2008b, p. 16) 

Tørrisheisen S-5 SB 3.5 3.5 0.1 0.6 1166 233 700 1166 (Tveiten, 2008b, p. 17) 

DR 63 I SB 4.6 3.6 0.1 0.9 1700 340 1020 1700 (Larsen, 1991, p. 144) 
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DR 63 II SB 4.5 3.6 0.1 0.8 1800 360 1080 1800 (Larsen, 1991, p. 144) 

DR 69 I SB 4.5 2.5 0.2 1.2 800 160 480 800 (Larsen, 1991, p. 162) 

DR 69 II SB 6.5 4.5 0.2 3.1 2000 400 1200 2000 (Larsen, 1991, p. 162) 

Hovden 13 SB 10.5 6.0 0.5 16.5 7793 1559 4676 7793 (Martens and Rosenqvist, 1988, p. 24) 

Nystaul 6 SB 5.0 5.0 0.6 7.9 6774 1355 4064 6774 (Martens and Rosenqvist, 1988, p. 33) 

Skarbjåen 7 SB 6.0 6.0 0.5 9.4 7422 1484 4453 7422 (Martens and Rosenqvist, 1988, p. 36) 

Erlandsgard 2 SB 13.0 10.0 0.7 44.2 38161 7632 22896 38161 (Martens and Rosenqvist, 1988, p. 38) 

Erlandsgard 3 SB 13.0 13.0 0.5 44.2 29864 5973 17919 29865 (Martens and Rosenqvist, 1988, p. 45) 

Hovden 5 SB 5.0 5.0 0.3 3.3 1657 331 994 1657 (Martens and Rosenqvist, 1988, p. 53) 

Martinvika 1 SB 6.5 6.5 0.8 17.7 12610 2522 7566 12610 (Martens and Rosenqvist, 1988, p. 60) 

Homvassbekken 5 SB 10.0 8.0 0.5 20.9 23562 4712 14137 23562 (Martens and Rosenqvist, 1988, p. 64) 

Storbekken III SB  NR  NR NR  -  11000.0 2200 6600 11000 (Stenvik, 1989, p. 7) 

Skistua SB  3.0 2.0 0.3 0.8 1400 280 840 1400 Chapter 5.2 

Holm SF 4.0 4.0 0.4 3.4 170 34 102 170 (Engtrø and Sauvage, 2015, p. 23) 

JFP 1 SH1 SF 8.3 4.2 0.9 16.4 27000 5400 16200 27000 (Rundberget and Damlien, 2007, p. 45) 

JFP. 3 SH3 SF 5.8 5.6 0.2 3.4 3100 620 1860 3100 (Rundberget and Damlien, 2007, p. 59) 

JFP. 4 SF 6.8 4.0 0.3 4.3 5300 1060 3180 5300 (Rundberget and Damlien, 2007, p. 65) 

JFP. 5 SH1 SF 8.0 6.0 0.9 22.6 27000 5400 16200 27000 (Rundberget and Damlien, 2007, p. 73) 

JFP. 5 SH2 SF 6.5 4.3 0.7 10.2 21100 4220 12660 21100 (Rundberget and Damlien, 2007, p. 73) 

JFP. 5 SH3 SF 5.7 4.5 0.6 8.1 8700 1740 5220 8700 (Rundberget and Damlien, 2007, p. 73) 

JFP. 5 SH4 SF 4.5 3.1 0.8 5.8 5000 1000 3000 5000 (Rundberget and Damlien, 2007, p. 73) 

JFP. 5 SH5 SF 5.5 2.0 0.2 1.2 2300 460 1380 2300 (Rundberget and Damlien, 2007, p. 73) 

JFP. 5 SH6 SF 4.0 3.5 0.1 1.0 1900 380 1140 1900 (Rundberget and Damlien, 2007, p. 73) 

JFP. 6 SH1 SF 7.1 3.1 0.5 5.8 7600 1520 4560 7600 (Rundberget and Damlien, 2007, p. 81) 

JFP. 6 SH2 SF 5.4 4.8 0.3 4.1 4800 960 2880 4800 (Rundberget and Damlien, 2007, p. 81) 

JFP. 7 SF 3.0 3.0 0.3 1.2 2400 480 1440 2400 (Rundberget and Damlien, 2007, p. 85) 

JFP. 8 SH1 SF 5.6 4.4 0.6 7.7 8000 1600 4800 8000 (Rundberget and Damlien, 2007, p. 94) 

JFP. 8 SH2 SF 8.1 8.0 0.3 10.2 11000 2200 6600 11000 (Rundberget and Damlien, 2007, p. 94) 
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JFP. 8 SH3 SF 5.3 4.8 0.4 5.3 4900 980 2940 4900 (Rundberget and Damlien, 2007, p. 94) 

JFP. 9 SH1 SF 9.8 5.5 1.0 28.2 19300 3860 11580 19300 (Rundberget and Damlien, 2007, p. 101) 

JFP. 9 SH2 SF 6.0 3.8 0.3 4.1 6500 1300 3900 6500 (Rundberget and Damlien, 2007, p. 101) 

JFP. 9 SH3 SF 5.2 5.5 0.4 5.2 4100 820 2460 4100 (Rundberget and Damlien, 2007, p. 101) 

JFP. 9 SH4 SF 2.5 2.3 0.2 0.5 676 135 406 676 (Rundberget and Damlien, 2007, p. 101) 

JFP. 10 SF 7.0 4.5 0.5 8.2 9000 1800 5400 9000 (Rundberget and Damlien, 2007, p. 107) 

JFP. 14 SH1 SF 11.6 6.0 0.9 32.8 46000 9200 27600 46000 (Rundberget and Damlien, 2007, p. 134) 

JFP. 14 SH2 SF 8.0 5.5 1.0 23.0 23300 4660 13980 23300 (Rundberget and Damlien, 2007, p. 134) 

JFP. 14 SH3 SF 5.3 3.5 0.5 4.9 8000 1600 4800 8000 (Rundberget and Damlien, 2007, p. 134) 

JFP. 16 SF 5.5 5.1 0.3 4.4 2100 420 1260 2100 (Rundberget and Damlien, 2007, p. 148) 

JFP. 23 SH2 SF 6.1 5.7 0.3 5.5 465 93 279 465 (Rundberget and Damlien, 2007, p. 178) 

JFP. 23 SH3 SF 6.1 3.1 0.6 5.9 12259 2452 7356 12259 (Rundberget and Damlien, 2007, p. 178) 

JFP. 23 SH3b SF 1.9 1.7 0.1 0.2 1970 394 1182 1970 (Rundberget and Damlien, 2007, p. 178) 

JFP. 32 SH1 SF 7.8 4.6 0.9 16.9 11000 2200 6600 11000 (Rundberget and Damlien, 2007, p. 217) 

JFP. 32 SH2 SF 9.0 5.6 0.7 18.5 11700 2340 7020 11700 (Rundberget and Damlien, 2007, p. 217) 

JFP. 39 SH1 SF 13.3 5.2 0.6 21.7 7100 1420 4260 7100 (Rundberget and Damlien, 2007, p. 239) 

JFP. 39 SH2 SF 10.7 6.4 0.9 32.3 14200 2840 8520 14200 (Rundberget and Damlien, 2007, p. 239) 

R456 SF 3.2 1.8 0.1 0.4 167 33 100 167 (Narmo, 1997, p. 37) 

Høksjøberget S1004 Unknown 5.5 4.3 0.2 2.7 5640 1128 3384 5640 (Kile-Vesik, 2014, p. 14) 

Lille Rudi Unknown 4.9 4.5 0.3 3.1 735 147 441 735 (Gundersen, 2012a, p. 20) 

Nystaul 5 Unknown 6.5 6.5 0.6 13.3 8312 1663 4987 8312 (Martens and Rosenqvist, 1988, p. 33) 

JFP. 3 SH1 Unknown 6.3 3.3 0.8 8.7 10500 2100 6300 10500 (Rundberget and Damlien, 2007, p. 59) 

JFP. 3 SH2 Unknown 5.6 4.2 0.9 11.1 10400 2080 6240 10400 (Rundberget and Damlien, 2007, p. 59) 

JFP. 3 SH4 Unknown 5.0 5.2 0.2 2.7 3700 740 2220 3700 (Rundberget and Damlien, 2007, p. 59) 
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Considering the volume of the slag heap alone, despite large variation within the 

individual furnace groups, a difference can be seen between the stone box group and 

stone foundation group. The stone box group has median volume of 2.7 m3, whereas the 

stone foundation group is twice that at 5.6 m3 (Figure 134). Although both groups have 

outliers far above or below this value, it shows that the amount of slag produced at the 

sites varies. Although this initially does not provide information regarding the iron 

produced, it can serve as an indicator regarding the scale of operation.  

 

Figure 134: Combined box-and-whisker plot and beeswarm plot showing variation in slag heap volume (y-axis, 
in m3) by furnace type. 

Since slag produced at a site is defined by three key elements; scale, intensity, and 

efficiency of operation, a consistent variation in size indicates a difference in strategy of 

use. With furnaces only used for a few smelting campaigns most likely not producing 

more than a few hundred kg, slag heaps weighing multiple tonnes show either a longer 

period of use, or higher intensity thereof. Although using 14C-dates for comparing the use 

period of the furnaces presented here, the long radiocarbon brackets make this 

challenging. Additionally, stratigraphy of slag heaps is difficult, and evidence for repairs 
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on furnace fragments cannot tell how many smelts a furnace was used for. It does 

however stand to reason that a larger slag heap would represent a longer period of use.  

What can be seen is how uniform the different methods were; for flag-lined bowl-

furnaces, with only one known, there is nothing to be said. The groups of mixed and no 

foundation equally suffer from the lack of numbers. For stone box furnaces however, it 

appears obvious that the two large slag heaps at Erlandsgard (Table 60) are far from the 

average. Stone foundation type furnaces show more internal variation, with more change 

on the upper and lower end respectively, but tend to be larger. Furnaces with unknown 

foundation again are represented in too low numbers for meaningful interpretation 

(Figure 134).   

Following from this, it is possible to further determine the difference in scale of operation 

by looking at the density of the slag in the slag heap. Although difference in size of the 

slag heap of course influences the difference in weight, the calculated weight of the slag 

differs far more than the calculated volumes. This is directly caused by the density of the 

slag itself, as the sieving and sorting of material to calculate the weight of the slag in the 

slag heap removes any uncertainty introduced from furnace material, soil, charcoal and 

other waste deposited in the slag heap.  
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Figure 135: Calculated weight of slag heaps based on furnace types. 

Comparing the weight of the slag in the same way as the volume again confirms the close 

clustering of the stone box foundations, which form two small groups with several 

outliers around a median weight of two tonnes. For slag heaps of a median volume 

around 2.7 m3 this means around 700 kg/m3. The stone foundation group, which again 

forms a more diverse group, the median weight is over double at 5300 kg, and despite 

the volume of the largest slag heaps for the stone box group exceeding the largest of the 
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stone foundation by almost 50% (Erlandsgard 2 compared to JFP. 14 SH 1 in Table 60), the 

latter exceeds the former by c. 8 tonnes in calculated weight (c. 38000 kg and 46000 kg 

respectively). In terms of the slag density, this means that the stone foundation group, 

with a median volume of 5.6 m3 and weight of 7100 kg, falls around 1265 kg/m3. Comparing 

the average values for the groups, despite being skewed by the outliers also confirms 

this observation, although not as clear. A difference of about 20% in volume and 30% in 

weight between stone box and stone foundation furnaces does show however that the 

differences shown above are consistent, and become even more pronounced when 

calculating iron produced (Table 61).  

Table 61: Average volume and weight for slag heaps based on the associated furnace type with iron yield 
shown, as well as the standard deviation (σ) for the different variables. All values calculated based on numbers 
presented in Table 60. 

 

Volume (m3) σV Weight (kg) σW Iron at 0.2 (kg) σiron 

FLBF (n=1) 2.5 0 410 0 82 0 

Mixed avg. (n=3) 8.3 3 4207 4916 841 983 

NF avg. (n=5) 14.7 18 10069 12924 2014 2585 

SB avg. (n=24) 8.0 12 6256 9820 1251 1964 

SF avg. (n=34) 9.5 9 9443 9781 1889 1956 

Unknown avg. (n=6) 6.9 5 6548 3906 1310 781 

  

This difference in weight compared to volume can only be caused by two variables. Either 

slag heap contains more slag and less furnace material and other waste products for 

one of the groups. This would mean that furnaces either were discarded faster, build less 

durable, or were destroyed more during use. Or is directly linked to the composition of 

the slag with more heavy elements caught in the slag, notably iron, the density would 

increase accordingly. This will be discussed in detail in the next chapter (Chapter 9 ). 

Between the difference in suggested slag:iron ratio and differences in slag quantity per 

site, it can be shown that production differs quite drastically between the two main 

groups of furnaces identified so far. Although the large variation in slag heap volume and 

weight makes it difficult to identify patterns in iron produced per site, using the ratios for 

slag and iron presented in Table 58 confirms an overall larger scale of operation for stone 

foundation furnaces than for stone box furnaces.  

Comparing the potential iron output over time per site is challenging due to the variety in 

dating methods. For some sites (for example Rundberget, 2007a, p. 309; Berge, 2009, p. 

117) the site date is calculated based on multiple radiocarbon dates, and as such can 

present a relatively likely range of use. For others (Risbøl Nielsen, 1995b, p. 5; Skogsfjord, 
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2006, p. 9; Storrusten, 2009, p. 18), single dates are used to suggest a time when the site 

was in use. For sites like these, the uncertainty of the radiocarbon date is used as a range 

of possible production in order to have a time span to work with, despite the obvious 

challenges with this. Better than no information at all, it does not show the true range of 

how long a site was in use. In lack of a better alternative however, these values can be 

used to propose an annual iron production. Since the ratio of slag to iron is based on a 

calculated slag heap weight, which in turn is based on a calculated slag heap volume, the 

number of variables present make the quantification a qualified guess at best. It can 

however be used for geographical comparisons and the information derived from them. 

 

Figure 136: Comparison of calculated annual iron output based on a slag to iron ratio of 0.2, and using the site 
date range as an indicator for duration. 
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Plotting annual iron production per site based on the date range for the site, a core issue 

with the data and hand becomes visible. Since most of the data available comes from 

large excavation projects, these areas dominate and drown out any surrounding material. 

At the same time, the scarcity of well excavated and dated sites in the middle and north 

of the country creates a bias towards south and eastern Norway that most likely is 

exaggerated.  

8.2.3 Where iron was made 

Comparing what quantities of iron were produced where not only helps to differentiate 

different areas of production, but can alone say nothing about who iron was made for. 

Although one can argue that some of the smallest production sites were most likely for 

self-sufficient farmers, the large quantities produced at other sites must have supplied 

a different market. 

Although a reasonable number of ironmaking sites from the Viking Age are both known, 

documented, and presented above, there are large areas where one would expect to find 

ironmaking sites based on where people lived, and the natural conditions for ironmaking 

but where iron smelting sites have not been reported. The heavy emphasis on ironmaking 

sites in the southern central mountains of Norway is a result of there being more 

excavations from these areas, and does not necessarily reflect the facts on the ground.  

Since Viking Age settlement patterns often followed the small self-sustained farm (Skre, 

2001, p. 6), often located in favourable arable land, which is still in use to this day (Dahl, 

2016, p. 93; Grønnesby, 2016, p. 133), it is hard to ascertain population density and size 

(Skre, 2001, p. 8). A proxy that can be used however are trade places, meeting sites, royal 

manors, as well as burials (Iversen, 2020, p. 255). A key challenge when working with 

this type of material, as highlighted by Iversen (Iversen, 2020, p. 266), is the lack of change 

throughout the Late Iron Age. Burials in particular show little change during this period, 

making dating difficult. Regardless of the age of the Late Iron Age burials however, they 

do provide insight into the areas where people chose to bury their dead, and therefore 

most likely lived. At the same time, differentiating a Viking Age farm from a Medieval farm 

is difficult, but again, due to the longevity of farming settlements, it can serve as a good 

proxy for understanding where people lived. 

By comparing locations for both settlements and burials with where iron making was 

carried out, the understanding of ironmaking taking place outside of the core areas 

becomes more apparent. By overlaying maps showing Medieval farmstead (Iversen, 

2020, p. 273) with a kernel density map for burials (Iversen, 2020, p. 283) and an overview 
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over which furnaces were in use where (Figure 137), it is possible to suggest potential 

market areas for the iron. 

 

Figure 137: Combined map of medieval farms (black dots) (Iversen, 2020, p. 273), a kernel density map for 
burials (green areas) (Iversen, 2020, p. 283), and Figure 129. Blue squares denote stone box furnaces, and 
orange circles stone foundation. Yellow markers are royal manors. 

Despite the large scale of the map used in Figure 137, it confirms that ironmaking was an 

activity dissociated with farming (Loftsgarden, 2020, p. 95). As has been highlighted 

before; ironmaking and farming rely on different types of environments. What is striking 

when comparing the frequency of burials with the distribution of farms and ironmaking 

sites, is how the latter consistently lies in fringe areas. With farms and farmstead found 

in virtually every valley, it is clear that although smelting sites may have been associated 
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with farms, they rarely are found close by. At the same time, later farming can have 

removed any evidence for small-scale ironmaking, which would be difficult if not 

impossible to prove archaeologically. A useful aspect of Figure 137 is how it highlights 

the large stretches of thinly populated areas in the middle of the country. Although the 

entire Gudbrandsdalen Valley contains farms, fewer are found in the eastern Østerdalen 

(see Figure 129). In contrast however, ironmaking sites are located within Østerdalen, 

along the south-north axis from Hedmark.  

Closely related to where iron was made, is the question who it was made by, and who it 

was made for. Since iron trade depends on both craftspeople to make it, as well as 

consumers using it, the relationship of where iron was made leads directly to the 

question of whom it was made by and whom it was made for. It is unfortunate that it is 

easier to deduct who the iron was made for than it is by whom it was made, but some 

assumptions can be made regarding this. 

Comparing the areas where people lived and were buried with where ironmaking sites 

are located, shows no clear relationship between where people lived and made iron. Part 

of the problem here is that not all ironmaking sites known are included in the map, due 

to insufficient recording (see Chapter 4.1), and in part since there most certainly will be 

more ironmaking sites in areas that appear blank on the map. Considering that iron is a 

commodity, market places and trade sites can be used as way to suggest the intended 

area for distribution of the products. Trade sites that developed into towns are known 

and well documented, but did not hold a monopoly regarding trade. Seasonal trading sites 

have been identified scattered throughout the country, with some of them being located 

a lot closer to ironmaking sites than the later towns (Carthwright, 2015, p. 164; 

Loftsgarden, 2020, p. 95). The location has been hypothesised to be related to seasonal 

migration to shielings in mountainous areas, and activities associated with these regions. 

Based on this, it seems plausible that there is a relationship between seasonal mountain 

markets or trading sites, and the distribution of iron produced in their vicinity (Figure 

138). 
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Figure 138: Map showing population density (blue) and ironmaking areas (black) in relationship to seasonal 
marketplaces (red), permanent marketplaces (orange) and medieval towns (blue) in southern Norway 

(Loftsgarden, 2020, p. 109). 

Discussion of the role of ironmaking in society has resulted in four key theories regarding 

the relationship between ironmaking and farming, well synthesised by Lars E. Narmo 

(Narmo, 1996, p. 136). Summarised, the theories range from ironmaking being carried out 

on mountain farms as an additional source of income for the residents (mountain farm 

theory), ironmaking caried out on shielings in summer in correlation with herding on 

shielings (shieling theory), ironmaking carried out by people utilising the resources found 

in mountains like stone and game, as well as making iron (cultural dualism theory), and 

finally by specialists whose main occupation was making iron (specialist theory). In light 

of the abovementioned vicinity of markets places in mountainous areas, as well as the 

complexity of ironmaking, the specialist theory appears to be the most likely. Charcoal 

production has been closely linked with ironmaking in the time and area studied. Both 
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Narmo (Narmo, 1996, p. 1) and Larsen (Larsen, 2013, p. 17) have identified ironmaking sites 

in close association with charcoal pits, and interpreted these as a system of operation. 

Since both charcoal production and ironmaking involve significant commitments of time 

and resources, this lends further support to the professional nature of the activities. 

This does not mean however that all iron made during the Viking Age was done so by 

full-time smelters who exclusively supplied markets or external consumers. It seems 

instead more likely that some specialists had ironmaking as their main occupation at the 

same time as others produced iron for their local communities, or themselves. Thus, to 

stick with the above terminology, a hybrid situation between the mountain farm theory 

and the specialist theory appears to be the best fitting here, which has been called 

community specialization or nucleated workshops elsewhere (Costin, 1991, p. 8). 

What makes the placement of ironmaking sites in the socio-economic context interesting 

is the idea that farms spread through an establishment of dependent satellite farms 

surrounding them. In this concept, the core farm at the middle was established first, with 

subsequent dependencies created surrounding it. As those grew, they themselves might 

add further satellites to their control, which also owed a level of loyalty to the core farm 

(Skre, 2001, p. 9). If one assumes that activities carried out further and further away from 

the heartland are further down a hierarchical chain, ironmaking would be fairly much at 

the bottom. This is in contrast to retainer blacksmiths working directly for local elites, 

and the simple fact that ironmaking must have been an important activity. As such, it is 

more likely that the fringe location of ironmaking sites was more a result of access to 

resources rather than a reflection of the role smelters had in society. At the same time, 

differentiation between smelters, blacksmiths and fine-smiths is important, and it is 

unlikely that all these tasks were performed by the same individuals (Rundberget, 2015, 

p. 279). Based on work in southern Norway, it has been shown that outfield areas, which 

include areas where iron was made, had a lesser tax burden than the farmland 

(Loftsgarden, 2020, p. 95). This could suggest that iron as a source of additional income 

was recognised by state and church, which in turn would mean that iron was not smelted 

by everyone. 
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8.3 Chronology 

Briefly touched upon above, the chronology of Viking Iron making is not unproblematic. 

Dates for sites are usually presented as a range, based on whichever dating method was 

used. Since the Viking Age itself is a rather short historical period, spanning no more 

than three centuries, depending on which definition one follows, date ranges exceeding 

two hundred years are problematic. Therefore, most of the sites used for this study have 

at least one of their range brackets within the Viking Age, but there is a risk of the use 

period actually being outside the Viking Age. That being said, the methods of making iron 

do not appear to differ strongly throughout this time. 

A common approach for dating an ironmaking site is taking charcoal samples from the 

bottom and top of the slag heap, and then use the dated ranges from earliest from the 

bottom to latest at the top as a suggestion for date range. Others however, have single 

dates from charcoal samples associated with smelting. This makes it difficult to create 

an overview over when the site was in use.  

Since the use of radiocarbon dates and dating of archaeological sites is a complex topic 

worthy of its own research (Rundberget, 2017, chap. 5), only a superficial approach is 

possible here. With the current dataset, it is ambitious to attempt to date the different 

identified types towards a point of origin, but some trends can be shown. Depending on 

the classifier used, the view and interpretation changes. Using the earliest date possible 

for the date range, shows a picture somewhat different from using the median date for 

the same range. For the stone foundation type, for example, an earliest date approach 

shows an origin area in Hedmark, with several of the earliest possible dates being from 

the Gråfjell area. Using a median date approach however, the alternative earliest dates 

(lowest median), are now located in Trøndelag.  

Based on the dates it is clear that all of the four identified ways of constructing furnaces 

were used throughout the Viking Age and well into the medieval period. Comparing the 

date ranges for the types based on the earliest date for all sites, it shows that the group 

without foundations appears slightly before the group with a stone box foundation, and 

stone foundation furnaces appearing last (Figure 139). Flag-lined bowl-furnaces that 

were in use during the Viking Age appear after stone box type furnaces, but there is 

evidence of this type also existing during the Early Iron Age (Larsen, 2013, p. 65).  
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Figure 139: Range of use for different furnace types throughout the Viking Age. The historically defined limit 
of the Viking Age is shown as a grey reference square. 

Using the median date approach to compare the traditions and areas, observations can 

be made regarding the areas where different furnace types were used. It is important to 

remember that this interpretation is based on reported dates from the literature without 

subsequent refining and further analysis of the dates, as this would not fit into the scope 

of this project. Additionally, since only sites where one of the ends of the date range fall 

into the Viking Age, the cut-off point is around AD 1200. Based on the data used for this 

project, it appears as though there was a minor pause in use for most of the types during 

the first century of the Viking Age, before use resumed with renewed vigour (Figure 140).  

This lack of ironmaking at the very beginning of the Viking Age stands in stark contrast 

to the strong need for iron caused by external expansion. A possible explanation for the 

lack of produced iron can be that raiding and exploring new areas provided the necessary 

resources and thus removed the incentive to make iron locally. Looting foreign lands 

might well have been a more lucrative endeavour than manufacturing iron. The uptake of 

domestic iron production again around AD 850 corresponds with a period of internal 

turmoil, culminating in the unification of the country under Harald I. This time of internal 

fighting would necessitate the production of iron locally, and could well explain the 

renewed uptake. 

Comparing the iron used for different objects from the time periods in question would 

strongly help clarifying this. It is also hoped that future discoveries will provide new 

insight into areas (both geographical and chronological) that to date are unexplored.  
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Figure 140: Bar and whisker plot showing the median date AD for different sites based on furnace type. The 
reference band shows the historical range of the Viking Age. 

Trying to find the original area of the different furnace types can be attempted using a 

histogram for visualisation. Using a fixed bin size of fifty years to correspond to roughly 

two generations but not cluttering the graph too much, it is possible to suggest both a 

starting point based on this data, as well as a direction of spread. 
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Figure 141: Histogram with 50-year bin sizes grouping the median AD date for sites. Colours denote furnace 
types following the same system as before. 

With bins created for roughly two generations, a distribution can be proposed for each of 

furnace groups, omitting flag-lined bowl-furnaces as well as furnaces of unknown type. 

For flag-lined bowl furnaces, this is due to the limitations mentioned before. For furnaces 

with an unknown foundation, it is due to the low numbers. 

The very earliest occurrence of stone box type furnaces is at Møsvatn, with the furnaces 

at Erlandsgard 6 and Søndre Hovden 14 both falling into the same bin (Figure 141). The 

second oldest date is far to the east in Hedmark, at Li Søndre, which falls into the same 

bin as Søndre Hovden 13. From here a circular pattern back west and then south can be 

seen, leaving room for two plausible explanations (Figure 142). Either all of the earliest 

dates are questionable, or the starting point is correct, but the spread skipped large 

areas. Since redating sites is well outside the scope of this project, the presented dates 

are considered to be correct, meaning an origin in Telemark and subsequent spread 

throughout southern Norway has to be assumed for this tradition. 
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Figure 142: Counties in Norway containing furnaces of the stone box type, with the colour gradient denoting 
the stage of use based on 50-year groups. The darker the colour, the earlier median date. Sites shown with 
date range AD are the earliest ones in the respective areas. Arrows denote suggested directions of spread. 
The difference in size is primarily to clarify the different arrows. 

  



How uniform was Viking Age ironmaking in Norway? 

 

 | 321 | 
 

For the stone foundation group, the picture is a lot clearer. With the oldest date found at 

Håen 1 in Trøndelag, and subsequent second oldest at Storbekken V, with subsequent 

dates at both Skistua and Håen 2, before the occurrence in Hedmark, a unidirectional 

spread from north to south appears to be the most likely. This stands in contrast to the 

existing theory that the tradition originated in the southern part and spread north from 

there (Rundberget, 2017, p. 248), and highlights the need for further work regarding the 

dating and distribution of furnace types in particular. 

 

Figure 143: Counties in Norway containing furnaces of the stone foundation type, with the colour gradient 
denoting the stage of use based on 50-year groups. The darker the colour, the earliest median date. Sites 
shown with date range AD are the earliest ones in the respective areas. Arrows denote suggested directions 

of spread. 
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The final of the three identified groups, furnaces without foundations, appear to have their 

origin in Hedmark, and subsequently spread west and south. Thus, it broadly mirrors the 

spread of the stone box style furnaces excluding the very earliest finds. 

 

Figure 144: Counties in Norway containing furnaces of the no foundation type, with the colour gradient denoting 
the stage of use based on 50-year groups. The darker the colour, the earliest median date. Sites shown with 
date range AD are the earliest ones in the respective areas. The arrow denotes suggested direction of spread. 

The patterns of spread highlighted above show that the central area of Hedmark was a 

key area for ironmaking in the Viking Age and Medieval Period. Since it also contains the 

two largest excavation projects dealing with ironmaking, a sampling bias in favour of this 

area cannot be ruled out. The presence of multiple types of furnaces within the same 

area, which is less the case in other areas, raises the question of what made this area 

stand out. The large number of ironmaking sites in the area is evidence for good 

conditions for making iron, but equally, all the other areas highlighted above have similar 
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conditions. Instead, an explanation for the concentration of ironmaking here must be 

sought elsewhere. 

 

Figure 145: Axe-like currency bars (left) and a split bloom (right) (Loftsgarden, 2019, p. 78). 

Looking at what products for transport are associated with different regions, a further 

divide between east and west can be seen (Figure 146). Split blooms (Figure 145) are often 

found in the Telemark area where the stone box furnace type is proposed to originate, 

whereas axe-like iron bars appear north of it in areas where furnaces without 

foundations are proposed to be dominant (Loftsgarden, 2019, p. 79).  
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Figure 146: Distribution of axe-like iron bars and split blooms in southern Norway (Loftsgarden, 2019, p. 79). 
Overlayed the furnace types identified above (stone box blue, stone foundation in orange, unknown in red, 
and no foundation in light blue). 
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8.4 Summary 

In light of the evidence shown here, it can be seen that Viking Age ironmaking, on the 

macroscopic level, was less uniform than originally thought. Even though furnaces 

followed similar dimensions, the key difference was how the furnace was constructed. 

Sorting furnaces based on architecture, it can be shown that furnaces with stone 

foundations appear to have had higher production yields in iron made compared to their 

counterparts constructed within stone boxes. 

By establishing a new sub-classification system for furnaces, it is possible to relate 

different areas to each other in ways that were previously not possible. It has been shown 

that regional differences existed, and that these exceeded beyond the way furnaces were 

built. A divide of the country into an eastern and a western tradition, based on furnace 

architecture and scale of operation, shows that differences existed that were previously 

unknown. This is largely because a comparison on this scale has not been carried out 

previously, showcasing only parts of the big picture. 

Comparing the scale of operation to the furnace type highlights different approaches to 

ironmaking in different regions, and solidifies the understanding that ironmaking in the 

Viking Age was not as uniform as an approach studying furnaces purely by their 

technology shows. Although it is true that furnaces in the Viking Age all appear to be 

small slag-tapping furnaces, differences between them follow patterns that raise 

questions about the uniformity. Differences in slag quantities on site following furnace 

designs again highlight the east/west divide within ironmaking traditions. 

The relationship between marketplaces, meeting places, settlements and ironmaking 

sites needs further attention. Since iron was a key resource in the Iron Age, access to it 

must have played an important role. Although it has been shown that there is a potential 

relationship between production areas and places of trade, there needs to be a wider 

comparison throughout the entire country. 

Despite the number of sites presented here, there are large areas of the country where 

the conditions for ironmaking exist, but no furnaces are recorded. In part, this is due to 

the lack of incentive for archaeological excavations in these areas. Here, there is a large 

potential to fill the blank spaces on the map through targeted research projects and 

surveys. 
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Having presented ironmaking sites at a macroscopic level, and compared and identified 

different approaches to it, the next chapter will address whether or not these differences 

are also seen in operational parameters deduced from slag chemistry.  
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9  TECHNOLOGICAL PARAMETERS OF VIKING AGE IRONMAKING 

Unlike radiocarbon dating and identification of tree species, chemical analysis of remains 

from ironmaking sites appears sporadic and infrequent in reports from excavations in 

Norway until c. 2010. Before then, Marten’s Møsstrond excavation (Martens and 

Rosenqvist, 1988) and the accompanying chemical analysis of slag and ore are the 

exception. Throughout the past decade however, the number of analyses carried out has 

increased, providing a useful foundation for comparisons between different sites, areas 

and traditions, which are supplemented by my own results (presented in Chapters 5 and 6 

), resulting in the first synthesis of data at this scale.  

Using the chemical composition of the slag, many of the technological parameters of 

ironmaking can be reconstructed with a varying degree of certainty. This allows a further 

enrichment of the study of ironmaking sites, and enables a deeper comparison of 

methods. 

9.1 Chemical analysis of slag 

The chemical composition of ironmaking slags can add a substantial layer of depth to the 

understanding of how ironmaking was carried out.  

9.1.1 Sampling strategy 

A core challenge when working with the chemical composition provided in analytical 

reports is the size and quality of the sample. As has been shown in chapters 5  and 6 , a 

large sample size can be used to successfully rule out any outliers from the analysis. The 

30 analysed samples for Skistua/Vintervatn and Håen 2 do stand out as extremely 

thorough by comparison. Unfortunately, the vast majority of analyses carried out for sites 

are based on one or two slag fragments, making it impossible to guarantee that the 

variation on the site is accounted for (Table 62). Despite the small number of analyses 

per site, the numbers are what is available to work with, and as such have to be 

considered representative for the sites in question. 
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Table 62: Comparison of number of slag samples analysed per site from the literature as well as my own work 
highlighting the low number of samples used usually to create a chemical profile for a site. 

Slag samples analysed Number of furnaces 

1 18 

2 8 

3 1 

4 2 

5 2 

>5 4 

 

9.1.2 Analytical method 

The analytical method used for analysis has a direct impact on the quality of the results. 

For the analysis of the chemical composition of Viking Age ironmaking slag, a total of four 

different methods have been used in the literature. 

Atomic Absorption Spectroscopy (AAS) 

The earliest analyses carried out after a large-scale excavation of ironmaking sites in 

Norway were carried out using atomic absorption spectroscopy (AAS) at Fiskå Verk in 

1976 (Martens and Rosenqvist, 1988, p. 171). In total, 20 dated samples were analysed, of 

which 16 are from the date range relevant here. These 16 samples are spread across 13 

furnaces, meaning that the majority of furnaces are analysed by single slag samples.  

Table 63: Number of samples analysed for chemical composition per furnace at Møsstrond using AAS. 

Number of samples Furnace 

1 Erlandsgard 6 

2 Hovden 13 

2 Vestre Langhaugen 6 

1 Varland 4 

1 Nystaul 4 

1 Nystaul 6 

1 Skarbjåen 7 

2 Erlandsgard 2 

2 Erlandsgard 3 I 

1 Erlandsgard 3 II 

1 Martinvika 1 

1 Homvassbekken 5 

1 Søndre Hovden 

 

One of the limitations of AAS is that is it not suitable for the efficient analysis off all 

elements. For those that can be measured however, detection in the range of parts per 
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million (ppm) to parts per billion (ppb) is possible, making it a useful tool for analysing 

elements in small concentrations (Pollard et al., 2007, p. 55). For the elements that are 

commonly analysed and compared in iron slags, this is not a problem as all tend to be 

present in higher concentrations.  

 

Scanning Electron Microscope with Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

The samples analysed and presented in the results section were analysed using SEM-

EDS. Due to the sampling method outlined in chapter 3.3.2, the number of samples per 

site varies dramatically, but for the majority of furnaces, large sample sizes were used 

(Table 64). 

Table 64: Number of samples analysed for chemical composition per furnace using SEM-EDS. 

Number of samples Furnace 

3 Hovden S1 

1 Hovden S2 

4 Hovden S3 

9 Gudbrandslie R31 

8 Gudbrandslie R6 

30 Håen 2 

35 Skistua 

 

A core challenge with SEM-EDS is low performance with light elements, as well as 

detection problems with heavy elements. Concentrations below 0.1% tend to be outside 

the detection limit (Pollard et al., 2007, p. 104). Due to the speed and availability of 

analyses however, it is a useful tool for studying metallurgical remains. For ironmaking 

slag, oxides such as TiO2, P2O5, K2O, and BaO can be present in concentrations below the 

detection limit (see below). Aside from these however, the method provides reliable 

information regarding all the major elements in the slag. 

X-ray fluorescence (XRF) 

All of the analyses carried out by A. Espelund that are of relevance for this project were 

carried out using X-ray fluorescence (XRF) (Espelund, 2003a, 2003b, 2011a). The number 

of samples analysed per site varies, but with the exception of JPF. 1 at Gråfjell, never 

exceeds 5 (Table 65).  
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Table 65: Number of samples analysed for chemical composition per furnace using XRF. 

Number of samples Furnace 

1 Storbekken II 

6 Gråfjell JFP. 1 

4 Gråfjell JFP. 9 

5 Gråfjell JFP. 39 

1 Rødsmoen R370a K9 

1 Rødsmoen R695 K8 

1 Rødsmoen R695 K12 

2 Sandnesbekken 

  

For analysing ironmaking remains, XRF has a detection limit better than SEM-EDS, and 

is capable of reaching 10 ppm (Pollard et al., 2007, p. 108).  

 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Inductively 

Coupled Plasma Quadrupole Mass Spectroscopy (ICP-QMS) 

In more recent years, excavations of ironmaking sites carried out by the museum of 

cultural heritage in Oslo, have included analyses of slag samples at the Geoarkologiskt 

Laboratorium (GAL) in Uppsala. The analytical method used here is a combination of ICP-

AES and ICP-QMS, performed at ALS Scandinavia in Luleå (Grandin and Englund, 2012a, 

p. 12; Ogenhall, Grandin and Englund, 2013a, p. 16, 2013b, p. 8). Only a small number of 

samples were analysed per site using this method (Table 66). 

Table 66: Number of samples analysed for chemical composition per furnace using ICP-AES/ICP-QMS. 

Number of samples Furnace 

1 Stavenes S32 

2 Sudndalen A165 

2 Høksjøberget 121321 

2 Beito A100 

1 Okshovd Vestre S10 

1 Okshovd Vestre S11 

3 Lille Rudi 

 

For the complete chemical analysis, ICP-AES was used for the major elements, and ICP-

QMS for trace elements. By far, the biggest benefit of using this method is the high levels 

of detection, with quantities in single digit ppb being reported (Pollard et al., 2007, p. 195). 

For the comparison of ironmaking slags, a lot of these very low concentration trace 
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elements are not useful because a vast majority of the legacy data that exists was 

generated without that resolution. For the major elements however, it allows for further 

comparison. A limitation with the analyses used here is that some of the older ones, in 

particular Espelund’s analyses, do not report values below 2%.  
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9.2 Compositional variation 

The chemical composition of ironmaking slag is strongly influenced by the ore used. 

Additionally, furnace materials, charcoal, fluxes, and to a point the way the furnace is 

operated play a part as well, but nothing as dominant as the ore. Comparing sites over 

as large an area as the southern half of Norway does present a few major challenges 

(Figure 147). Viking Age ironmaking relied on bog ore, which in turn is influenced by the 

local geology (Buchwald, 1998). Comparing data from areas that are geographically 

distanced will therefore inevitably result in differences that are difficult to separate from 

those introduced by human decisions. Despite these challenges, some core observations 

regarding variation and similarities can be made, as well as attempting to reconstruct 

some other parameters. 

 

Figure 147: Distribution of sites with available chemical data for slag composition. The large production areas 
in Hedmark and around lake Møssvatn are highlighted in insert A and B respectively. Furnace types are shown 
in the icons, with stone box as blue squares, stone foundation as orange circles, no foundation as light blue 
crosses, and unknown furnace foundations as red triangles. 

Based on the location of the furnaces, some of the furnaces of unknown origin might fit 

into previously hypothesised groups. This is in particular the case for Sandnesbekken, 

which geographically falls well into the area dominated by stone foundation type 

furnaces. The same could apply for Høksjøberget. Lille Rudi and Stavenes respectively 
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both lie close to areas where the stone box types dominate, and might be part of these, 

and, as will be argued below, should in fact be grouped together with them. 
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Table 67: Chemical composition of Viking Age slags as %wt oxides sorted by site and ordered chronologically. For sites with multiple furnaces, an average is calculated based 
on the material available, and the number of samples is indicated. Values below the detection limit for sites analysed as part of this research are shown as < 0.1. For sites where 
values are not reported, NR is used. Type denotes the furnace type abbreviated, and totals are either analytical totals for my own samples, or the reported totals from the 

literature.  

Site Date Type Na2O Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total Source 

Møsstrond Erlandsgard 6 AD 460-640 SB NR 2.9 6.4 0.2 NR 0.3 NR 0.3 66.1 NR 96.6 (Martens and Rosenqvist, 1988, p. 171) 

Gråfjell JFP. 18 avg. (n=2) AD 562-876 SF 0.2 2.3 14.1 1.1 0.8 0.8 0.1 3.6 79.0 0.2 107.3 (Grandin et al., 2005, p. 45) 

Møsstrond V. Langh. 6 avg. (n=2) AD 620-950 SB NR 3.7 11.8 0.2 0.0 1.4 NR 0.3 59.0 NR 95.1 (Martens and Rosenqvist, 1988, p. 171) 

Møsstrond Hovden 13 avg. (n=2) AD 650-920 SB NR 4.0 12.7 0.1 0.2 0.8 0.1 0.6 61.6 NR 96.0 (Martens and Rosenqvist, 1988, p. 171) 

Møsstrond Varland 4 AD 670-880 SB NR 4.4 17.8 0.2 NR 1.4 NR 0.8 59.3 NR 94.3 (Martens and Rosenqvist, 1988, p. 171) 

Rødsmoen R370a K9 AD 689-1020 NF NR 6.4 20.6 0.1 1.9 0.8 0.4 2.1 63.6 0.1 96.6 (Espelund, 2003a) 

Gudbrandslie R31 avg. (n=9) AD 715-1285 SB 1.5 7.5 21.2 0.5 1.6 1.4 0.3 7.8 57.5 0.1 100.8 Chapter 6.1.5 

Sudndalen avg. (n=2) AD 715-1395 SB 0.9 6.8 24.6 0.2 1.3 0.9 0.2 5.0 49.8 0.2 95.6 (Grandin and Englund, 2012a, p. 29) 

Gråfjell JFP. 9 avg. (n=4) AD 778-1215 SF NR 3.3 13.4 0.8 0.8 1.3 0.1 16.6 62.3 0.7 99.8 (Espelund, 2004) 

Møsstrond Nystaul 6 AD 820-950 SB NR 4.5 9.2 0.2 NR 1.0 NR 0.9 65.9 NR 94.1 (Martens and Rosenqvist, 1988, p. 171) 

Hovden S2 AD 880-1405 NF 0.1 5.5 10.1 0.1 0.2 0.8 0.1 3.9 80.6 0.1 101.7 (Grandin and Englund, 2012b, p. 37) 

Hovden S1_1 AD 880-1405 SB 0.5 6.8 20.7 0.1 1.2 1.3 0.4 5.1 58.8 0.1 95.7 (Grandin and Englund, 2012b, p. 37) 

Hovden S1 avg. (n=3) AD 880-1405 SB 1.0 8.1 23.4 0.3 1.3 1.5 0.5 8.6 54.7 < 0.1 98.9 Chapter 6.3.5 

Hovden S3 AD 880-1405 SB 0.4 7.0 20.6 0.2 0.7 2.1 0.2 21.8 48.8 0.7 103.0 (Grandin and Englund, 2012b, p. 37) 

Håen 2 avg. (n=29) AD 885-1025 SF 1.4 9.4 30.5 0.0 0.8 2.1 0.4 2.7 52.0 < 0.1 99.8 Chapter 5.1.5 

Skistua avg. (n=35) AD 885-1025 SF 1.5 7.9 25.6 0.4 0.9 1.8 0.3 3.7 57.0 < 0.1 102.6 Chapter 5.2.5 

Gudbrandslie R6 avg. (n=9) AD 885-1030 SB 1.4 6.3 18.1 0.6 1.4 1.5 0.3 9.2 60.6 0.1 101.6 Chapter 6.2.5 

Lille Rudi avg. (n=3) AD 885-990 U 0.4 6.3 22.2 0.4 1.2 1.4 0.3 10.9 52.8 0.4 102.7 (Grandin, 2011b, p. 66) 

Rødsmoen R695 avg. (n=2) AD 890-1285 NF NR 0.3 27.5 0.5 NR 0.7 NR 29.0 38.5 NR 97.1 (Espelund, 2003a) 

Gråfjell JFP. 29 avg. (n=2) AD 893-1286 SF 0.3 2.5 13.5 0.2 0.8 0.9 0.1 17.6 59.5 0.8 97.9 (Andersson et al., 2006, p. 43) 

Gråfjell JFP. 8 avg. (n=7) AD 905-1410 SF 0.4 4.7 20.6 1.2 1.4 1.0 0.2 12.6 58.1 0.3 100.8 (Grandin et al., 2005, p. 43) 

Møsstrond Erlandsg. 2 avg. (n=2) AD 930-1120 SB NR 5.5 26.3 0.5 NR 1.2 NR 1.5 47.3 NR 94.2 (Martens and Rosenqvist, 1988, p. 171) 

Møsstrond Martinvika 1 AD 940-1080 SB NR 5.3 10.0 0.3 NR 1.1 NR 0.2 65.2 NR 97.3 (Martens and Rosenqvist, 1988, p. 171) 

Møsstrond Nystaul 4 AD 950-1140 SB NR 5.5 23.5 0.3 NR 1.7 NR 9.8 46.7 NR 95.9 (Martens and Rosenqvist, 1988, p. 171) 
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Møsstrond Erlandsg. 3 avg. (n=3) AD 970-1180 SB NR 7.3 33.7 0.3 NR 1.4 NR 0.8 44.3 NR 94.4 (Martens and Rosenqvist, 1988, p. 171) 

Storbekken II AD 980-1040 SF NR 6.7 28.9 0.1 0.9 1.3 0.4 1.7 58.4 NR 100.0 (Buchwald, 2005, p. 317) 

Møsstrond Homvassbekken 5I AD 980-1180 SB NR 6.1 24.5 0.3 NR 1.4 NR 0.4 26.1 NR 91.7 (Martens and Rosenqvist, 1988, p. 171) 

Gråfjell JFP. 33 AD 995-1395 SF 0.3 4.6 25.0 2.3 1.3 1.0 0.2 5.9 60.3 0.2 101.0 (Andersson et al., 2006, p. 43) 

Stavenes S32 AD 1000-1430 U 0.7 6.9 19.2 0.1 1.2 1.3 2.0 0.1 57.5 NR 94.2 (Grandin and Englund, 2007, p. 24) 

Gråfjell JFP. 39 avg. (n=5) AD 1005-1300 SF NR 5.9 20.2 1.2 1.3 1.8 0.2 12.4 55.3 NR 99.4 (Espelund, 2003a) 

Gråfjell JFP. 34 AD 1014-1413 SF 0.1 3.0 13.8 1.8 0.7 1.0 0.1 8.4 71.6 0.4 101.0 (Andersson et al., 2006, p. 43) 

Høksjøberget avg. (n=2) AD 1020-1260 U 0.6 3.9 15.3 0.2 1.0 0.8 0.1 8.1 64.7 0.3 102.0 (Ogenhall, Grandin and Englund, 2013a, p. 28) 

Gråfjell JFP. 1 avg. (n=6) AD 1021-1271 SF NR 2.9 18.1 1.3 0.9 1.2 0.2 10.6 63.9 NR 99.4 (Espelund, 2003b) 

Okshovd Vestre avg. (n=2) AD 1035-1265 SB 0.9 6.9 25.1 0.4 1.6 2.6 0.3 0.8 58.2 0.1 104.5 (Grandin, 2011a, p. 23) 

Beito avg. (n=2) AD 1042-1225 SB 0.9 8.8 23.0 0.3 1.0 1.9 0.2 5.3 62.5 0.3 111.5 (Ogenhall, Grandin and Englund, 2013b, p. 29) 

Møsstrond Skarbjåen 7 AD 1060-1290 SB NR 6.6 24.0 0.3 NR 1.3 NR 8.0 48.1 NR 96.5 (Martens and Rosenqvist, 1988, p. 171) 

Sandnesbekken avg. (n=2) AD 1090-1250 U NR 2.2 15.9 0.6 0.5 1.4 0.1 18.9 56.5 3.0 99.5 (Espelund, 2011a) 

Møsstrond Søndre Hovden AD 1090-1260 SB NR 6.1 26.0 0.2 NR 0.9 NR 0.6 50.4 NR 92.6 (Martens and Rosenqvist, 1988, p. 171) 

Gråfjell JFP. 13 avg. (n=8) AD 1155-1404 SF 0.2 4.6 21.2 1.9 1.0 1.4 0.1 4.1 68.4 0.1 104.4 (Grandin et al., 2005, p. 44) 
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Comparing the composition of the slags shown above (Table 67, see also Appendix J for 

all values), most appear to fit into the expectations based on data presented in previous 

chapters. The most notable variation is the concentration of MnO, which varies 

dramatically between 0.3% at the lowest to close to 30% at the highest (Figure 148). For 

the other major elements, in particular FeO, only Hovden S2, the only furnace at the site 

without a foundation, which has an extremely high concentration, and Homvassbekken 5 

at Møsstrond, which has a low FeO content and stands out due to high SiO2 

concentrations. In the same line, Rødsmoen R695 with only 0.3% Al2O3 is likely not a 

representative sample for iron smelting. These two are therefore omitted from most 

comparisons. 

 

Figure 148: Combined box and whisker, and Beeswarm plot highlighting the compositional differences in 
Viking Age ironmaking slags. 
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Figure 149: Box and whisker plot using a logarithmic scale, showing the same information as Figure 148. 

It is unsurprising that the largest variation seen is in the most dominant oxides; FeO, SiO2, 

and Al2O3. The comparatively large variation seen for MnO (Figure 149) merits further 

investigation in due course.   

Comparing the different furnace types by the concentrations of FeO, SiO2, and Al2O3 on a 

ternary diagram shows no clear distinction between the two identified main groups 

(Figure 150). The eutectic points displayed can aid in identifying preferences by the 

smelters, with two optima at the respectively lowest points of 1140°C and 1088°C available 

(Charlton et al., 2010, p. 358, 2013, p. 292). Charlton et al. argue that at times of competition, 

smelters will attempt to increase their yield by operating furnaces at optimum two (the 

lower iron one), at a higher risk of failing the smelt and producing cast iron. At the same 

time, with less competition, operation at the higher iron optimum can be seen (Charlton 

et al., 2010). All compared Viking Age slag but one fall closer to the higher iron optimum 

at the lower end of the fayalite pocket suggesting little competition or incentive of taking 

risks. 



Technological parameters of Viking Age ironmaking 

 

| 338 | 
 

 

Figure 150: SiO2-Al2O3-FeO+MnO ternary diagram showing Viking Age sites based on site averages and 
grouped by identified furnace type. After Charlton et al., 2010, p. 358. 

A more detailed view for the individual furnace groups reveals geographic variation 

within the groups. For the stone box group, blue in Figure 150 the largest variation comes 

from the large excavation at Møsstrond. All but one sites (Homvassbekken 5) lie within 

the expected range for ironmaking slags, suggesting the sample from Homvassbekken 5 

is not representative for iron smelting there (Figure 151). Sorting the sites by area allows 

some identification of similarities. Beito and Okshovd Vestre (triangles in Figure 151) for 

example, which are geographically close to each other, also fall closely on the ternary 

diagram. The same is the case for the neighbouring sites of Gudbrandslie R6 and R31.  

In this light, the variation seen within furnaces surrounding lake Møsvatn is surprising, 

with practically two groups forming; one in the high iron end of the diagram outside of 



Technological parameters of Viking Age ironmaking 

 

 | 339 | 
 

the fayalite area, and one above half-way between the two identified optima. A single site 

between the two, Varland 4, creates something of a bridge connecting the two. 

 

Figure 151: Detailed view of the SiO2-Al2O3-FeO+MnO ternary diagram focusing on the stone box group only. 

By comparing the date range for the sites in question, a chronological difference can be 

shown, meaning that the observed variation can be explained chronologically (Figure 

152). The sites with the highest FeO+MnO concentration in the slag are earlier than those 

with lower FeO+MnO concentrations, with Varland 4 chronologically closer to the high 
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iron group, and therefore placed there. Due to it falling between groups one and two in 

the ternary, it is tempting to suggest this was a transitioning site before the new slag 

composition became common. This does not appear to be the case from a purely 

chronological perspective as there are more sites of the high iron group with dates falling 

after it.  

 

 

Figure 152: Date ranges for sites at Møsstrond coloured by which group they fall into on the ternary diagram. 
Møsvatn 1 denotes the high-iron group, and Møsvatn 2 the ones with lower iron concentration. The length of 
the bar shows the dated range for the site. 

Another observation made from the ternary diagram is that all sites aside from those 

around lake Møsvatn group significantly closer to optimum 1 identified by Charlton et al. 

(Charlton et al., 2010, p. 358). Due to the geographic variation between the sites however, 

it is not as clear to further sub-divide that group. 

For the stone foundation group, the geographic variation between analysed sites 

becomes obvious when placed on the same ternary diagram. All three sites from 

Trøndelag stand out with having the lowest iron concentrations compared to those from 

Hedmark, meaning that the geographic difference here plays an important role. A sub-

division for sites at Gråfjell in Hedmark however does not crystallise out as they all group 

around optimum one (Figure 153). 
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Figure 153: Detailed ternary diagram showing only the stone foundation furnaces with symbols denoting area. 
Note how the three sites from Trøndelag (Håen 2, Skistua, and Storbekken II), all are located above those 
from Gråfjell. 

Since all sites from Gråfjell cluster closer to the lower smelting optimum than those from 

Trøndelag, it can be said that this most likely is the area at which production eventually 

would have ended. The fact that all three Trøndelag sites stand out in this view, also 

shows that there is variation in the slag composition that mirrors the geographic 

variation. Although not surprising due to the vast distances between, it shows that there 

is no direct correlation between furnace architecture and slag composition within this 

group. 

For sites with furnaces of unknown architecture, two clear groups form out, which 

roughly correspond to their geographic surroundings, but more importantly, to their 

technological surroundings (Figure 154). 
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Figure 154: Detailed view of the ternary diagram showing furnaces with unknown architecture. Two groups 

can clearly be seen and are highlighted by their symbols. 

Both Sandnesbekken and Høksjøberget are located along the eastern part of Norway, to 

the north and south of Gråfjell respectively (Figure 147). In terms of composition and 

placement within the ternary diagram, this overlap with their geographic location means 

they most likely can be classified together with the stone foundation furnace type. 

Likewise, the sites at Stavenes and Lille Rudi, to the south and north of Møsvatn 

respectively, lie close to the group of stone box furnaces between the Møsvatn groups. 

Therefore, it seems reasonable to group these together with the group of stone box 

furnaces near optimum one (Figure 150).  
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The three furnaces without foundation present a challenge; not only are there only three 

of them with chemical composition available, they also span a vast area of the map, and 

are well spaced on the ternary diagram. Although Rødsmoen R370a and R695 are 

adjacent to the Gråfjell area, quite literally just across the river, they do not group 

particularly close to the furnaces from here. Hovden S2, located on the same site as 

Hovden S1 and Hovden S3 (both of the stone box type), lies close to the high iron slags 

from Møsvatn rather than its geographic neighbours (Figure 155). 

 

Figure 155: Detailed view of the SiO2-Al2O3-FeO+MnO ternary showing furnaces without foundations. 

Since there are only three sites in this group, the spread is too large to suggest a common 

notion of ironmaking. Compared to other sites however, it is possible that these furnaces 

are variations of other groups. In this case, a geographic vicinity appears the most 

reasonable, making it natural to compare the sites at Rødsmoen with their immediate 

neighbours at Gråfjell, and Hovden S2 with the other sites at Hovden, and the stone box 

group as a whole.  

In that comparison, both sites at Rødsmoen fit quite well with the stone foundation sites 

at Gråfjell, while Hovden S2 shows clear similarities with the high iron group from the 

stone foundation furnaces (Figure 151). 
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Based on the comparison of slag composition using the ternary diagram and information 

derived from it, it seems clear that the lack of uniformity in Viking Age ironmaking is not 

only related to how furnaces were built, but extends deeper into how they were used.   

Using the chemical composition from all these sites, the different analytical values 

presented earlier (F, G, R, and RII), can be calculated and compared (Table 68). At first 

glance, a problem with these calculations can be seen. Rødsmoen R695, with an Al2O3 

content of only 0.3 %, about an order of magnitude smaller than all others (Table 67), has 

a disproportionally high F-value, which makes it impossible to include in any graphs. 

Aside from this extreme outlier however, all numbers are within similar ranges. 
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Table 68: Calculated F-value, G-value, R-value, and RII for Viking Age sites, sorted chronologically based on 
reported date range. Type denotes furnace type based on initials. 

Site Date Type F G R RII 

Møsstrond Erlandsgard 6 AD 460-640 SB 2.2 5.1 10.4 0.2 

Gråfjell JFP. 18 avg. (n=2) AD 562-876 SF 6.0 5.0 5.8 0.4 

Møsstrond Vestre Langhaugen 6 avg. (n=2) AD 620-950 SB 3.2 9.5 5.0 0.5 

Møsstrond Hovden 13 avg. (n=2) AD 650-920 SB 3.2 8.4 4.9 0.5 

Møsstrond Varland 4 AD 670-880 SB 4.0 10.2 3.4 0.7 

Rødsmoen R370a K9 AD 689-1020 NF 3.2 14.6 3.2 0.7 

Gudbrandslie R31 avg. (n=9) AD 715-1285 SB 2.8 16.4 3.1 0.8 

Sudndalen avg. (n=2) AD 715-1395 SB 3.6 17.1 2.2 1.1 

Gråfjell JFP. 9 avg. (n=4) AD 778-1215 SF 4.1 7.3 5.9 0.4 

Møsstrond Nystaul 6 AD 820-950 SB 2.0 8.7 7.3 0.3 

Hovden S2 AD 880-1405 NF 1.8 8.0 8.4 0.3 

Hovden S1_1 AD 880-1405 SB 3.0 15.6 3.1 0.8 

Hovden S1 avg. (n=3) AD 880-1405 SB 2.9 17.9 2.7 0.9 

Hovden S3 AD 880-1405 SB 2.9 14.7 3.4 0.7 

Håen 2 avg. (n=29) AD 885-1025 SF 3.3 23.6 1.8 1.3 

Skistua avg. (n=35) AD 885-1025 SF 3.2 18.4 2.4 1.0 

Gudbrandslie R6 avg. (n=9) AD 885-1030 SB 2.9 13.7 3.9 0.7 

Lille Rudi avg. (n=3) AD 885-990 U 3.5 15.3 2.9 0.8 

Rødsmoen R695 avg. (n=2) AD 890-1285 NF 91.7 2.4 2.5 1.0 

Gråfjell JFP. 29 avg. (n=2) AD 893-1286 SF 5.3 5.9 5.7 0.4 

Gråfjell JFP. 8 avg. (n=7) AD 905-1410 SF 4.3 10.5 3.4 0.7 

Møsstrond Erlandsgard 2 avg. (n=2) AD 930-1120 SB 4.8 14.2 1.9 1.3 

Møsstrond Martinvika 1 AD 940-1080 SB 1.9 10.3 6.5 0.4 

Møsstrond Nystaul 4 AD 950-1140 SB 4.3 13.5 2.4 1.0 

Møsstrond Erlandsgard 3 avg. (n=3) AD 970-1180 SB 4.6 20.3 1.3 1.8 

Storbekken II AD 980-1040 SF 4.3 15.8 2.1 1.1 

Gråfjell JFP. 33 AD 995-1395 SF 5.4 10.6 2.6 0.9 

Stavenes S32 AD 1000-1430 U 2.8 17.2 3.0 0.8 

Gråfjell JFP. 39 avg. (n=5) AD 1005-1300 SF 3.4 13.9 3.4 0.7 

Gråfjell JFP. 34 AD 1014-1413 SF 4.7 6.0 5.8 0.4 

Høksjøberget avg. (n=2) AD 1020-1260 U 3.9 8.1 4.8 0.5 

Gråfjell JFP. 1 avg. (n=6) AD 1021-1271 SF 6.1 6.7 4.1 0.6 

Okshovd Vestre avg. (n=2) AD 1035-1265 SB 3.7 20.4 2.4 1.0 

Beito avg. (n=2) AD 1042-1225 SB 2.6 18.3 3.0 0.8 

Møsstrond Skarbjåen 7 AD 1060-1290 SB 3.6 15.2 2.3 1.0 

Sandnesbekken avg. (n=2) AD 1090-1250 U 7.2 5.9 4.7 0.5 

Møsstrond Søndre Hovden AD 1090-1260 SB 4.3 14.1 2.0 1.2 

Gråfjell JFP. 13 avg. (n=8) AD 1155-1404 SF 4.6 9.8 3.4 0.7 
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Visualising these numbers simplifies identifying groups, which in particular for the G-

value shows a clear divide between a high and a low group (Figure 156, Figure 157). For 

the other variables, no clear divide is visible from a simple visualisation. 

 

Figure 156: Bees warm plots showing the same information as Table 68, with Rødsmoen R695 excluded for 

the F-value as it does not scale well. 

 

Figure 157: Histogram for the same information as Figure 156 and Table 68. 
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G-value 

The by far clearest divide is seen in the G-value, which will therefore be addressed first. 

Although a low G-value is cited as 10-30 for slag resulting from a lightly reducing system, 

and 40-100 for a more reduced slag (Buchwald and Wivel, 1998, pp. 83–84),  the variation 

seen here can be seen as an indicator of the level of reduction taking place within the 

furnace. Since all sites compared here are from the bracket for lightly reduced slag, it 

appears unlikely that steely blooms were produced directly in the furnaces during the 

Viking Age, but that subsequent refining was necessary. 

Comparing the G-value between furnace types shows that the two groups conform well 

with the different main furnace groups identified (Figure 158). Three sites with furnaces 

from the stone foundation group are among the highest in the upper area, which is 

entirely composed of stone box furnaces aside from these. All three sites in question 

(Skistua, Håen 2, and Storbekken II) are from Trøndelag in middle Norway, pointing 

towards a divide within the identified stone foundation group, with furnaces from 

Trøndelag displaying higher G-values than those from Hedmark (Figure 158). 

Within the stone box group, the divide also shows tendencies to follow the geographic 

variation in where the furnaces are located, with the sites from Møssvatn largely 

conforming to a lower value than the more northern group (Figure 159). 
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Figure 158: Box and whisker plot showing the G-value for different furnaces, with colour and symbol denoting 
furnace type. The three stone foundation sites in the upper group all are from the Trøndelag area in middle 
Norway, aside from Gråfjell JFP. 39, which stands out compared to the rest of the sites from that area. 
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Figure 159: Map showing the G-value based on above or below a value of 13, as identified in Figure 158. 

In addition to the clear geographic variation mentioned above, there are also 

discrepancies in local areas around both Møsvatn and in Hedmark, suggesting the 

variation cannot be attributed to geography only. Comparing the intra-regional 

chronology shows that the change in the stone box group follows the age of the site, with 

the oldest sites having the lowest value, and these increasing over time (Figure 160).  This 

can be seen as an indication of an increasingly reducing recipe over time.
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Figure 160: G-value over time. The reference median G-value line divides the high and low G-value groups. The three stone foundation types above the line are the Trøndelag 
trio (annotated), with the fourth one barely above the median line being Gråfjell JFP. 39. 
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Based on this, it appears that a general increase in G-value, meaning increased reducing 

conditions in the furnace, is seen for both stone box and stone foundation type furnaces, 

with the Trøndelag group containing too few samples for predictions. Furnaces of 

unknown type fall well within areas of furnace types seen geographically close. Furnaces 

without foundations present an issue similar with the identified Trøndelag group, as there 

are too few to draw conclusions.  
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F-value 

The F-value (the ratio of SiO2 to Al2O3) used by Buchwald is an easy approach to 

differentiate ores (Buchwald, 2005, p. 138) can here be shown to meet its limit. The large 

geographic variation (over 476 km separate Skistua/Vintervatn from Stavenes (Figure 

147)) of the sampled area paired with the lack of data for ore samples, means different 

areas can have similar or overlapping F-values without using the same ore source. 

Despite this, a certain preference for ore quality or properties can be deduced from the 

F-value alone, seeing how it never exceeds five for sites of the stone box type, and never 

drops below three for the stone foundation type furnaces (Figure 161). 

 

Figure 161: Box and whisker plot showing the F-value, with colour and symbol denoting the different furnace 
types, and sorted by furnace type. Note that Rødsmoen R695 has been excluded from this visualisation, since 

the F-value of 91.7 far exceeds anything else. 
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A clearer divide between furnace types can be seen when plotting the F-value over the 

FeO content. Since the information obtained relates directly to the ore, it can be used to 

compare ore types. Although both Al2O3 and SiO2 are contributed by the furnace lining as 

well, in most cases these contributions are relatively minor and the vast majority of 

variation will depend on the ore source (Thomas and Young, 1999, p. 161).   

 

 

Figure 162: F-value plotted against FeO content in the slag, showing a clear difference between identified 
furnace groups. 

Even without a detailed study of the geology of Norway, it is likely that the difference seen 

in Figure 162 is to a certain extent related to the geography. The Trøndelag sub-group 

(Skistua, Håen 2, Storbekken II) is joined by Gråfjell JFP. 39 and JFP. 8, reinforcing a 

potential need for further sub-division of the established groups by furnace architecture. 

Additionally, the unknown sites (Sandnesbekken, Lille Rudi, Høksjøberget, and Stavenes) 

fall well into the areas dominated by the respective stone box and stone foundation types, 

which can be assumed given their geographic proximity (Figure 163). 
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Figure 163: F-value per site on a map. The colour selection is based on the values from Figure 161. 

Following the understanding that similar F-values denote similar ore types, a clear 

relationship between ore type used and furnace design can be seen. The geographic east-

west divide is mirrored in furnace architecture, with the furnaces in Trøndelag differing 

from their southern counterparts of the same design. Since the same ore source between 

Skistua (the northernmost site) and Stavenes (the southernmost) can be ruled out, the 

similarity in F-value has to be explained by selecting ore of similar properties and 

characteristics. For the stone box furnace group this fits rather well, but for the stone 

foundation group, it is once again clear that the furnaces in Trøndelag differ from those 

in Hedmark. Another notable observation that can be drawn from Figure 163 is that the 

furnaces of unknown type fit well with their neighbours, suggesting at least similar ore 

preferences. There is of course the possibility that the geology of Norway plays in here, 

and has created different types of ores across the country. Without going too much into 
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depth regarding the geology, as it is well outside my expertise and the scope of this 

project, plotting the F-value per site on a geological map of Norway shows the large 

variation in underlying geology (Figure 164).  

 

Figure 164: F-value per site plotted over a geological map of Norway, with legend inserted. 
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Reducible Iron Index - RII 

The reducible iron index (RII), is used to determine the reduction efficiency of the process 

that created the slag. In an ideal system, where RII=1, all SiO2 in the slag has been fluxed 

with FeO and MnO. In a system with RII>1, excess SiO2 has not been fluxed, whereas a 

system with RII<1 has excess FeO. In terms of reduction a lower number means more 

wüstite in the slag, and thus lower reduction, with a higher number denoting the opposite. 

In other words, a higher number suggests a more reducing system, and a lower number 

a less reducing system (Charlton et al., 2010, p. 356).  

Comparing the sites presented so far shows a pattern of largely low RII values, which is 

also seen in the high FeO content in the ternary diagrams, with only a handful of sites 

exceeding a value of 1. The largest divide is seen in the stone foundation group, where all 

sites with an RII above 1 are those from Trøndelag. Within the stone box group, a divide, 

although not as clear, can also be seen along the previously shown chronological 

difference between sites from Møsstrond (Figure 165). Here, the group with RII below the 

lower hinge on the graph represents the older sites from Møsstrond (earlier classified 

as Møsvatn 1), with the exception of Varland 4 which, as highlighted above, falls 

somewhat between the two groups. 
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Figure 165: Box and whisker plot showing the distribution for the RII for the different furnace types with a 
reference line for RII=1 drawn.  

Regarding the unknown furnaces, the geographic vicinity to the stone foundation and 

stone box group respectively again follows the same pattern as shown above, suggesting 

again that they could be classified together with these. Joining the different plots together 

highlights these relations better, showing how the furnaces from Trøndelag, in terms of 

RII, compare better to some of the stone box furnaces than the rest of the stone 

foundation group. It also clearly underscores the observations regarding the unknown 

furnaces (Figure 166). 
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Figure 166: Combined box and whisker, and beeswarm plot showing the RII. The reference line at 1 shows 
the proposed ideal state. 

Combining the RII view as seen above highlights how similar the values for the sites are 

across geographic variation. The only stone foundation group furnaces with an RII above 

one, the ones from Trøndelag, group together with sites of the stone box type. The single 

site with no foundation in that area, is Rødsmoen R695 which geographically is closer to 

the rest of the stone foundation group.  

In terms of chronology, the same divide for sites at Møsstrond as discussed earlier can 

be seen. Groups with the lowest value are of the earlier group, with subsequent groups 

getting higher values around or above one (Figure 167). Unfortunately, this does not 

crystalise out as clearly for other parts of the foundation group, leading to significant 

noise on any visualisation based on this alone.  
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Figure 167: RII for sites at Møsstrond grouped according to the earlier established groups. The length of the 
bar indicates the radiocarbon bracket. 

The change in RII over time compares well to the assumption that a process improves 

over time. Around Møsvatn, the initial use had low RII numbers, corresponding to a low 

reduction. Over time, this increases to a higher reducibility within the systems, showing 

a clear evolution on this particular site, which would make for a highly useful in-depth 

study. 

Comparing the RII for all sites over time shows the most obvious increase for the stone 

box type. For the stone foundation, sorting out the three sites from Trøndelag with values 

>1, an increase with time can also be observed, although not as clearly as for the stone 

box group (Figure 168). This shows that for both groups, an increase in RII over time is 

observable, which supports the notion that a value closer to 1.0 is sought after, and will 

be what improvement of the process over time leads to.   

Geographic distribution highlights in particular the differences within the stone 

foundation group, but also regional differences within large sites such as Møsstrond and 

Gråfjell (Figure 169). The vicinity of the sites highlights that these differences are purely 

chronological, rather than geographic. At Gråfjell, in comparison, the geographic vicinity 

is closer, as are the differences. 
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Figure 168: RII plotted over median date (AD) for the corresponding sites. Shape and colour denote the furnace 
type identified by furnace architecture. Stone foundation sites from Trøndelag, which all have an RII>1 have 

been annotated. 
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Figure 169: Map showing the RII for different sites. The colour range is centred with 1 as the mid-point. Regions 
A (Gråfjell) and B (Møsstrond) are highlighted in detail. 

Both the RII and the G-value inform about the reducing conditions inside a furnace. 

Comparing these two values shows a clear division into groups, as well as within groups. 

Although the G-value works best at higher values, (Buchwald and Wivel, 1998, p. 83), an 

increase in the G-value represents a higher reducing atmosphere in the furnace. The 

same applies for the RII, making the two of them useful tools to compare sites. Plotting 

the two against each other emphasises the two groups shown by the G-value alone, but 

also places the RII groups in respective place (Figure 170). This creates two distinct 

groups of relatively low or high reducibility. 

Within the different furnace types identified, the chronological differences in the stone 

box group from Møsstrond are clearly visible. In this view however, comparing all sites, 

the other furnaces of the stone box group fit well into the later Møsstrond group. The 

exception is Varland 4, which, as discussed above, falls somewhere between the groups. 

In the stone foundation group, the Trøndelag group once again stands out as far more 

reducing compared to the Gråfjell sites. It also shows that the two groups of unidentified 

furnaces fit perfectly into either of the major groups, as identified by their geography. 
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Figure 170: RII against G-value showing clear groups forming based on the reducing conditions within the 
furnace. The higher and further to the right a site is, the more reducing the conditions under which the slag 
was formed. 
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Manganese 

The large variation in MnO seen in Figure 148 merits additional attention. Singling out just 

MnO from the plot shows the stone foundation furnaces largely having higher 

concentrations of MnO than the stone box group, with the sites from Trøndelag at the 

bottom. (Figure 171). None of these groups conform purely to a single furnace type, 

although most of the higher ones are from the stone foundation group. Plotting these 

values on a map shows that the most likely explanation for this variation is found in the 

geography of the sites. With all high MnO sites, including the highest, being from Hedmark 

around the areas of Rødsmoen and Gråfjell (Figure 172), it stands to reason that local 

geology strongly influenced the MnO content in the slag. Similarly, higher values are seen 

in the Filefjell area, which can explain the values observed in the slag from 

Gudbrandslie R6 and Gudbrandslie R31. The presence of sites producing a low MnO slag 

in the same areas does however suggest that ores with varying MnO content were 

available, and the presence of high (or low) MnO concentrations represents a variation 

in ore. 



Technological parameters of Viking Age ironmaking 

 

| 364 | 
 

 

 

Figure 171: box and whisker plot showing the MnO concentration for different foundation types. 
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Figure 172: Map showing concentration of MnO in the slag sorted by site. Symbols denote the furnace type, 

and the colour the concentration of MnO, ranging from red at the lowest to grey at the highest. 

Aside from the geography however, there is no difference within the groups in terms of 

chronology. It therefore appears likely that the use of MnO rich ores was based on 
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selection rather than pure availability. In other words, that different types of ores were 

chosen based on the needs from the smelters.  

It has repeatedly been stated that the reduction of manganese is not possible in a 

bloomery furnace (Charlton et al., 2010, p. 356; Iles, 2014, p. 439; Şeşen, 2017, p. 1). The fact 

that some manganese was detected in iron prills from Gudbrandslie R31 (Chapter 6.1) 

suggests a partial reduction of the metal, which corresponds to the notion that about a 

third of the available manganese will end up in the metal (Rostoker and Bronson, 1990, p. 

112). Another potential explanation for this could lie in the reducing conditions within the 

furnace. Since MnO requires a more reducing atmosphere than FeO, as well as a higher 

temperature for reduction, the lower placement on Figure 170 for most of the slags from 

Hedmark means furnaces here might not have been reducing enough for metallic 

manganese to form. Since this is a topic deep within the realm of thermodynamics 

however, it will not be explored further here. Manganese was not detected in the metal 

at neither at Håen 2 nor Skistua, which according to the presentation in Figure 170 show 

stronger reducing conditions in the furnace. Since slag from these sites overall is poorer 

in MnO, there most likely was not enough present in the ore to be reduced sufficiently.  

 

Figure 173: Scatterplot comparing MnO to G-value with colours denoting furnace type. 

Comparing the concentration of MnO in the slag to the G-value for the same site (Figure 

173) reveals clear divides by furnace type, except for the stone foundation group, where 
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a clear geographic divide can be seen. It also shows that there is a negative correlation 

between the G-value and the MnO content in the slag.  

Comparing the concentrations of MnO over time (Figure 174), shows that there appears 

to be an increase for the stone box group. For the stone foundation group, excluding the 

sites from Trøndelag as well as the earliest, the concentration of MnO in the slag 

decreases with time. Both of these could indeed be interpreted as indicators of deliberate 

use of ores with variable MnO content.  

 

Figure 174: Concentration of MnO in slag over time for different furnace types. The three stone foundation 
sites from Trøndelag are highlighted as well as the earliest Gråfjell site. 

 

Although manganese cannot be reduced on its own, the deliberate addition of manganese 

bearing ores can be beneficial for the production of steel. With the right type of ores, 

manganiferous siderite and limonite, the manganese share of the ore can be reduced to 

the manganese carbide Mn3C. Unlike pure manganese, Mn3C can form at temperatures 

as low as 1223°C, well within the range of a bloomery furnace. By adding FeO to the 

mixture, an iron-manganese-carbide (Fe,Mn)3C forms. In the subsequent reduction of 

this, Mn is absorbed by the slag, increasing the carbon content of the iron. This in turn 

leads to the creation of steel (Truffaut, 2008, p. 252).  
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Where the Stone foundation groups from Trøndelag are sufficiently reducing, the 

manganese content is arguably too low for steel production. In contrast, the remaining 

stone foundation furnaces have a high enough manganese content, but with the exception 

of Gråfjell JFP. 39, they are not reducing enough (Figure 173). In between these two 

extremes, a group of stone box furnaces can be found, one of which is Hovden S1, where 

manganese was detected in small concentrations within the iron prills (Table 40). This 

strongly suggests that there at one point was a mixture of iron and manganese in the 

process, as one would see before the reduction of (Fe,Mn)3C. It therefore seems highly 

plausible that at least some furnaces of the stone box type were used to produce steel. 

Compared with the semi-products from the different areas (Figure 146), this opens a 

highly promising avenue of further research. Whereas furnaces in areas where the 

conditions for the production of steel are unlikely (the stone foundation furnaces) appear 

to have primarily yielded split blooms, axe-like currency bars are often found in areas 

with stone box furnaces. This strongly suggests that axe-like bars might be the trade 

items for steel, whereas blooms are used for iron. Although metallographic studies of 

these artefacts would be necessary to ascertain this, the required work to turn these 

semi-products into tools or weapons supports this. A split bloom would require a 

substantial amount of further dividing and forging before it could be turned into an object. 

An axe-like bar on the other hand, has already undergone a substantial amount of work 

to obtain that form. Splitting a steel bloom into smaller items to produce blades and edges 

would require extensive smithing under the right conditions to avoid oxidisation of the 

work pieces.  

Based on the information in Figure 173, it can be proposed that a MnO content above 

c. 5 %wt, and a G-value above 13 would allow for the production of steel. In order to 

ascertain this however, further studies will be required into this area of enquiry. 
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9.3 Viscosity 

After comparing the slags based on composition, a comparison of slag viscosity and 

proposed operational temperature is appropriate for further understanding of the 

processes. Since the calculated slag viscosity is based on the same chemical data as the 

comparisons above, some observations made there are confirmed. Divided up by furnace 

types, the calculated viscosities show some interesting patterns. For the furnaces 

without foundation, geographic vicinity is mirrored in slag viscosity, with Rødsmoen R695 

and Rødsmoen R370a close together, somewhat above Hovden S2 (Figure 175). For the 

comparatively larger stone box group, less clear division is seen, but a group of sites 

with low viscosity at low temperatures does stand out (Figure 176). This group does 

correspond to the earlier group of Møsstrond sites, referred to as Møsvatn 1 in Figure 

167.  

 

Figure 175: Calculated viscosity in Pa·s for furnaces without foundations, with sites identifiable by colour. 
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Figure 176: Calculated viscosity at different temperatures for stone box type furnaces. The difference in symbols used is to differentiate sites where the same colour has been 
used. 
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In the stone foundation group, once again the sites from Trøndelag differ from their 

southern counterparts in having significantly lower viscosities and thus requiring 

comparatively higher temperatures for smelting (Figure 177). Within the remaining group, 

the sites at Gråfjell, a divide between low and high viscosity can also be seen. Unlike the 

stone box group however, this does not correspond to any chronological differences, as 

some of the sites, for example JFP. 8 (AD 905-1405) and JFP. 29 (AD 893-1286), are 

roughly contemporary, yet have different viscosities. JFP. 33 stands out almost perfectly 

between the Trøndelag group and the rest of the Gråfjell sites.  

 

Figure 177: Calculated viscosity in Pa·s at different temperatures for stone foundation furnaces. Sites from 
Trøndelag denoted by squares. 
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Figure 178: Calculated viscosity in Pa·s for furnaces with unknown foundations at different temperatures. 

The unknown furnaces follow the same pattern as before with two distinct groups 

forming along their east-west divide (Figure 178).  

 

Air supply 

Since viscosity is linked directly to the chemical composition as well as the temperature, 

and the temperature is directly linked to the air supply, variation and similarities here 

point towards similarities and differences in air supply strategy. Experimental work done 

by Tylecote et al. in the 1970s has shown what an increase of 100°C inside the furnace 

requires a doubling of the supplied air (Tylecote, Austin and Wraith, 1971, p. 348). Although 

the experiment referred to here was limited to the temperature range of 1070-1240°C, the 

results can be subsequently applied for the temperatures in operation here. Tylecote et 

al. show that an airflow between 280 l/min and 340 l/min is required to reach c. 1200°C 

depending on the size of the burden. Following this, with approximately 300 l/min air 

required for 1200°C, 600 l/min would be required for 1300°C and so forth (Figure 179). 

This increase in required air supply shows that furnaces operating at different 

temperatures would require vastly different amounts of air, despite being built similarly. 

Especially for the stone foundation group, it is clear that a very different air supply was 

required for the sites in Trøndelag with the viscous slags found there, compared to some 

of the southern versions.  
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Figure 179: Amount of air required in the furnace for different temperatures, based on data from Tylecote, 
Austin and Wraith (1971, p. 348). 

It is generally accepted that Viking Age ironmaking furnaces due to their small size, were 

operated using bellows (Espelund and Evenstad, 1999, p. 135; Rundberget, 2009, p. 113). 

Aside from this, we have no clear indication of either the number of bellows nor the size 

of them. Although slightly anachronistic, Ole Evenstad’s work from 1790 regarding 

ironmaking not only contains a very detailed description on how to identify good and bad 

ores, how to roast and prepare them, and how to build the furnace. It also contains very 

detailed instructions on how to construct the bellows, accompanied by scaled drawings. 

Even though this book was written over a millennium after the earliest furnaces used 

here were built, it is the closest detailed description allowing some form of calculation 

regarding the number of bellows needed. In particular the description of how bellows are 

to be made is interesting, as it contains the line: 

“[…] For the bellows’ sides, one needs a smooth, prepared and oiled leather skin, 
preferably from a horse, but in lack thereof, of any diseased meat, which is cut in 
two parts along the back, and attached to the bellows’ lower and upper part […]”. 
(Evenstad, 1790, pp. 416–147). 

This very literal translation by myself is interesting as it recommends using the skin of 

half a horse for the skin of the bellows. What exactly is meant with “diseased meat” 

(forendt kød) is not known, but most likely refers to any other skins a farmer would have 

access to (most likely cattle). Although Evenstad’s system requires two identical bellows, 

the maximum size of these is still given in the dimensions of the top and bottom of the 

bellows he presents, as well as half the skin of a horse or cow (Figure 180). Although a 

certain evolution in size between horses or cattle from the Viking Age to Evenstad’s time 
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has to be assumed, the numbers presented will be used as presented by Evenstad, since 

a detailed overview of the evolution of the horse would be inappropriate here. 

 

Figure 180: Illustration of bellows according to Ole Evenstad (Evenstad, 1790, p. 450). 

Evenstad further follows his instructions for bellow construction stating that the bottom 

and top part should “be 3 ¼ ells long, 9-10 inches wide at the front and 22-23 inches wide 

at the rear” (Evenstad, 1790, p. 414) 1. For the front part, with the tuyère, Evenstad request 

a “block of wood 4 inches high and as wide as the bottom of the bellows” (Evenstad, 1790, 

p. 415). Subsequently he follows up with “The bellows, measured at the rear at full 

extension, should not exceed 12-13 inches […] (Evenstad, 1790, p. 417)”. With all this 

information, the volume of the bellows can be calculated as those of a flat pyramid:  

Equation 20: Calculation of bellows volume. 

𝑉 =
1

6
× ℎ × (𝑎 × 𝑏 + (𝑎 + 𝑐) × (𝑏 + 𝑑) + 𝑐 × 𝑑) 

With the respective values (in cm) being 204.56 for h, 32.79 for a, 59.02 for b, 10.492 for c, 

and 24.92 for d. This yields a volume of 198 757.91 cm3, or just approximately 200 litres. 

Although the length and width of the bellows of course can vary, the size of the horse’s 

or cow’s hide places certain limitations on the size of the bellows, meaning this works as 

a largest possible size, as any seams along the bellow would be weak spots. 

Evenstad’s furnace design differs significantly from the Viking Age furnaces, and requires 

the bellows to be operated by walking on their ends, for which there is no evidence in 

Viking Age furnaces. Based on this, a single bellow arrangement can be used to calculate 

how many times the bellows would need to be emptied to provide enough air to reach a 

certain temperature. To reach a temperature of 1200°C, bellows of this design would 

require 1 ½ depressions/minute, increasing to three for 1300°C, six for 1400°C and twelve 

for 1500°C, which all could be achieved by a single operator. 

 
1 Evenstad uses the measurement tomme, which roughly equals an inch. At the time of his 
writing one tomme was 2.623 cm. At the same time an alen (ell) was 62.94 cm. 
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Rehder suggests a working viscosity for slag of 0.5 Pa·s, a range none of the slags 

presented here would reach within achievable temperatures (Rehder, 2000, p. 111). At an 

order of magnitude higher, 5 Pa·s, slag would still be sufficiently liquid to allow iron 

particles to travel through, and all sites shown here would reach this (Table 69). 
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Table 69: Temperature needed for 5 Pa·s viscosity per site. Ordered chronologically, with the foundation type 
shown. For sites where the viscosity was below 5 Pa·s before reaching 1200°C it was not calculated but is 

presented as <1200°C. 

Site Date Foundation type 5 Pa·s 

Møsstrond Erlandsgard 6 AD 460-640 Stone box <1200 

Gråfjell JFP. 18 avg. (n=2) AD 562-876 Stone foundation <1200 

Møsstrond Vestre Langhaugen 6 avg. (n=2) AD 620-950 Stone box <1200 

Møsstrond Hovden 13 avg. (n=2) AD 650-920 Stone box <1200 

Møsstrond Varland 4 AD 670-880 Stone box 1250 

Rødsmoen R370a K9 AD 689-1020 No foundation 1260 

Gudbrandslie R31 avg. (n=9) AD 715-1285 Stone box 1290 

Sudndalen avg. (n=2) AD 715-1395 Stone box 1315 

Gråfjell JFP. 9 avg. (n=4) AD 778-1215 Stone foundation <1200 

Møsstrond Nystaul 6 AD 820-950 Stone box <1200 

Hovden S2 AD 880-1405 No foundation <1200 

Hovden S1_1 AD 880-1405 Stone box 1275 

Hovden S1 avg. (n=3) AD 880-1405 Stone box 1275 

Hovden S3 AD 880-1405 Stone box 1265 

Håen 2 avg. (n=29) AD 885-1025 Stone foundation 1365 

Skistua avg. (n=35) AD 885-1025 Stone foundation 1320 

Gudbrandslie R6 avg. (n=9) AD 885-1030 Stone box 1240 

Lille Rudi avg. (n=3) AD 885-990 Unknown 1265 

Rødsmoen R695 avg. (n=2) AD 890-1285 No foundation 1240 

Gråfjell JFP. 29 avg. (n=2) AD 893-1286 Stone foundation <1200 

Gråfjell JFP. 8 avg. (n=7) AD 905-1410 Stone foundation 1240 

Møsstrond Erlandsgard 2 avg. (n=2) AD 930-1120 Stone box 1365 

Møsstrond Martinvika 1 AD 940-1080 Stone box <1200 

Møsstrond Nystaul 4 AD 950-1140 Stone box 1300 

Møsstrond Erlandsgard 3 avg. (n=3) AD 970-1180 Stone box 1330 

Storbekken II AD 980-1040 Stone foundation 1330 

Gråfjell JFP. 33 AD 995-1395 Stone foundation 1280 

Stavenes S32 AD 1000-1430 Unknown 1265 

Gråfjell JFP. 39 avg. (n=5) AD 1005-1300 Stone foundation 1245 

Gråfjell JFP. 34 AD 1014-1413 Stone foundation <1200 

Høksjøberget avg. (n=2) AD 1020-1260 Unknown <1200 

Gråfjell JFP. 1 avg. (n=6) AD 1021-1271 Stone foundation <1200 

Okshovd Vestre avg. (n=2) AD 1035-1265 Stone box 1300 

Beito avg. (n=2) AD 1042-1225 Stone box 1275 

Møsstrond Skarbjåen 7 AD 1060-1290 Stone box 1310 

Sandnesbekken avg. (n=2) AD 1090-1250 Unknown <1200 

Møsstrond Søndre Hovden AD 1090-1260 Stone box 1360 

Gråfjell JFP. 13 avg. (n=8) AD 1155-1404 Stone foundation 1250 

 

Comparing the required temperatures over time shows no clear divide between the 

different groups, and sites with low temperature requirements are seen through all 
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furnace groups and all regions (Figure 181). Since the temperature requirement is the 

result of all input variables, from ore through fuel to air supply, it shows that local 

variation existed throughout time, which quite possibly is the result of different traditions 

operating in the same areas (Figure 182).  

 

Figure 181: Map showing the temperature needed to reach a slag viscosity of 5 Pa·s across different furnace 
types. For those reaching the desired viscosity before 1200°C, a value of 1199 was used for illustration 
purposes. 
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Figure 182: Temperature needed for 5 Pa·s viscosities for different sites over time. The graph shows a 
significant overlap for most groups. The single line at the bottom (1199°C) are sites that reached 5 Pa·s below 
1200°C. 

Within the identified furnace groups, the differences in temperature, and thus blow rate 

of the bellow becomes clear when focusing on one group at the time. Within the stone 

foundation group, there can be no doubt that the furnaces in Trøndelag differ from those 

in Hedmark, and most likely represent a different use of furnaces built in roughly the 

same way. When comparing when the sites were in use, no clear difference between 

temperature requirements can be seen, but two clear groups form in addition to the 

Trøndelag group; one with low temperature requirements, having 5 Pa·s slag viscosity 

below 1200°C, and one above around 1250°. Even though an increase of 50°C is not huge, 

it has severe implications for the rate at which the bellow – no sites would require two 

bellows to reach the desired temperature – has to be blown. Increasing this further to 

above 1350°C shows that a much higher rate was needed in Trøndelag (Figure 183). For 

the sites at Gråfjell, two clear groups form, one below 1200°C, and one around 1250°C, 

with Gråfjell JFP. 33 as an outlier somewhat above the higher temperature group.  
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Figure 183: Detailed view of the temperature required for 5 Pa·s slag viscosity for the stone foundation group. 
The length of the bar denotes the radiocarbon bracket for the site. 

For the furnaces built in stone boxes, a similar pattern emerges, where certain types do 

seem to appear after a certain point in time, but others continued in use throughout the 

whole period (Figure 184). Unlike the stone foundation furnace group, the low 

temperature furnaces seem to go out of use towards the end of the historical Viking Age, 

but furnaces requiring significantly higher temperatures appear around the turn of the 

7th century. Since there is no clear divide within the group, a divide between below 1200°C 

and above, and a further for those above 1300°C are the only divides that can be made 

with certainty. 

The two sites with the highest temperature requirements do appear adjacent to, and 

following, earlier sites with lower temperature needs, which suggests a change in 

practice at some point around or after AD 1000, which unfortunately cannot be explored 

further here, but adds to the need to revisit the Møsstrond material from the 1988 

excavations. 
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Figure 184: Temperature needed for 5 Pa·s slag viscosity for the stone box group. 

Since there are only three and four sites respectively for the no foundation and unknown 

group, these can be visualised together. While the no foundation group presents a bit of 

a conundrum in regard to how they fit with others due to the low number of sites with 

slag analyses available, the four sites of the unknown group fit well into earlier defined 

groups based on their location (Figure 185, see also Figure 160 and Figure 162).  

For the unknown foundation type furnaces, Høksjøberget and Sandnesbekken both 

correspond to the low temperature group at Gråfjell, which geographically also are the 

closest. Both Lille Rudi and Stavenes on the other hand fit in well with their neighbouring 

sites at Beito and Hovden. Based on this, as well as the information presented above, 

they should be added to those groups, reducing the number of groups used for 

categorisation of furnace types. 

Sites without foundations are found all across areas where the stone box type are 

dominant, as well as a few in the area where stone foundation type furnaces dominate, 

and even in temperature requirement represent a large spread making it impossible to 

ascertain whether or not they are a group of their own, or part of another group. Further 

work emphasising these furnaces in particular will be needed to establish how they fit 

into a picture of more fragmented Viking Age ironmaking. 
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Figure 185: Temperature needed for 5 Pa·s slag viscosity for sites with furnaces with no foundations (blue) 
and furnaces of unknown type (red). 
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9.4 A new system 

Lars E. Narmo divided Viking Age and Early Medieval furnaces in southern Norway into 

three groups based on where they are, the site layout, and relationship to charcoal heaps 

(Narmo, 2000, p. 138, 2013, p. 4). Two of these, the Møsvatn and Hedmark traditions, 

correspond very well to the stone box and stone foundation groups respectively. His third 

group, the JKS (Jernvinne med kullgrop i system – System containing smelting site and 

charcoal pits) is not identifiable by any of the sites presented here as it is based 

predominantly on the layout of the site. Geographically, it sits roughly between the two 

others. 

Narmo identifies the Møsvatn tradition mainly on the scattered presence of charcoal pits 

surrounding it, as well as the architecture of accompanying smelting huts (Narmo, 2013, 

p. 5). The JKS tradition he identifies through the close relationship between ironmaking 

sites and charcoal production sites, where charcoal pits always are found in close 

proximity to, or even on, ironmaking sites. For the Hedmark tradition, a key identifier are 

large slag heaps, either single or in pairs, and large scatters of charcoal pits surrounding 

the smelting sites (Narmo, 2013, p. 4). 

Using Narmo’s naming system and geographic division, furnaces with unknown 

foundations can be grouped together with furnaces found in the area. A challenge is 

provided by furnaces without foundations. Not only are they problematic due to their 

small number – only three have been discussed here – but also due to the lack of 

architectural features. Based on the chemical composition of the slag from these sites 

however, they can also be grouped together with their geographic neighbours. While the 

sites at Rødsmoen do compare strongly to those at Gråfjell, and Hovden 2 shares a lot of 

similarities with Hovden 1 and Hovden 3, sites between cannot be placed into either of the 

groups. Chronologically, this is the group with the clearest directionality, with decreasing 

age the further west and south they move from the oldest ones at Rødsmoen. Since the 

chemical composition of slag from these sites is only known for three, further studies of 

these as they become available can help shed light on the relationship between this group 

and the other identified ones.  

Aside from this, three main groups can be identified, based on the furnace architecture 

as well as the geography; the Møsvatn group based on the stone box group in the central 

inland mountains. The Hedmark group, being the southern stone foundation furnaces 

along the eastern border of central Norway, and a Trøndelag 2 group based on the 
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northern stone foundation furnaces in middle Norway. I chose the name Trøndelag 2 to 

avoid confusion with the Early Iron Age Trøndelag tradition (Figure 186).  

Expanding this to furnaces without chemical composition for slag known is not as straight 

forward as hoped, since the no foundation group seems to coexist with the stone 

box/Møsvatn group, and even has a few members in the area dominated by the stone 

foundation/Hedmark group. 
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Figure 186: Geographic distribution of ironmaking traditions based on furnace architecture and operational 
parameters determined by slag chemistry. 

Within these groups, sub-groups can be identified based on the slag chemistry, 

corresponding both to operational temperature as well as reducing conditions (shown by 

the RII and G-value). This makes sense as there is a direct correlation between reducing 

conditions and temperature; a way of increasing the operational temperature of a furnace 

is by decreasing the ore to charcoal ratio in the burden (Rehder, 2000, p. 126). This in turn 

results in lower concentrations of FeO in slag produced at higher temperatures. 
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Comparing the FeO content to the required temperature for 5 Pa·s slag viscosity confirms 

this, where higher FeO content is directly related to lower temperatures and vice versa 

(Figure 187). 

 

Figure 187: FeO content in %wt visualised against required temperature for 5 Pa·s slag viscosity. Colour 

denotes the new groups identified, with symbols following those previously used. 

The ratio of ore to fuel not only influences the temperature required for operation but 

also the content of carbon in the end product. Since all slag samples fall around the 

identified FeO rich optimum on the ternary diagram, the produced blooms would not be 

very carbon rich. This does not, however, account for MnO, which has been suggested to 

increase the carburisation of the bloom (Iles, 2014, p. 439).  

Lower amounts of iron in the slag indicating potentially higher carbon content in the end 

product. Based on this, it can be suggested that the intended output product for the 

different groups might differ. In order to ascertain this however, detailed study of blooms 

from the different areas would be necessary at a large scale. 

Comparing the iron content to the temperature requirements also highlights the 

formation of two groups within the Hedmark area, identified by their placement along the 

temperature axis. The Trøndelag group, due to its size (n=3), should not be broken into 

smaller groups, but it can be shown that the furnace at Håen 2 operated at a higher 

temperature than the one at Skistua, which can explain the differences in slag 
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morphology where slags from Skistua did not show the clearly runny features observed 

at Håen 2 (see Chapter 5.2). For the Møsvatn group, multiple groups can be suggested, 

largely following the required temperature and iron content (Figure 188).  

 

 

 

Figure 188: Scatterplot highlighting groups based on Figure 187. 

Comparing these groups to the date range for the ironmaking site shows a clear evolution 

at Møsvatn, with an increase seen in the temperature needed over time, an evolution that 

to a lesser extent can be seen for the Hedmark tradition as well (Figure 189). 

 

Figure 189: Date range for sub-groups identified based on iron content and temperature requirements. 
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Figure 190: G-value and RII over time for sites previously discussed, but with colour denoting the new groups. 
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From this, a clear lineage for the Møsvatn tradition becomes visible, supporting the 

suggested spread of this tradition shown in Figure 143. It can be shown that the Møsvatn 

tradition appeared first at Møsstrond, where all Møsvatn 1 sites are located. Subsequent 

areas north and south from there are from later phases, mainly Møsvatn 2. All of the sub-

groups are found around Møsstrond, showing continuous use through the studied period. 

This again plays an important role, as it rules out diffusion due to lack of resources. 

Ironmakers at Møsstrond did not leave their areas of ironmaking because they ran out of 

resources, but had other reasons to do so, creating the diffusion we see. It does suggest 

that after an initial phase of use there, the tradition was refined or adjusted somewhat, 

which was followed by it being established in areas further afield. For the Hedmark 

tradition, the picture is less clear, and for the Trøndelag 2 sites there are too few to draw 

any conclusions.  

In relationship to reducing conditions within the furnace (RII and G-value), the lineages 

for Møsstrond are not as clear as for temperature requirement, but the different 

Hedmark sub-groups can easily be differentiated by their different values despite being 

contemporary (Figure 190). 

This division of ironmaking traditions within Norway shows that initial divisions created 

by Narmo (Narmo, 2000), Rundberget (Rundberget, 2013), and Larsen (Larsen, 2013) 

based on organisation of labour at the site is corroborated by the technical analysis of 

the slag. It shows that the differences between these traditions exceed organisation of 

labour and site layout (Rundberget, 2012), and extend to technology and furnace 

morphology as well. It also is clear that Viking Age ironmaking was not based around a 

single approach as the three-period system is based on, but in fact shows a substantial 

increase in regional variation.  
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9.5 Summary 

Based on the chemical analysis of slag from Viking Age ironmaking sites, it is clear that 

ironmaking was far less uniform than thought earlier. Differences in furnace architecture 

expand to how the furnace was used, manifested in the slag chemistry. In southern 

Norway, at least two contemporary traditions coexisted on opposite sides of the country, 

with a third linking them together, geographically at least. To the north, ironmaking in 

Trøndelag followed a similar furnace design as the sites to the south-east, but furnace 

operation was carried out in a different way, making it necessary to separate this group 

from the southern one.  

The largest single oxide variation in the slag MnO, can be explained geographically, and 

seems less linked to the furnace operation. It can however not be ruled out that it was 

added deliberately to the burden.  

Based on the evidence above, a new system to classify furnaces is proposed on a 

combination of factors. The furnace construction itself is a clear differentiator between 

groups, but within these the area where furnaces are found can help classify sites if the 

furnace architecture is inconclusive. Additionally, the date can help, although not as 

conclusively. One of the key identifiers is found through slag analysis, where the FeO 

content can be used as a further indicator (Table 70).   

Table 70: Suggested criteria for re-classification of sub groups within Viking Age ironmaking sites in Norway. 

Sub-group Furnace  Date Area FeO  

Hedmark 1 Stone foundation from c. AD 600 South-east > 70% 

Hedmark 2 Stone foundation after AD 900 South-east < 70% 

Møsvatn 1 Stone box from c. AD 500, not after AD 1150 Southern central > 60% 

Møsvatn 2 Stone box from c. AD 650 Southern central 50-60% 

Møsvatn 3 Stone box from c. AD 750 Southern central < 50% 

Møsvatn 4 Stone box from c. AD 950 Southern central < 50% 

No foundation No foundation from c. AD 700 Southern Norway 40-80% 

Trøndelag 2 Stone foundation from c. AD 750 Trøndelag 50-60% 
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10  TECHNOLOGICAL CHANGES, TRANSFER OF KNOWLEDGE, AND 

POLITICAL POWER 

The Viking Age was a time of substantial transformation in Scandinavia. New technology 

became available, new land was claimed, and new areas explored. From claiming new 

land, both at home and abroad, through new means of transportation (Bill, 2008, pp. 171 

& 176), new weapons (Petersen, 1919, p. 10; Pedersen, 2008, p. 205) to new ways of making 

iron, as well as a new political landscape, a lot changed between the Early Iron Age and 

the Viking Age.  

The division of ironmaking traditions in Norway based on furnace design and slag 

handling has stood as the foundation for many interpretations of sites in Norway. Large 

slag blocks mean the site is from the Merovingian Period or Iron Age, tapped slag 

indicates a site from the Viking Age or Medieval Period, and smaller slag blocks are 

interpreted as evidence for late and post-Medieval production. At the very core, this 

system is accurate, since the change in technology corresponds to the different time 

periods. Studied at a higher resolution, it shows that a more nuanced approach is needed. 

Since its inception in the 1990s, the system has been sub-divided into two groups for the 

earliest phase, but the second group, containing Viking Age ironmaking, is grouped 

together as a single, uniform tradition. In the previous chapters it has been shown that 

this is too simplistic, and that there were at least four ways of making iron in Viking Age 

Norway, broadly corresponding to distinct geographic areas. Based on this, comparisons 

between Viking Age ironmaking and that of earlier periods are possible at a meaningful 

level. Since traditions in regions where iron was made before the Viking Age have been 

identified and presented (see Chapter 7 ), these can be compared to their Viking Age 

counterparts. 

Since there are two key regions of ironmaking during the Early Iron Age, which have been 

presented in more detail previously (Chapter 7 ), the following section will address each 

of those areas individually, comparing the identified Viking Age traditions with the 

previous Merovingian period ones. For sake of consistency, the different ways of making 

iron in Trøndelag will be discussed first.  
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10.1 Ironmaking in middle Norway 

At the core of this research lies the search to understand what changes ironmaking 

underwent during the transition from the Merovingian Period and the Viking Age. The 

most apparent difference seen between these two periods lies in the technology applied 

to make iron. From Merovingian Period slag pit furnaces to Viking Age slag tapping 

furnaces, a core principle of ironmaking changed. 

With two distinctly different furnace types identified for both periods in question, 

Trøndelag county presents a slightly less complex challenge than the south-eastern 

areas when comparing ironmaking practices. Differences between the Trøndelag 

tradition and what I have called the Trøndelag 2 furnaces are strong even though their 

geographic distribution follows similar boundaries.  

10.1.1 Furnace architecture 

The Trøndelag tradition (discussed in Chapter 7.2), was the only documented way of 

making iron in Trøndelag from the introduction of iron and up to the Viking Age. Due to its 

uniqueness in Norway, and the large number of sites found in this part of the country, 

much has been published on this (Stenvik, 1987, 1991, 2013; Espelund, 1989, 2014; Espelund 

and Stenvik, 1991; Prestvold, 1999). This has put the subsequent period at a disadvantage, 

with only a handful of sites analysed in detail, and with little new research carried out 

until now.  

Comparing how the furnaces were built, the well-built horseshoe shaped foundations of 

the Trøndelag tradition were replaced by a less well-ordered arrangement of stones in 

Trøndelag 2 furnaces (Figure 191). This change in architecture was accompanied by a 

substantial downscaling; from an inner diameter of c. 0.8 m during the Merovingian 

Period, Viking Age furnaces rarely exceed 0.3 m inner diameter. Since there are no fully 

preserved furnaces for either period, height estimates are approximate, but a general 

rule for the height being approximately twice the diameter have gained acceptance 

(Grandin and Hjärthner-Holdar, 2003, p. 403; Rundberget, 2009, p. 107).  

The level of preservation differs largely, in part due to different practices upon 

abandonment of a site. Early Iron Age Trøndelag sites were often destroyed or sealed 

with a stone slab after use (Stenvik, 2010, p. 189), a practice that bears resemblance to 

the practice of sealing collapsed or abandoned structures (Herschend, 2009, p. 142). No 

evidence of such activities is known for any of the Trøndelag 2 sites studied as part of 

this project.  



Technological changes, transfer of knowledge, and political power 

 

 | 393 | 
 

 

Figure 191: Comparison between a Trøndelag style Early Iron Age iron furnace (left – Heglesvollen (Stenvik 
2013: 49) and a Trøndelag 2 type Viking Age ironmaking furnace (right – Skistua. Photo: R. Berge 2017). 

Another key difference in architecture is the shape of the furnace shaft. For the Viking 

Age Trøndelag 2 furnaces, a straight shaft that potentially narrows slightly towards the 

top can be proposed. For the Trøndelag furnaces, a conical shaft narrowing down 

towards the air inlets has been proposed (Stenvik, 2013, p. 50), caused by differences in 

fuel preference, elaborated below.  

 

10.1.2 Technological difference 

The transition from large slag-pit furnaces to slag-tapping furnaces can be related to 

both the scale of operation as well as the organisation of labour. Larger furnaces tend to 

require less fuel compared to ore input (Rostoker and Bronson, 1990, p. 32; Rehder, 2000, 

p. 91), making smaller furnaces less economical. At the same time, a larger furnace 

requires more work for construction as well as managing. Access to fuel for the furnace 

was probably one of the most important criteria for where to establish ironmaking sites 

– surpassed only by the presence of iron ores. To this day, in a sparsely populated country 

like Norway, access to forests and thus wood for fuel, was not a problem at any time 

throughout history, meaning that fuel efficiency alone was an unlikely motivator for a 

change in production technique. Especially from a more fuel-efficient type to a less fuel-

efficient type.   
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10.1.2.1 Fuel and fuel consumption 

Ironmaking furnaces have essentially three main types of input; air, ore and fuel. 

Additional fluxing agents can be considered part of the ore mix, and are not always 

needed. Both air and ore are static variables, as an iron ore is the single most important 

ingredient in the production of iron. Air is needed to facilitate the chemical reactions 

taking place inside the furnace. Fuel provides at least some options for choice. The 

selection of wood or charcoal has substantial and direct influences of the operation of 

the furnace, and the difference here, therefore, has one of the biggest impacts after ore 

quality. Ore selection itself is most likely closely related to production site; iron is made 

where a suitable ore exists. For southern Norway (discussed below) a higher level of 

choice can be suggested. 

A clear difference in fuel selection can be seen between Trøndelag and Trøndelag 2 

furnaces. Evidence suggests that Early Iron Age furnaces here were operated using 

wood, which was transformed to charcoal within the furnace (Espelund, 1996, p. 50; 

Stenvik, 1996, p. 15, 2000, p. 3). In comparison, Viking Age furnaces were operated using 

charcoal, as evident through large scale charcoal spill surrounding furnaces, as well as 

charcoal storage (Berge, 2009, p. 118). Charcoal production adds another level of 

operation to smelting as this time-consuming process has to be carried out in advance. 

Finally, there are considerable thermodynamic variations caused by the difference in fuel. 

A difference in fuel strategy forces an adaptation of furnace design. Wood, compared to 

charcoal, is a lot more rigid and bulky, requiring more space, or more care when filling 

the furnace. It stands to reason that nobody would want to carefully align logs of wood 

to refuel a running furnace due to the heat coming from it. Therefore, the proposed funnel 

shape of the Trøndelag furnace can be explained since it simplifies this process. Aside 

from the impact on the furnace itself, the initial labour required for charcoal or wood 

usage also is substantial. Although charcoal has many benefits compared to wood (more 

on that below), the initial production adds an economical investment to the production of 

iron. Even if the smelters carry out the charcoal production themselves, it is time and 

energy not spent on smelting iron.   

In addition to requirements the choice of fuel has for the furnace design, it plays an even 

bigger role in furnace operation, due to the large variation between heat capacity per 

volume unit, as well as the large variation in volume itself. Additionally, charcoal 

produces a higher amount of CO than wood, which also influences the reducing conditions 

inside the furnace. Although a wood fuelled furnace technically also operates on 
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charcoal, which is formed inside the furnace when the wood is burnt, the input volume 

differs greatly. In a study comparing the mass loss between wood and charcoal, 

Braadbaart and Poole recorded a total mass loss of 70-85% from wood to charcoal, 

depending on temperature and time, as well as species of tree (Braadbaart and Poole, 

2008, p. 2437). This corresponds to the yield suggested by Rehder, of 10-15% for charcoal 

production in antiquity (Rehder, 2000, p. 56), with 15% of the wood mass converted to 

charcoal as generally accepted conversion rate. In terms of density and volume, the 

species of wood plays a core role. Since both traditions discussed here used Scots pine 

(Pinus sylvestris) or Norway spruce (Picea abies) as the fuel source (Solem, 1996, p. 95, 

2007, p. 8; Stenvik, 1996, p. 31, 2000, p. 3; Berge, 2009, p. 118; Berge and Stamnes, 2016, p. 

41), this means values for softwood are applicable. Pine has been reported to have a 

density of c. 450 kg/m3 (Fundova, Funda and Wu, 2018, p. 6), more than twice the 

c. 175 kg/m3 for softwood charcoal (Rehder, 2000, p. 58). Related to the furnace volume, 

postulating a height of twice the diameter, the amount of fuel needed to fill the furnace 

before adding any ore (for example during heating) can be calculated. Although the shape 

of a Trøndelag furnace has been suggested as conical narrowing down towards the 

reaction zone, a cylindrical shape is used to enable easier calculations (Table 71). The 

density with which the fuel can be packed plays a substantial part in the total weight of 

it, and Rehder provides values for the void fraction for both wood (0.7) (Rehder, 2000, p. 

31) and charcoal (0.35-0.5) (Rehder, 2000, p. 58).  

Table 71: Calculation of fuel weight for Trøndelag and Trøndelag 2 furnaces based on fuel strategy and furnace 
size using the higher value for the void fraction for charcoal. This is done to illustrate the difference in fuel 

requirement.  

 
Diameter (m) Height (m) Volume (m3) Fuel weight (kg) 

Trøndelag 0.8 1.6 1.6 217.2 

Trøndelag 2 0.3 0.8 0.1 9.9 

 

Comparing the fuel weight required for a full furnace shows the difference fuel strategy 

and furnace architecture play in terms of fuel required. Even at a 15% conversion from 

wood to charcoal, a charge of 217 kg would produce about 32.5 kg of charcoal, which is 

more than three times that required for a Trøndelag 2 furnace. In comparison, the 

manufacture of the 9.9 kg charcoal required for the Trøndelag 2 furnace (at 15% yield) 

requires only c. 66 kg wood. This almost threefold increase in fuel consumption means 

that the initial work in acquiring and preparing the fuel would have been more demanding 

in the Merovingian Period than in the Viking Age, and that the ecological impact would 

have been larger with more trees being needed. Postulating a production of five 10 kg 
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blooms per Trøndelag furnace, compared to one for a Trøndelag 2, the number is turned 

around. Per kg iron produced, a Trøndelag furnace would only consume c. 4.3 kg wood, 

whereas a Trøndelag 2 would require c. 6.6. This suggests that other motives than purely 

fuel to iron ratios were at play for the Trøndelag 2 furnace to become dominant. 

Another closely related difference caused by the fuel strategy is the obtainable heat 

within the furnace. Although air supply plays a key role here, the energy potential of the 

fuel determines what could be obtained. Rehder provides no values for pine or spruce 

specifically, but the example values presented for brushwood at a density of 400 kg/m3 

are close to the reported 450 kg/m3 for pine. Based on this, 1 m3 of wood would be able 

to provide about 1.4 GJ energy (Rehder, 2000, p. 31), which translates to about 3.3 MJ/kg. 

For charcoal, at 28 MJ/kg (Rehder, 2000, p. 58), the value is almost tenfold, meaning more 

energy could be released in the furnace. Additionally, the chemical purity of charcoal 

improved the atmospheric control within the furnace as well. 

Another area of difference between the two furnace types is air-supply. For Trøndelag 

furnaces, natural draft has been proposed due to the size of the furnace, as well as the 

lack of evidence for tuyères or similar. For Trøndelag 2 furnaces, although no evidence 

for bellows has been found in association with any of the furnaces studied, their use is 

postulated based on their use in other areas at the time. 

10.1.2.2 Operational parameters 

Despite most of the Trøndelag furnaces being excavated before chemical analysis of 

archaeometallurgical remains became a standard part of excavations, material for a few 

sites has been analysed (Table 72) which allows for a comparison to the Viking Age 

Trøndelag 2 sites presented earlier (Figure 192). An interesting observation is that 

consistently, BaO was not reported for any of the sites.
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Table 72: Chemical composition of slag from Trøndelag tradition sites. Not reported values are labelled NR. 

Site Date Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total Source 

Heglesvollen AD 103-205 NR NR 5.6 24.8 NR NR 1.3 NR 4.0 47.2 98.9 (Espelund, 1989) 

Vårhusvollen AD 75-250 NR NR 4.4 23.0 NR NR 1.0 NR 4.1 48.5 NR (Espelund, 1989) 

Tovmoen AD 350-540 NR NR 4.1 20.0 NR NR 0.9 NR 3.5 51.6 NR (Espelund, 1989) 

Fjergen avg. AD 143-345 0.8 0.6 7.0 21.8 0.4 0.8 1.2 0.4 12.8 53.1 NR (Espelund, 1996, p. 64) 

Storbekken I 180-25 BC NR 0.8 5.7 18.1 0.1 0.7 1.9 0.2 5.8 64.6 99.1 (Espelund, 2009, p. 37) 

Gårevollen 350-35 BC NR 1.0 8.4 24.0 0.2 0.8 1.4 0.3 4.7 58.5 99.4 (Espelund, 2009, p. 39) 

Vårhussetra AD 75-250 NR 0.8 5.5 28.0 0.2 1.6 1.9 0.3 3.5 57.0 98.9 (Espelund, 2009, p. 28) 
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Table 73: F-value, G-value, R-value and reducible iron index (RII) for Trøndelag and Trøndelag 2 sites. 

Site Date F G R RII 

Heglesvollen AD 103-205 4.4 13.5 2.1 1.2 

Vårhusvollen AD 75-250 5.2 10.3 2.3 1.0 

Tovmoen AD 350-540 4.9 9.1 2.8 0.9 

Fjergen AD 143-345 3.1 14.5 3.0 0.8 

Storbekken I 180-25 BC 3.2 12.7 3.9 0.6 

Gårevollen 350-35 BC 2.9 18.3 2.6 0.9 

Vårhussetra AD 75-250 5.1 16.3 2.2 1.1 

Håen 2  AD 885-1025 3.3 23.6 1.8 1.3 

Skistua AD 885-1025 3.2 18.4 2.4 1.0 

Storbekken II AD 980-1040 4.3 15.8 2.1 1.1 

 

 

Figure 192: Location of different Trøndelag furnaces with slag chemistry available in relationship to each other 
and Trøndelag 2 furnaces. 
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For the chemical composition of slags, the reporting of Espelund’s oldest results is 

somewhat problematic as any value deemed insignificant by Espelund was omitted 

(Espelund, 1989). For a comparison between the different methods, utilising the SiO2-

Al2O3-FeO+MnO ternary diagram for example (Figure 193) works well; as is the case for 

the RII, F-value and R-value (Table 73). On the ternary diagram both furnace types have 

produced slag with a similar composition, close to half-way between the aforementioned 

identified optima.  

 

Figure 193: SiO2-Al2O3-FeO+MnO ternary diagram with furnaces from Trøndelag. 

Although close on the diagram, the Trøndelag 2 sits higher up on the FeO+MnO-SiO2 axis, 

indicative of a lower iron content in the slag. This is reflected in a higher RII and lower R-

value (Figure 194).  
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Figure 194: Visualisation of the R-value, F-value, RII and G-value for Trøndelag (orange) and Trøndelag 2 
(grey) furnaces. 

The clearest difference between the two groups here lies in the SiO2:FeO ratio, best 

visualised through the R-value and the RII. A possible explanation for this can be a more 

extensive use of fluxes in the later period. Alternatively, smaller inner furnace diameter 

can contribute to a higher proportion of furnace materials ending up in the slag. A 

chronological difference here should, however, be ruled out, as there is a rather wide 

range within the Trøndelag tradition (Figure 195). The G-value also shows large variation, 

indicating overall more reducing conditions within Trøndelag 2 furnaces. This is 

supported by the same increase mirrored in the RII. 

This change in use of fluxes can most likely be explained by the need for a more liquid 

slag in the Viking Age. In Trøndelag furnaces, where slag was collected in a slag pit under 

the furnace, the slag liquidity was less important. Gravity will eventually do the job no 

matter how viscous or liquid the slag is. In a Trøndelag 2 furnace however, where the 

slag needs to be tapped out in liquid state, this becomes more important.  
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Figure 195: Reducible iron index over time for Trøndelag and Trøndelag 2 furnaces. The length of the bar 
corresponds to the date-range given for the site. 

Comparing the viscosity for the two traditions reveals a strong overlap between the two 

phases, with the Trøndelag 2 phases representing a need for higher temperatures. That 

is, largely a higher viscosity for the slag. Although the sample size can play an important 

role here, the similarities are unexpected (Figure 196). 

 

Figure 196: Calculated viscosity and temperature for Trøndelag and Trøndelag 2 furnaces. 
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The overlap in temperature curves for the furnace types was unexpected, since the slag 

tapping Trøndelag 2 furnaces would require a more liquid slag for satisfactory tapping. 

At the same time, Trøndelag furnaces, where slag was not tapped in liquid state, did not 

need a highly liquid slag. This reduces the incentive to achieve a higher viscosity, but it is 

worth noting that a more liquid slag will not hurt the process. A plausible explanation for 

this is that the use of charcoal, with a higher heat capacity, and forced draft, with easier 

control of the furnace operational conditions, enabled smelting in a way that was not 

possible during the earlier phase. 

Overall, there is little difference in the slag chemistry between the two traditions, which 

are chronologically separated by several centuries. The Trøndelag 2 furnaces appear to 

have higher G-values and a more balanced RII (≥ 1), which can be a result of centuries 

worth of knowledge being passed on and a general refinement of the process. Since there 

is a window of opportunity for the slag chemistry where ironmaking is possible, a certain 

overlap is unavoidable.  

In terms of usage, the Trøndelag 2 furnaces show a few clear benefits compared to the 

Trøndelag furnaces. The transition of fuel from wood to charcoal means that fewer trees 

have to be cut in order to run the furnace, despite the additional investment of time in 

producing charcoal. Smaller furnaces also mean that fewer individuals are needed at the 

site. At the same time, a change to forced air supply requires a more active involvement 

from the workers. The same can be said about slag handling, where liquid tapping 

requires more involvement with the smelting. A Trøndelag 2 smelting site could be fully 

operational with as few as two individuals, and even a single person might be able to run 

the smelt. In comparison, a Trøndelag site, containing up to four furnaces, would require 

at the very least 3-4 individuals, with as many as 10 proposed, in order to maintain a well-

balanced burden. In terms of logistics the implications for the socioeconomic impact are 

huge. More people mean a larger supply network regarding the food and distribution, and 

if the labourers are compensated, more expenses for this as well. A trade-off with the 

transition to a smaller furnace is that less iron will be produced per unit of fuel.  
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10.1.3 Geographic change 

The similarities between the two traditions are mirrored in their geographic distribution. 

Using data obtained from Askeladden, an overlap between the core areas of ironmaking 

in both the Early Iron Age and the Viking Age can be seen. At the same time however, the 

Trøndelag tradition enjoyed a much wider area of use than Trøndelag 2. The Trøndelag 

tradition is significantly stronger represented in the available material, and shows a 

strong distribution throughout the area (Figure 197).  

 

Figure 197: Distribution of Trøndelag furnaces overlaying a heatmap showing the density based on 20 km 
radii. Based on entries in Askeladden in March 2021 for ironmaking sites dated to the Early Iron Age. 

The main area appears to be in the southern part of Trøndelag county, in the northern 

foothills of the Dovre mountains, but with a strong representation in the north as well. 

This northern presence is interesting when compared to contemporary hillforts, which 

are an odd occurrence in central Norway and usually only found in the southern parts of 

the country (Mitild, 2004, p. 83). Since it has been postulated that ironmaking in the Early 

Iron Age was well-controlled and possibly was the foundation for power of local elites, 

a comparison between where iron was made and what areas were fortified can shed light 

on the relationship between these two.  
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Figure 198: Hillforts in Trøndelag (black diamonds) over a heatmap with furnace distribution for Early Iron Age 
ironmaking sites. Based on data from Askeladden March 2021. 

Hillforts appear to encircle the innermost part of the Trondheimsfjord, and provide an 

indicator for seats of power. This is confirmed by the presence of rich burial mounds from 

the same period in the same area (Sognnes, 1988, p. 53), pointing towards the central 

area of governance. In this light, nearby ironmaking sites can easily be associated with 

this, yet at the same time show how ironmaking was carried out in outfield areas.  
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Figure 199: Distribution of Trøndelag 2 type furnaces. Based on entries in Askeladden in March 2021 for 
ironmaking sites dated to the Viking Age. 

A shift in where iron was made can be seen for the Viking Age sites, which completely 

disappear from the northern area of production (Figure 199), near the proposed seats of 

power in the northern part of Trøndelag. Now, production is concentrated almost entirely 

in the southern part, yet still the same area where iron was produced before. Additionally, 

an expanse east from this area can be seen. It is tempting to conclude that there is a 

direct connection between the two based on the geographic presence. What speaks 

against this is the disappearance of the northern production areas. A shift of political 

influence and power in the Trøndelag region around the Viking Age has been documented.  

The disappearance of the northern power centre surrounded by hillforts was replaced by 

a power centre at Lade within the modern city of Trondheim (Sognnes, 1988, p. 51).  
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10.1.4 Summary middle Norway 

Comparing the Early Iron Age Trøndelag tradition with the Viking Age Trøndelag 2 has 

revealed both similarities and differences. On a geographic level little changed between 

the two periods, with the main areas for iron production remaining the same (Figure 200).  

 

Figure 200: Trøndelag 2 furnaces (blue) over a heatmap showing the distribution of Trøndelag furnaces. 

In terms of furnace design and structure, as well as fuel and air supply strategy, 

fundamental differences are seen. The transition from wood to charcoal meant less fuel 

was needed by volume, as well as weight. Even with the manufacturing of charcoal as an 

additional step added, the preparation of fuel reduced the total amount of fuel needed, 

and thus arguably lessened the burden for the workers. In contrast to this stands the fact 

that the iron produced per kg fuel went down with the transition to the Trøndelag 2 

tradition. Transitioning to forced draft by bellows from natural draft ensured a more 

stable control of temperature and atmosphere within the furnace. Despite the apparent 

differences in furnace design, the operational parameters reconstructed from the slag 

chemistry show only little variation. Increased reducing conditions in the later 

Trøndelag 2 furnaces stands out as the largest change. Trøndelag 2 furnaces, requiring 

the highest temperature of all Viking Age furnaces to achieve 5 Pa·s slag viscosity also 

operate hotter than the Trøndelag furnaces, where slag viscosity was less important for 

operation.  
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10.2  Ironmaking in south-east Norway 

Unlike the middle Norwegian region of Trøndelag, where both the Merovingian Period and 

the Viking Age only saw a single type of furnace in use, south-eastern Norway proves 

comparatively more diverse, with multiple types of Viking Age furnaces identified. 

Additionally, the existence of multiple types of Merovingian Period furnaces makes the 

picture all the more complex. In light of this, emphasis is placed on the Østland tradition, 

which has the largest distribution and appears to be the dominant one for the region and 

the period. 

10.2.1 Furnace architecture 

Like the Trøndelag traditions, the most visible difference when comparing furnace types 

lies in the architecture and the accompanying slag morphology. In stark contrast to the 

situation in Trøndelag, ample material for both periods exists in the area, with large 

numbers of furnaces known for both periods.  

Where Viking Age furnaces follow a similar size of an inner diameter of c. 0.3 m, the 

earlier ones stand out as bigger, with inner diameters usually around 1 – 1.3 m (Larsen, 

1991, pp. 49, 50, 2009, p. 73, 2013, p. 62). No indication for slag tapping is known from these 

furnaces, and large slag blocks often still occupied the slag pits underneath the furnaces. 

Stone lining in the form of angled stone slabs is not uncommon, but not always the case 

for these furnaces. Based on this single architectural trait, a connection to the Møsvatn 

tradition is not implausible, but more evidence is needed to strengthen this argument  

As unfortunately is often the case with ironmaking sites, no information regarding the 

furnace height is known. Following the reasoning of a height of twice the inner diameter, 

furnaces of this type would tower over 2 m above ground level, presenting challenges in 

regards to charging. They stand in even stronger contrast to the much smaller Viking Age 

furnaces. If indeed the furnaces had the height of around 1.5 – 2 times the inner diameter 

however, a natural draft system can be possible (Rostoker and Bronson, 1990, p. 72). This 

again poses a contrast to the later Viking Age furnaces where the use of bellows is 

assumed. 
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10.2.2 Technological differences 

Further to differences in furnace architecture, mainly the size, Viking Age and 

Merovingian Period furnaces in south-eastern Norway show similarities and differences 

in the inner workings of the furnace. The intended end-product remained unchanged, but 

due to changes in size, differences in air supply were necessary. 

10.2.2.1 Fuel consumption 

Unlike the Trøndelag tradition, Østlandet furnaces were found both containing charcoal 

and also surrounded by charcoal spill around the furnace (Larsen, 1991, p. 49). Based on 

this, a consistency in use of fuel can be seen here. For a selection of Østlandet furnaces, 

the charcoal used was identified as pine (Larsen, 1991, p. 50). Although this is the same 

species as seen in many ironmaking sites throughout the country, the fact that pine has 

been the most dominant tree species in Norway, means it is the most readily available 

fuel source.  

10.2.2.2 Operational parameters 

Similar to the case for the Trøndelag tradition, many Østlandet furnaces were excavated 

during the 1980s and 1990s, before chemical analysis of finds became standard. In more 

recent years however, those excavated and identified have undergone analysis enabling 

comparison of the slag chemistry and parameters deduced from this (Table 74, Figure 

201).  

Based on this, the different analytical variables presented so far can be calculated (Table 

75), allowing comparison for the later Viking Age furnaces. Since the vast majority of 

Viking Age sites relevant for this comparison have been presented in detail previously 

(Table 67), they will not be included in a direct tabularised comparison here.  
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Table 74: Chemical composition from selected Østlandet furnaces. Values that are not reported are denoted NR. 

Site Date Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total Source 

Børstad avg. (n=8) 350-45 BC 0.4 0.5 3.9 24.8 0.4 0.8 1.4 0.2 26.2 40.5 1.4 100.6 (Jouttijärvi, 2015b, p. 35) 

Englaug Østre A398 avg. (n=6) AD 549-641 0.7 0.2 5.9 18.2 0.4 0.9 0.9 0.1 2.8 65.0 0.3 95.4 (Jouttijärvi, 2017, pp. 9–11) 

Englaug Østre A408 avg. (n=6) AD 653-775 0.4 0.2 4.4 19.8 0.4 0.6 1.0 0.2 1.7 66.3 0.2 95.1 (Jouttijärvi, 2017, pp. 12–14) 

Fagstad AD 60-675 NR 0.6 4.9 21.7 7.1 1.0 1.9 0.2 13.3 48.8 0.2 99.6 (Espelund, 2006) 

Hausåker 540 BC - AD 30 1.1 0.2 4.7 20.9 0.0 1.0 1.3 0.2 1.5 68.7 0.3 99.8 (Jouttijärvi, 2015a, p. 15) 

Holen 400 - 385 BC 0.2 0.3 2.5 17.0 0.4 0.4 1.0 0.2 12.9 57.9 0.4 93.3 (Storrusten, 2009, p. 18) 

Kristianslund 2 395-370 BC 0.2 0.3 2.2 10.4 0.4 0.3 0.8 0.1 2.7 76.0 0.2 93.5 (Grandin, 2010b, p. 24) 

Eidsvoll Verk avg. (n=14) 387 - 116 BC 0.9 0.6 3.4 27.9 0.2 0.5 0.7 0.1 0.5 79.6 0.0 114.3 (Jouttijärvi, 2014, p. 44) 

Haug S104 AD 265-400 0.2 0.0 2.9 21.3 0.7 0.5 0.8 0.2 26.9 33.2 3.2 89.9 (Grandin, 2010c, p. 27) 

Haug S105 AD 620-655 0.2 0.1 3.3 19.9 0.5 0.5 1.0 0.2 19.5 43.9 2.6 91.7 (Grandin, 2010c, p. 27) 

Kvien AD 400-435 0.6 0.8 5.7 21.5 0.3 1.2 1.5 0.3 2.0 59.2 0.0 93.0 (Grandin, 2010d, p. 28) 

 

Table 75: F-value, G-value, R-value and RII for Østland furnaces. 

Site Date F G R RII 

Børstad avg. (n=8) 350-45 BC 6.4 9.8 2.7 0.9 

Englaug Østre A398 avg. (n=6) AD 549-641 3.1 12.3 3.7 0.6 

Englaug Østre A408 avg. (n=6) AD 653-775 4.5 9.3 3.4 0.7 

Fagstad AD 60-675 4.5 11.2 2.9 0.8 

Hausåker 540 BC - AD 30 4.4 11.7 3.4 0.7 

Holen 400 - 385 BC 6.8 5.8 4.2 0.6 

Kristianslund 2 395-370 BC 4.7 4.4 7.6 0.3 

Eidsvoll Verk avg. (n=14) 387 - 116 BC 8.2 6.9 2.9 0.8 

Haug S104 AD 265-400 7.3 7.3 2.8 0.8 

Haug S105 AD 620-655 6.1 7.8 3.2 0.8 

Kvien AD 400-435 3.8 14.7 2.8 0.8 
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Figure 201: Distribution of Østland furnaces with slag samples analysed (see also Figure 112). 

In comparing the composition of Østland furnaces to the later groups, the SiO2-Al2O3-

FeO+MnO ternary diagram shows a close overlap with the identified Hedmark group 

(Figure 202) but some sites from the Møsvatn group also fall near it (Figure 203).  

In this comparison, a stronger resemblance between the Hedmark group and the Østland 

furnaces is seen compared to the Møsvatn group. This is particularly the case for the 

lower FeO Østland furnaces that completely enclose the FeO-rich Hedmark furnaces. For 

the Møsvatn group, only the Al2O3 rich furnace from Englaug Østre A398 overlaps any 

Møsvatn furnaces. Based on this alone, a connection between the Hedmark and the 

Østland traditions appears more likely than between the Møsvatn and Østland traditions. 

Returning to the suggestion that well-developed ironmaking traditions move towards 

either of the production optima, the chemical composition alone would suggest that both 

Hedmark and Østland traditions were of the same tradition. Chronology and virtually 

every other aspect of the furnaces however make it clear that this is not entirely the case. 
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Figure 202: Ternary diagram comparing Østland furnaces (yellow triangles) to Hedmark furnaces (orange 

circles). 
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Figure 203: Østland furnaces (yellow triangles) compared to Møsvatn furnaces (blue squares). 

When comparing the G-value, F-value, R-value and RII between Østland furnaces and the 

later Viking Age types, the Østland furnaces fall at an intermediate stage between the 

two later groups for both the G-value, R-value and RII. The exception being the F-value, 

where the similarities between the Hedmark group and Østland group once again appear 

(Figure 204). 
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Figure 204: Visualisation of the different values for Østland furnaces as well as the different Viking Age furnace 
groups (see Table 68 and Table 75 for detailed numbers). 

A challenge here lies in the geographic distribution of Østland sites that had slag samples 

available for analysis. Since the vast majority of them are from the area bordering where 

the Hedmark tradition appeared later, it is possible that Østland sites further west would 

differ and group even better with Møsvatn sites. Breaking both the Hedmark and Møsvatn 

groups into the previously mentioned sub-groups however helps alleviate this issue, as 

the sub-groups follow chronology. Therefore, both Hedmark 1 and Møsvatn 1 are 

chronologically the closest to the Østland furnaces, and as such should show stronger 

commonalities if they are technological descendants.  

Comparing the F-value for the sub-groups with the Østland furnaces shows strong 

similarities between the Hedmark 1 and Østland furnaces, but a large difference between 

Østland and the early Møsvatn groups, with only Møsvatn 4 coming close to Østland 

furnaces (Figure 205). 
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Figure 205: Comparison of the F-value for Viking Age sub-groups (following the same colour scheme as 
earlier), and Østland furnaces in dark grey. Rødsmoen R695 from the No Foundation group has been omitted. 

A detailed view as this also shows some difference within Østland furnaces, where in 

fact some do overlap with Møsvatn 2 and later, but the earliest, Møsvatn 1, has only a 

single site within the same range as Østland furnaces. 

For the G-value, the pattern is similar for the Hedmark groups, but shows strong diversity 

for the Møsvatn groups. Where the Møsvatn 1 furnaces fall into the same range as the 
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Hedmark and Østland furnaces, the later groups shoot up much higher than both the first 

group and the Østland group (Figure 206). 

 

Figure 206: Comparison of the G-value for Viking Age sub-groups (following the same colour scheme as 
earlier), and Østland furnaces in dark grey. 
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Whereas the F-value is influenced by the ore, and thus will naturally differ between areas 

with divergent geologies, the G-value informs about the operation of the furnace, and as 

such provides a better image of the human element. The fact that all studied Hedmark 

furnaces fall into the same area as Østland furnaces can be interpreted as indicative of 

similar operation conditions. Following this, it also suggested that Møsvatn furnaces 

were operated differently from Møsvatn 2. 

The same pattern repeats when looking in detail at the RII; the Hedmark groups fall closer 

to the Østland range than Møsvatn, although here the earlier ones certainly show 

similarities. In particular Møsvatn 2, which also showed some similarities for the F-value, 

falls close to the Østland area when plotted on the same graph (Figure 207). Since the R-

value essentially shows an inverse of the RII, it will not be discussed here. 

 



Technological changes, transfer of knowledge, and political power 

 

| 417 |  
 

 

Figure 207: Comparison of the Reducible Iron Index (RII) for Viking Age sub-groups (following the same colour 
scheme as earlier), and Østland furnaces in dark grey. 

An observation that will not be followed due to the small number of furnaces, is how well 

the no foundation furnaces compare to Østland furnaces. Using median values instead of 

all values for the group, to compensate for scaling issues caused by Rødsmoen R695, 
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the no foundation group consistently mirrors the Østland furnaces (Figure 208). Further 

work regarding this group will be needed in order to draw the full picture however. 

 

Figure 208: Median values for the different groups and sub-groups, showing the relationships between furnace 
types. 

Breaking up the Viking Age groups into sub-groups reaffirms the impression that there 

are stronger similarities between Hedmark and Østland furnaces than there are between 

Møsvatn furnaces and their earlier counterparts. This suggests that Hedmark furnaces 

most likely were successors of Østland furnaces in some way, whereas there might be 

another origin for the Møsvatn furnaces. A connection to the Early Iron Age furnaces, the 

Eg-furnace is possible, but cannot be ascertained without further work on those 

furnaces. A connection to Trøndelag furnaces appears unlikely, due to the significantly 

higher RII and G-value for that tradition. 
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Comparing the calculated slag viscosity for this is difficult to visualise due to the sheer 

number of sites, especially for the Viking Age sites. Comparing the values for Østland 

sites to the Viking Age, a much narrower band is observed. This might of course be 

caused by the comparatively small number of sites, but also due to less variation (Figure 

209).  

 

Figure 209: Calculated viscosity in Pa·s for Østland furnaces. 

A similar pattern to that in Trøndelag can be seen; Merovingian Period and Early Iron Age 

furnaces operate at a lower calculated viscosity than their successors. The fact that pit 

furnaces would produce a more liquid slag than slag-tapping furnaces is unexpected. 

Slag-tapping requires the slag to be as liquid as possible, whereas collection in a slag 

pit makes this less important. 

Compared to Viking Age slags, the span for the Østland furnaces falls well within the 

range seen for all the identified groups, making it hard to suggest any relationship or 

lineage based on this.  
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10.2.3 Geographic change 

Comparing the geographic distribution of furnaces in south-eastern Norway shows a 

much more complex situation than what is the case in Trøndelag, yet some similarities 

are there as well. Many areas where iron was made during the Early Iron Age still saw 

iron being made in the Viking Age and later periods (Figure 210).  

 

Figure 210: Geographic comparison of Viking Age and Early Iron Age ironmaking furnaces in south-eastern 
Norway based on data from Askeladden per April 2021. Sites for which location data was not found in 
Askeladden but in publications and that also provided chemical composition data for slag are shown in bright 
blue. 

Aside from the clear increase in sheer numbers of furnaces, with over 300 known from 

the Viking Age compared to less than 50 from the Early Iron Age, it can be seen that the 

areas where iron was made did not change significantly. This increase might of course 

be a result of find bias, but can also reflect a different organisation of production, with 

more smaller smelting sites, as opposed to fewer but larger ones.  

The lack of geographic variation could be because the same geology that produced viable 

ores in the Early Iron Age still enabled ironmaking in the following centuries. An 

alternative explanation can however also be found in the generation of the data. Large 

scale excavation projects, which can easily be discerned in Figure 210 as clusters, show 
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where the archaeological emphasis has been. At the same time, the distribution of marks 

on the map almost exclusively follows the border of farmland and outfield areas. Based 

on this, there is a hypothetical potential that sites in areas with extensive agricultural 

activities over the past two millennia have been lost to the archaeological record.  

A contrast to the situation in Trøndelag can be seen in the fact that instead of ironmaking 

sites from the Viking Age lacking in areas where iron was made previously, ironmaking 

sites are scattered all over the area. Although there are areas where Early Iron Age 

ironmaking appears to be replaced by a lack of production, nearby large areas of 

ironmaking in the Viking Age indicate that it carried on slightly displaced (Figure 211).  

 

Figure 211: Comparison of Østland furnaces within a 20 km radius and Viking Age furnaces showing no 
change in preferred areas aside from a general expanse during the Viking Age. 
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10.2.4 Summary south-east Norway 

Due to the variety in identified Viking Age furnace types in south-east Norway, the 

situation is more complex than in Trøndelag. Based on furnace architecture and site 

layout, no clear connection between the Early Iron Age and Viking Age ironmaking 

traditions can be identified. Morphologically, the Møsvatn furnace type is more similar to 

Østland furnaces due to the use of stone slabs. 

Based on operational parameters deduced from the slag chemistry however, it is clear 

that strong similarities exist between the Hedmark traditions and the Østland furnaces. 

Based on this, a relationship between these can be proposed in terms of furnace use. In 

terms of architecture however, this cannot be ascertained. 

Geographically, little variation is seen in regards to where iron was made. Population 

increases and the subsequent increase of farmland over wilderness might have played 

a role here, or the depletion of viable ore sources which made it necessary to expand 

into new areas.  

Furnaces without subterranean traces, the no foundation group, present an interesting 

challenge. Chemically they are the most similar to the earlier group, yet architecturally 

the furthest removed. Due to the small number of furnaces of this type discussed here, 

no conclusions can be drawn. It does however appear possible that these furnaces share 

an origin in operational parameters with the Hedmark furnaces, yet developed in a 

different way. As more furnaces of this type are discovered, it will hopefully be possible 

in the future to identify whether or not this is the case. 

For the Møsvatn furnaces, a relationship to Østland furnaces is possible, but a connection 

to the 1c furnaces (Eg-furnace) cannot be ruled out without more knowledge of that 

furnace type, which requires more work to be carried out regarding those.  
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10.3  Changes 

Having highlighted the changes between the Early Iron Age and Viking Age ironmaking 

furnaces, the question regarding why these changes can be seen arises. A combination 

of factors seems more likely than a single cause. The fact that all Viking Age furnaces 

follow very similar dimensions and architecture, as well as getting rid of slag in the same 

way, yet appear to have been operated differently, indicates that there has to be a reason 

for this uniform picture to emerge.  

10.3.1 Innovation 

Innovation is often caused by necessity; a new problem requires a new solution (Henrich, 

2001, p. 994). If there is no new problem, innovation tends to be aimed at adjustment of 

any or all of the involved elements. Innovation can occur through happenstance, trial and 

error or luck, as well as external inputs. Contact with craftspeople performing the same 

tasks only slightly different can lead to adjustments of existing processes (Radivojević 

and Rehren, 2016).   

For ironmaking in particular, the change from large slag pit furnaces to smaller tapping 

furnaces was a drastic one. Even though the input variables, mainly ore, fuel, fluxes, air, 

and labour, stayed the same, all but the ore changed in some way or other with the 

introduction of tapping furnaces. At the same time the output product, in this case an iron 

bloom, did not change at all. As such, the changes highlighted above do not show evidence 

of gradual transition or evolution from a copy error in reproduction of the existing old 

ways, but a revolution.  

Innovation is intrinsically linked to the level of specialisation seen in the technology. With 

higher specialisation linked to a higher level of organisation (Costin, 1991), incentives for 

adjusting variables within the technology are present. With external control over the 

process, that is the smelters are itinerant craftspeople, whoever is in charge has an 

incentive to promote innovation. Either for the utilitarian desire to increase production, 

or for prestige. Both of which are strong driving forces for innovation or invention, and at 

least for the Merovingian Period Trøndelag tradition, a scenario of overarching control 

can be hypothesised. In stark contrast to this stands the absence of evidence for 

experimentation on sites. All studied Trøndelag sites follow the same layout, design, and 

technology.  

Adaptation necessitated by local circumstances should not be confused with outright 

innovation, as the original idea remains the same. Adjusting the use of fluxing agents to 
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the local ore chemistry, for example, would in my opinion not constitute a stage of 

innovation, but rather be a case of adaptation. The key difference between these two, as 

used here, lies in the desired output. Adapting a method to local conditions implies that 

the desired output product remains the same between two regions. In innovation 

however, a variable, either in- or output, is changed to improve the other. For ironmaking 

the most logical desired change is an improved input to output ratio, or type/quality of 

iron bloom produced. 

Since technology is an integrated part of society, any innovation will require time to 

become established (Pfaffenberger, 1992). If the benefit of novelty is apparent and 

immediate, for example using less fuel for the same output, it might occur more rapid 

than if it is more subtle. Regardless of this however, any innovative idea needs time to 

become accepted in the society within which it is being introduced. Subsequently, it will 

need to be adapted to the needs and abilities of said society. This feeds back to the level 

of specialisation, as the motivation for the innovation will have a direct influence on the 

speed of introduction. If a local ruler desires to implement a new way of smelting iron, 

and the smelters are employed by said ruler, one can argue that their influence on 

whether or not the new method becomes introduced is less important. On the opposite 

end, in a situation where smelters are free to choose both their methods and their 

customers, the motivation to take risks will be directly influenced by the market they 

supply. With a lot of competition, there is an incentive to improve the economic side of 

smelting, and thus embrace innovation. In a monopoly however, there is little reason to 

do so. 

Evidence for adaptation or innovation for ironmaking would at first be subtle. Changes in 

fuel or ore selection require a thorough understanding of the existing recipes in order to 

be detectable. Changes to the furnace superstructure will rarely be visible in the 

archaeological record. Slag handling and furnace foundations are arguably the two most 

permanent features of ironmaking sites, but subtle changes would not be detectable 

here. A gradual decrease in inner furnace diameter, for example, could be missed due to 

measuring errors during excavation, or attributed to drift, local variation and so forth. 

Changes in slag handling would be more apparent, mainly because there are fewer 

options to extract it from the furnace. Since there is no recorded evidence for transition 

sites, based on the current status of research, it seems tangible to state that the Viking 

Age traditions of slag tapping did not evolve directly from Merovingian Period traditions. 
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Since all Viking Age furnaces appear to follow a similar base principle both regarding 

size and slag separation, a common origin for the method seems likely. Further, since 

the change is complex and virtually all variables change, substantial changes in the 

socioeconomic environment within which iron was made had to occur for this to be 

possible. 

10.3.2 Transmission of knowledge 

Postulating a common origin for all identified Viking Age ironmaking traditions, the nature 

of the spread becomes a core question. Due to the complexity of ironmaking, a generally 

accepted model for learning it is a system based on an experienced master teaching their 

apprentice or apprentices the craft through active participation (Charlton et al., 2010, p. 

353; Shennan, 2015, p. 131). The nature of the relationship between teacher and student 

has direct implications for how quickly knowledge can be disseminated. Teaching the next 

generation how to perform a trade is a security for the future, both for the household and 

the society it is part of (Cavalli-Sforza and Feldman, 1981, p. 55). At the same time 

however, economic motivation can lead to craftspeople expanding into new markets in 

order to open these for their wares. Depending on the level of competition, this could lead 

to far reaching expanses, or more moderate ones. This also depends on the level of 

freedom of the smelter. If they are free to move to whichever market or resource rich 

area they desire, ideas of new technology can move rapidly. If their movement is 

restricted, be it for cultural, social, political or economic reasons, the spread will be 

correspondingly slower. Arguably, the more restrictions there are to the movement of 

people, the slower knowledge will be able to spread through the establishment of new 

production sites.  

During the Merovingian Period, it appears as though local leadership was strong, in 

particular in Trøndelag. Here, the repeated use of areas for ironmaking, paired with the 

large scale and well-established method for making iron, suggests political involvement 

with, or at the very least influence over, ironmaking. In this setting, knowledge of 

ironmaking would not be able to move rapidly, since there were at the very least 

economic and political motivations to halt this. In contrast, no evidence for this can be 

seen during the Viking Age, where sites appear across large distances at a time of strong 

political fragmentation. 

Another way knowledge can spread is through the interaction of craftspeople. This 

process can take less time than learning the technology from the beginning, but requires 

a level of knowledge regarding the trade by the recipient of the knowledge (Cavalli-
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Sforza and Feldman, 1981, p. 36). I would argue that the more pronounced the differences 

between the variations of the technology are, the more time consuming the process of 

learning the new method would be. With the differences between Merovingian Period and 

Viking Age ironmaking being so complete, a practitioner of either of the Merovingian 

Period techniques would have a hard time learning and mastering the Viking Age method, 

and thus it would take time for this knowledge to spread. In contrast, a smelter from the 

Møsvatn tradition could more readily understand and learn the peculiarities of the 

Hedmark or Trøndelag 2 traditions, due to their strong similarities. 

This interaction between craftspeople is the most likely reason for the spread of Viking 

Age traditions. Since ironmaking in both middle and south-east Norway continued in the 

same areas during the Viking Age as to where it had been produced before, a change of 

production location caused by lack of resources can be ruled out. Instead, a motivation 

can be found in the increased movement of people and the domestic expanse (see below). 

This created new markets and areas in need of resources. Simultaneously, the 

fragmented political landscape meant that there was room for competition between 

leaders in attempts to attract skilled workers. On top of this, expeditions beyond the 

borders of Norway gathered people from different parts of the country, further creating 

surfaces of contact.  

The presence of mixed furnace types within the same confined area or site, for example 

Gudbrandslie R31 (see Chapter 5 ), suggests that interaction between practitioners of 

different methods was not only possible, but might well have happened. With multiple 

different traditions present at the same site, there is tangible evidence for interaction 

between craftspeople. In the case of Gudbrandslie R31, an explanation for this might be 

the vicinity to seasonal marketplaces. It further means that competition for resources 

and markets was not an obstacle for interaction and the transmission of knowledge.  

 

10.3.3 Benefits of new technology 

From a purely technical point of view, small slag tapping furnaces have advantages 

compared to the large slag pit furnaces used earlier. The most obvious advantage lies in 

the lower requirements for construction. A smaller furnace requires both less material 

and labour to construct, and can be built faster. At the same time however, smaller 

furnaces produce less iron, meaning that a large demand would make the investment in 

a larger furnace and workforce worthwhile. Thus, the change cannot be considered 



Technological changes, transfer of knowledge, and political power 

 

| 427 |  
 

directly superior in terms of economic yield, but might well have been the result of a 

changing socioeconomic landscape that enabled smaller furnaces. 

As has been shown above, a small furnace using charcoal requires significantly less 

wood to operate, even if it has to be converted into charcoal first. This is hugely beneficial 

in areas where there are good ore sources available, but the forest has been depleted 

through excessive ironmaking over long periods of time. Additionally, the labour required 

to move the fuel to the smelting site is reduced proportionally with the reduction in fuel 

volume. 

Although the use of bellows for air supply requires a more active role from the smelter 

compared to natural draft, the required air for the necessary temperature can easily be 

supplied by a single individual with a single bellow. Multiple small bellows are of course 

an option, but not strictly necessary. In comparison, large furnaces with multiple air inlets 

for natural draft will require more attention from the smelter or smelters to control the 

airflow into the furnace (Rostoker and Bronson, 1990, p. 72). Thus, despite the required 

bellowing, the number of people required for controlling the furnace conditions is 

reduced.  

Changing from wood to charcoal, and from natural draft to bellows also increases the 

predictability of the furnace conditions; wood as a fuel will lead to changing volumes of 

solids inside the furnace, which has a direct influence on the air movement through the 

furnace (Rehder, 2000, p. 180). Charcoal which packs more densely than wood, provides 

a more consistent and even gas flow. Additionally, the use of bellows allows operators 

to adjust for any changes in gas flow caused by recharging the burden, by adjusting the 

blow rate.  

Both the reduction in labour required for the acquisition of input materials and the 

improved control over the process can be results from improvement over time. Through 

observation and repetition, smelters may have noticed that control over the atmosphere 

improved the predictability of the smelt. In order for this to become an established and 

needed standard however, there must have been further incentive.  

Another benefit of a furnace where slag is extracted in liquid form is the duration of 

smelting, and the achievable size of blooms. Regardless of size, any slag pit will inevitably 

fill up with slag. Once the mass of slag at the bottom of the furnace reaches the tuyères 

or air inlets, the process will come to a halt until the furnace has been emptied, rebuilt 

elsewhere, or new air inlets made higher up. In contrast, extracting the slag in liquid form 
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allows continuous operation of the furnace, which not only enables larger blooms to 

form, but also requires less time between smelts, necessitating emptying of the furnace 

only to extract the bloom.   

Based on all this, the two main benefits of the new furnace types are time and labour 

input. If labourers are compensated for the time spent preparing the furnace for the next 

smelt, acquiring the necessary fuel or controlling the air input, then less of this means 

smaller compensations are needed. If the labour is not compensated for their time 

however, these benefits are marginal or in fact negligible, and thus offer no incentive to 

adopting these changes. Increased control of the conditions inside the furnace allows for 

better control of the end product. In an economy with multiple suppliers, this is beneficial 

as it enables smelters to produce iron of a predictable quality. In a monopoly situation on 

the other hand, this becomes irrelevant.  
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10.3.4 Population changes 

A major socio-economic shift can be seen throughout most of Scandinavia, and in fact 

Europe, in the years following AD 536 (Gräslund and Price, 2012, p. 432; Büntgen et al., 

2016, p. 231; Iversen, 2017, p. 44; Rødsrud, 2017, p. 28; Østmo, 2020, p. 99). Although no 

single culprit can be named for what caused the significant decline in population seen 

across the area, the events of the AD 540s clearly caused a major disruption and lead to 

substantial population decrease. In Sweden a decline in settlements by over 70% 

(Gräslund and Price, 2012, p. 432) can be seen, and large and rich graves in Norway 

disappear by 90-95% (Solberg, 2003, p. 181). Additionally, evidence for disruptions in long 

distance trade at roughly the same time (Skre, 2020, p. 220) meant that major socio-

economic shifts were unavoidable. It has been postulated that Early Iron Age and 

Merovingian Period elites in Trøndelag based their power and prestige on the export of 

iron products and in turn imported luxury items from afar (Stenvik, 1991, p. 107). With the 

collapse of long-distance trade, this foundation of power and prestige disappeared 

(Herschend, 2009, p. 403). 

In the case of middle-Norway, the disappearance of local elites can be seen in the 

abandonment of fortifications and a decline in large burials. Related to ironmaking this 

has severe ramifications. The Trøndelag tradition ironmaking sites required a large 

workforce and thorough logistical organisation. With the perceived disappearance of the 

local rulership, the disappearance of this ironmaking tradition can most likely be linked 

directly to the population decrease. In contrast, the later Viking Age Trøndelag 2 furnaces 

offered several benefits compared to the older type; they were smaller, required less 

fuel, and could be operated by fewer people. All attributes that are highly beneficial in a 

society recovering from decimation. Further, a drastic decline in population would 

eliminate the need for large scale production as the markets would disappear. On top of 

the organisation required to operate large scale smelting sites also disappeared with 

local rulership. In this light, the smaller Trøndelag 2 furnace offers a better return of 

investment compared to the large Trøndelag furnace. 

In South-Eastern Norway, many Østland sites are located on the eastern shore of lake 

Mjøsa (Figure 211), near the modern town Hamar. This area also produced one of the 

richest Merovingian Period burial finds to date; the Åker-find (Hagen, 1950, p. 88). Similar 

to the situation in Trøndelag, it can be perceived that the disappearance of Early Iron Age 

and Merovingian Period rulers caused ripples into the manufacturing sector. The decline 
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in ironmaking is mirrored in the production of pottery, which has been interpreted as a 

shift in focus for elites (Rødsrud, 2017, p. 85).  

The population changes of the 6th century also gave rise to increased mobility. With 

abandoned farms and farmsteads, space was available for the inevitable repopulation of 

the area. This meant that despite a decrease in population, an increase in mobility can be 

expected, with people being able to move more freely into unclaimed or abandoned areas. 

It is clear from the distribution of weapons that the nature of warfare and the focus of 

warfare changed toward smaller scale skirmishes (Herschend, 2009, p. 405). Between 

the disappearance of local rulers and changes in warfare tactics, it is evident that social 

interactions, both peaceful and hostile, adopted a more domestic character. This 

increased mobility and communication between people facilitated an increased exchange 

of knowledge and ideas, as people moved into previously abandoned areas.  

With the dawn of the Viking Age, the internal expanse (indre landnam) got company from 

an expanse outward (ytre landnam), culminating in the settlement of Iceland, the 

occupation of Ireland, and the conquest of northern Britain. This paired with advances in 

ship building, meant that people, and with them ideas, travelled even further and wider 

than before. This increased mobility and movement can be the only logical explanation 

for three far geographically removed areas in Norway all adopting very similar ways of 

building iron smelting furnaces.  
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10.4 Iron and power 

There can be little doubt that there was a direct link between ironmaking and political 

power during the Early Iron Age and Merovingian Period. At the cusp of the Viking Age 

however, these links are far less obvious than previously. The fragmented political 

landscape paired with an abundance of ironmaking sites means that clear evidence for 

this control is difficult to find.  

The relationship between iron and power is obvious. Iron was needed for tools and 

weapons, and asserting some form of control over its distribution and manufacturing 

would provide any participant with power. At the same time, the need for specialised 

craftspeople involved in the process requires a certain level of security that, arguably, 

can only be guaranteed by strong local rulership. Likewise, sustained and long-distance 

trading requires a stable political and economic environment. The patchwork of small 

rulers throughout Norway at the start of the Viking Age is mirrored by the myriad trade 

sites and meeting sites seen throughout the country.  

There can be little doubt that ironmaking is an activity requiring a high level of technical 

specialisation. In order for specialist ironmakers to successfully develop and improve 

their skills, they need to be independent from the day-to-day work for subsistence 

(Kuijpers, 2018, p. 552). This type of specialisation cannot exist in a situation where the 

struggle for survival forces other priorities. Therefore, the decline in ironmaking sites 

around AD 550 can be seen in direct light of the iron smelters disappearing. This does 

not necessarily mean that they perished, but certainly that they, even for the time, 

changed their occupation of focus. Although there are only very few ironmaking sites that 

fall into the last five decades of the sixth century (Gråfjell JFP. 18 (AD 576-874) and 

Møsstrond Erlandsgard 6 (AD 460-640) for Viking age and Fagstad (AD 60-675) for the 

Merovingian Period), there was still the need for iron to be produced. In particular in the 

years of the internal expanse, the reclaiming of abandoned farmland, or clearing new 

farmland, would require not only different tools than those found on an operational farm 

(Petersen, 1920, p. 8), it would also lead to more wear and tear. Based on this, there had 

to be a market for iron even in the turmoil following AD 540, but the scale of operation 

could not be as it was before, due to a lack in supervision, lack of people, or lack of 

demand. 

Against this backdrop, it is tempting to elevate the iron smelter to a higher standing in 

society due to their ability to provide the necessary resources for agricultural expansion 
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or warfare. The role of the smith in society has been broadly discussed in the literature, 

the smelter is however either often overlooked, or grouped together with the smith, both 

options of similar plausibility. Regardless of the status of the smith, the transformative 

nature of their trade gave them a special standing within society, however not necessarily 

positive (Haaland, 2004, p. 11; Hedeager, 2011, p. 140; Ježek, 2015, p. 13).  

The new fragmented political landscape, accompanied by a change in warfare tactics, 

also meant that interaction and movement within Norway increased. Through trading, 

raiding, and visiting, ideas and knowledge could travel with people (Shennan, 2015, p. 130). 

Compared to what appears comparatively well-organised societies in the Early Iron Age 

and Merovingian Period, this chaotic, ever-shifting political environment paired with 

increased communication and interaction between different groups provided the perfect 

soil for ideas to travel and take shape. Smaller slag tapping furnaces producing iron at a 

smaller scale fit well into this, and although different from their earlier counterparts in 

most ways, they still echo certain aspects of them. Thus, despite the methods changing 

almost completely, a connection to the old ways was still there. 

With both political unity and a uniform way of ironmaking coinciding around the 

8th century, and, according to sagas, the notion of political unity being derived from 

abroad, a connection between the two can be seen in a common origin: outside of Norway.  

  



Technological changes, transfer of knowledge, and political power 

 

| 433 |  
 

10.5 Summary 

Despite the comprehensive differences between Viking Age and Merovingian Period 

ironmaking, similarities can still be seen. In Trøndelag, the difference in architecture and 

scale of operation between Trøndelag and Trøndelag 2 furnaces is almost total. Despite 

this, elements of operation of the Trøndelag 2 furnaces echo the earlier Trøndelag 

furnaces. A key observation is the continued utilisation of the same areas for ironmaking, 

indicating that the change was not caused by the need for new areas. Instead, ironmaking 

was very much carried out in the same areas as before, just in a different way. 

Regardless of this, the chemistry of the slag for Trøndelag 2 furnaces is similar to that of 

the Trøndelag furnaces, suggesting that elements of the earlier tradition survived and 

were reused in later furnaces. In particular relating to the atmospheric conditions within 

the furnace, attested by both the G-value and the RII, Trøndelag 2 furnaces are virtually 

indistinguishable from Trøndelag furnaces. In terms of proposed temperature, both 

Trøndelag traditions appear to have been operating within a similar range, with calculated 

slag viscosities again being almost indistinguishable.  

In south-eastern Norway, where multiple types of Viking Age furnaces are found in areas 

previously utilising Østland furnaces, a closer connection between Hedmark furnaces 

and Østland can be seen, than between Østland and Møsvatn furnaces. With lineages 

identified for both Møsvatn and Hedmark furnaces, the earliest of which in both cases is 

chronologically closer to the Østland tradition, it has been shown that the earliest 

Hedmark furnaces produced slag of a composition a lot more similar to that of Østland 

furnaces than that produced by Møsvatn furnaces. As such, it can be suggested that 

Hedmark furnaces followed similar operational principles as Østland furnaces, but that 

Møsvatn furnaces did not. 

It has been shown that the changes observed would not have been possible without a 

substantial socioeconomic shift. Changes in demand, available workforce, and the 

political landscape all were a necessity for the observed changes to happen. The events 

of the AD 540s have been proposed as the cause for this, and therefore the transition to 

smaller slag-tapping furnaces pre-dates the beginning of the Viking Age. Due to 

increased interaction between peoples and areas, the knowledge could spread 

throughout the country. Since all Viking Age furnaces are built with the same dimensions 

and slag separation, a common origin can be suggested. Since it has been shown here 

that none of the Viking Age traditions are direct successors of Merovingian Period 

ironmaking, the origin of Viking Age iron smelting has to be found outside of Norway.  
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11  CONCLUSION AND FUTURE WORK 

The Viking Age and sphere of influence covered large parts of northern Europe at the 

height of Viking expansion. Iron was a key resource in this, and one of the most important 

resources of the time. Identifying how iron was made in Norway, a core area in the Viking 

Age, had to date not been studied at this scale. Emphasis had been on local and regional 

phenomena, but a comprehensive synthesis like this one has been lacking. Due to the 

modern division of Norway into different regions of administration, overarching studies 

of this scale have not been attempted before. 

Although chemical analysis of ironmaking remains, and in particular slag, have become 

standard in excavations since c. AD 2010, little had been done with this. Combining data 

generated as part of this project with legacy data, it has been possible to confirm 

observed regional differences in ironmaking that extended beyond the structure of the 

furnaces, and into how furnaces were operated.  

Through the work of this thesis, the first comprehensive synthesis of Viking Age 

ironmaking sites across all of Norway has been generated and compared, creating a new 

classification of furnaces that will aid in future studies of the topic. Combining this with 

the large-scale comparison of slag chemistry, and adding to it through new analyses, a 

more complete picture of Viking Age ironmaking can be drawn for the first time, and here 

I summarise answers to the three key questions asked at the beginning of the thesis. 

11.1 How uniform was Viking Age ironmaking? 

After a thorough analysis of Viking Age ironmaking sites in Norway it is clear that the 

original assumption that the Viking Age saw a single method for ironmaking is only 

partially correct. From a technological point of view, it is true that the vast majority of 

sites dated to the Viking Age show evidence for slag tapping. The exception are flag-lined 

bowl-furnaces, which have been omitted in the general discussions due to their low 

numbers. All other types can be said to be small shaft furnaces with slag tapping. 

However, the architecture and design differ almost as much as in the EIA, meaning that 

a more nuanced classification is needed, which responds to deeper sociocultural 

patterning. 

In terms of furnace design and usage there are clear regional differences. The angular 

stone box structures of the Møsvatn tradition represent a distinct architectural group, 

that strongly differs from the stone foundation architecture seen in both the Hedmark 
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and Trøndelag 2 traditions. Furnaces without any subterranean features present a third 

group that merits further investigation, as only three sites have been documented in this 

thesis. 

The differentiation of ironmaking into regional traditions shows that the political 

fragmentation of the Viking Age is mirrored in technological solutions, which outlasted 

the political unification. Going forward, this awareness of regional differences will allow 

a more nuanced approach to the study of ironmaking sites, allowing a clearer picture to 

be drawn regarding connections and interactions between regions based on how iron 

was made. 

Based on all this, a new approach to classifying furnaces should be employed, 

differentiating Viking Age furnaces (phase 2) by their architecture (Figure 212). Espelund’s 

original classification works for the early version, although I changed the shaft of the 

Trøndelag furnace (1a) to show the conical shape (see Figure 1 in Chapter 1  for the original 

classification). Separating the Trøndelag 2 and Hedmark furnaces is only possible 

through archaeometric analysis of slag remains, as both are 2a in design. Møsvatn 

furnaces differ significantly enough that I decided to label then 2b, and furnaces without 

foundations, although being a small group deserving more attention as more are 

identified, is labelled 2c in Figure 212. 

In spite of similar architecture, slag analyses show consistent differences that are 

indicative of different engineering parameters. This shows the need to incorporate 

analytical work in addition to architectural studies to reveal different approaches to 

making iron, that in turn reflect different adaptations to cultural and environmental 

contexts. The comprehensive study of Viking Age ironmaking sites carried out here has 

shown that even if a furnace is not found during an excavation, the slag chemistry makes 

it possible to identify which of the traditions it belongs to. In particular the G-value and 

RII, which both are a result of the human influence on the smelt, the different traditions 

can be identified, except for differentiating Hedmark furnaces from those without 

foundations (Table 76).  
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Table 76: Average F-value, G-value, R-value, and RII for the different Viking Age ironmaking traditions. 

Type F G R RII 

Hedmark (avg.) 5.0 8.2 4.5 0.6 

Møsvatn (avg.) 3.3 14.1 3.7 0.8 

No foundation (avg.) 2.5 8.3 4.7 0.7 

Trøndelag 2 (avg.) 3.6 19.2 2.1 1.2 
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Figure 212: Early Iron Age furnaces (left) and new division of slag tapping furnaces (right) following Espelund’s original style (Espelund and Evenstad, 1999, p. 87). The shaft of 
the Trøndelag furnace (1a) has been changed to reflect the conical shape. Østland (1b) and Møsvatn (2b) furnaces are shown in both possible configurations. Furnaces are 

presented in profile based on assumed design without insulating material (left) and top-down view of the remains (right). 



Conclusion and future work 

 

| 439 |  
 

11.2 What are the differences between Viking Age and earlier 

ironmaking? 

The dominant difference between earlier and Viking Age furnaces lies in the architecture. 

Early furnaces are large, and rely on slag being deposited horizontally into an underlying 

slag pit. In comparison, the small slag tapping furnaces from the Viking Age represent a 

fundamentally different approach to slag removal.  

A change in fuel regime is the second, equally important change. Transitioning from vast 

quantities of wood used in smelting to using less fuel in the form of charcoal, means that 

the amount of labour required to generate the fuel was reduced substantially. This has 

far reaching consequences regarding where it can be made.  

Requiring fewer people to acquire the fuel, either as wood or as charcoal, means that 

fewer people will be taken out of agricultural activities in order to make iron. Although 

the yield per furnace declines with smaller furnaces, the new smaller scale of operation 

was better adapted to a different socioeconomic environment, using fewer people and 

ingredients for each smelting campaign. Large furnace sites also require a higher level 

of organisation, which might not have been available in a new socioeconomic context.  

Additionally, using less fuel means that areas that previously had experienced excessive 

ironmaking, and therefore deforestation, could still be used. Areas yielding high quality 

bog ore, but lacking the dense forest needed to supply the fuel could be exploited using 

the new methods.   

In terms of how furnaces were used, the regional differences are about as pronounced 

as in earlier periods. Although architecturally similar, the Trøndelag 2 furnaces and the 

Hedmark furnaces are operated under differing conditions, where the Trøndelag 2 

appears to have followed operational principles from the Merovingian Period Trøndelag 

tradition, whereas the Hedmark furnaces appear to be similar in architecture only. In 

terms of operation, they share more similarities with the Østland furnaces. 

Another clear difference between Merovingian Period and Viking Age ironmaking lies in 

the scale of operation per site. Although there are large scale sites dated to the Viking 

Age, production overall appears to be of a smaller scale.  

A possible connection between Merovingian Period ironmaking and Viking Age 

ironmaking can be seen in Trøndelag. Trøndelag 2 furnaces (2a) share many 

commonalities with their earlier counterparts (1a) in regard to operation. This suggests 
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that the knowledge of ironmaking was not lost in this region despite the long break in 

ironmaking seen in the latest dates for Trøndelag furnaces and the earliest for 

Trøndelag 2. This suggests that despite the dramatic changes seen in both ironmaking 

traditions but also society as a whole, a high-resolution study can show the strength of 

regional traditions. In the southern part of the country, this connection is less clear, but 

should not be excluded based on the current status of research. The possible connection 

between the Hedmark and Østland traditions shows that although there currently is no 

known direct connection between the two, it might be discovered eventually.  
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11.3  Why did the change happen? 

Viking Age furnaces represent a new way of making iron that lasted well past the end of 

the Viking Age. With a few appearing during the Merovingian Period, the types reached 

their maximum use throughout the Viking Age and Medieval Period. A connection to 

population declines and associated political turmoil succeeding the events of the 

AD 540’s seems to have caused the collapse of EIA ironmaking methods and created an 

environment that required adaptations or innovation, which eventually lead to the 

development of a new method of ironmaking. 

A clear benefit of the new method is a drastic reduction in people involved, especially in 

Trøndelag, where smelting crews dropped from 10-20 individuals to 2-3 at the most, 

depending on bellows configuration. This was key during a time where labour was limited, 

and where there most likely was a decline in demand, both caused by reduced local 

population, but also due to fewer external connections.   

An additional clear benefit can be found in the reduced fuel needs, which allowed smaller 

crews to acquire the necessary fuel faster. Using less fuel also means that areas that 

had been exploited earlier but abandoned due to deforestation could be reactivated. This 

appears to be the case in both regions, where ironmaking areas remain constant even 

though the method of ironmaking changes. 

The fact that three geographically distinct regions all adopted very similar furnace 

designs in terms of size, and identical in terms of slag handling, suggests that a common 

origin for the idea exists. At this point, it is not possible to suggest where this origin was, 

aside from the fact that it lies outside of Norway. 

Extended communication and growing outside interaction during the Viking Age meant 

that this type of knowledge could be transferred rapidly between regions and their 

inhabitants. Based on communication and interaction between Viking Age Norway and 

their surrounding areas, the most likely origin for this furnace type lies either to the east, 

in what is today’s Sweden, or to the west, in the insular region of Great Britain and Ireland. 
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11.4  Future work 

The synthesis of material presented here has highlighted several ways in which our 

understanding of Viking Age ironmaking can be further improved. 

As more ironmaking sites become discovered, our understanding of how different sites, 

regions and methods relate to each other grows. Using the system proposed here allows 

for a more in-depth understanding of relationships and interactions across regions. This 

applies in particular to the south-western coastal region of the country where few 

ironmaking sites have been discovered and studied, yet also was a key area of power in 

the Middle Ages. This discrepancy merits further investigation, and applying the system 

for classification proposed here will enable a broader understanding of how and where 

regional ironmaking in that part of the country might come from. 

A more in-depth approach to some of the studied areas, and a re-investigation of some 

of the older material, will shed light on the relationship between methods. For large 

excavation projects such as Møsstrond, Dokkfløy and Gråfjell, comparisons within the 

site can enable an even higher resolution understanding of how ironmaking evolved in 

these areas. 

Spatial analyses of the relationship between ironmaking and other socio-economic 

elements can provide further understanding of the role ironmaking played in society. This 

is linked to our knowledge of areas where iron was made, and the more knowledge is 

gained about his, the better a study can be carried out. 

With as many sites presented as the ones used here, there is a large potential for work 

on the chronology using radiocarbon dates and possibly re-dating sites. This has largely 

been omitted here due to the limits of the project, but is an avenue of research worthwhile 

exploring. Especially in relationship to the observed regional variation and trends. This 

does in general require more attention to dating of ironmaking sites, as single dates have 

been shown to be problematic.  

The data collected for this thesis contains most of the chemical composition for Viking 

Age ironmaking sites. The data gathered here shows promising regional patterning, 

where different furnace types have their own chemical traits, and in turn correspond to 

different areas of the country. Provenance studies of iron objects through slag inclusions 

can be compared to the data collated here, potentially allowing us to narrow down the 

regions iron items originated from. 
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Expanding the approach used here to other parts of the Viking World will provide a useful 

tool for further broadening our understanding of the Vikings. Icelandic ironmaking, which 

likely was imported from Norway, could be compared to the different traditions identified 

here. Cross-referencing finds of this with DNA studies would provide valuable insight 

into the migration patterns of people, as well as the transmission of knowledge. This 

could subsequently be expanded to other parts of the Viking World as well. 

With technological regions identified, a high-resolution study of other technologies would 

allow an even better understanding of the technological landscape of the Viking Age. If 

regional traits similar to those identified for iron are mirrored in other technologies, it 

might also aid in the unanswered question of where Viking Age ironmaking originated. 

The origin of Viking Age ironmaking itself can be explored further by broadening the 

geographic horizon for this approach to include areas that were in documented contact 

with Viking Age Norway. Carrying out similar studies for ironmaking sites in Sweden, and 

Great Britain and Ireland, focusing on what evolutions and changes are seen in 

ironmaking, it might be possible to identify where the idea of slag-tapping started for the 

Vikings.  

Hopefully this synthesis of data relating to Viking Age ironmaking will spark further 

research beyond what is suggested above. Compiling both archaeological information 

from excavations with chemical data for ironmaking slag should open many exciting new 

projects. Since science is always evolving and growing, the data presented here should 

not be considered as complete, but rather as a starting point. With increased accuracy 

for analytical measurements, and a growing corpus of data, the methods used here will 

hopefully become useful tools for future work on the technology of the Viking Age.  
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Appendix A SEM-EDS analysis of certified reference materials 

A-1 BCR-2G 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 

Certified values BCR-2G (Jochum et al., 2005) 

Given value 3.23 3.56 13.4 54.4 0.37 1.74 7.06 2.27 0.19 12.4  

± 0.07 0.09 0.4 0.4 0.01 0.04 0.11 0.04 0.01 0.3  

BCR-2G November 2017 

Spectrum 1 3.0 3.4 12.8 56.4 0.4 1.8 7.1 2.4 0.3 12.4 99.8 

Spectrum 2 3.4 3.3 12.7 56.0 0.5 1.8 7.3 2.4 0.2 12.3 99.9 

Spectrum 3 2.8 3.3 12.7 56.6 0.6 1.8 7.3 2.4 0.2 12.3 99.8 

Spectrum 4 2.6 3.3 12.9 56.5 0.5 1.8 7.2 2.4 0.3 12.6 99.4 

Spectrum 5 2.7 3.3 12.8 56.4 0.4 1.9 7.4 2.5 0.2 12.4 99.1 

            

Mean 2.9 3.3 12.8 56.4 0.5 1.8 7.3 2.4 0.2 12.4 99.6 

Std. dev. 0.3 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.1  

BCR-2G November 2018 

Spectrum 1 3.2 3.4 12.7 56.2 0.5 1.8 6.9 2.4 0.1 12.8 100.6 

Spectrum 2 3.2 3.4 12.7 55.8 0.5 1.9 7.2 2.4 0.2 12.6 100.6 

Spectrum 3 2.9 3.3 12.8 56.5 0.5 1.7 7.0 2.4 0.2 12.6 100.0 

Spectrum 4 3.0 3.3 12.8 56.4 0.5 1.9 7.3 2.3 0.1 12.3 99.8 

Spectrum 5 3.1 3.3 12.7 56.6 0.4 1.8 7.1 2.3 0.3 12.5 99.6 

            

Mean 3.1 3.3 12.7 56.3 0.5 1.8 7.1 2.4 0.2 12.6 100.1 

Std. dev. 0.1 0.0 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.2  

BCR-2G February 2019 

Spectrum 1 3.1 3.4 12.8 56.0 0.5 1.8 7.2 2.4 0.2 12.6 101.7 

Spectrum 2 2.8 3.4 12.7 56.5 0.5 1.9 7.2 2.4 0.3 12.6 100.5 

Spectrum 3 2.9 3.4 12.7 56.0 0.4 1.8 7.3 2.6 0.2 12.5 101.7 

Spectrum 4 3.0 3.6 12.6 56.6 0.4 1.9 7.2 2.3 0.3 12.2 101.6 

Spectrum 5 3.0 3.4 12.7 56.4 0.5 2.0 7.2 2.4 0.2 12.3 101.1 

            

Mean 3.0 3.4 12.7 56.3 0.5 1.9 7.2 2.4 0.3 12.5 101.3 

Std. dev. 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.0 0.2  

BCR-2G March 2019 

Spectrum 1 2.8 3.3 12.9 56.4 0.6 1.9 7.2 2.5 0.2 12.2 100.0 

Spectrum 2 3.0 3.4 12.7 56.2 0.4 1.9 7.3 2.5 0.3 12.4 100.8 

Spectrum 3 2.9 3.4 12.6 56.7 0.4 1.9 7.2 2.3 0.2 12.3 100.9 

Spectrum 4 2.9 3.3 12.7 56.4 0.4 1.9 7.4 2.5 0.3 12.4 100.2 

Spectrum 5 2.9 3.3 12.7 56.6 0.4 1.9 7.4 2.4 0.1 12.4 100.8 

            

Mean 2.9 3.4 12.7 56.5 0.4 1.9 7.3 2.5 0.2 12.3 100.5 

Std. dev. 0.1 0.1 0.1 0.2 0.1 0.0 0.1 0.1 0.1 0.1  
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A-2 BHVO-2G 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 

Certified values BHVO-2G (Jochum et al., 2005) 

Given value 2.4 7.13 13.6 49.3 0.29 0.51 11.4 2.79 0.17 11.3  

± 0.1 0.02 0.1 0.1 0.02 0.02 0.1 0.02 0.03 0.0  

BHVO-2G November 2017 

Spectrum 1 2.3 7.0 12.7 51.9 0.3 0.5 11.3 2.8 0.2 11.0 100.0 

Spectrum 2 2.3 6.8 12.7 51.9 0.2 0.6 11.4 2.8 0.1 11.2 100.0 

Spectrum 3 2.1 7.0 12.5 51.7 0.4 0.4 11.6 2.9 0.2 11.2 100.2 

Spectrum 4 2.2 6.9 12.7 51.6 0.4 0.5 11.4 2.9 0.2 11.3 100.5 

Spectrum 5 2.3 7.0 12.5 51.9 0.3 0.5 11.7 2.8 0.2 10.9 100.1 

            

Mean 2.2 6.9 12.6 51.8 0.3 0.5 11.5 2.8 0.2 11.1 100.2 

Std. dev. 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.1  

BHVO-2G November 2018 

Spectrum 1 2.3 6.9 12.7 51.7 0.3 0.4 11.4 2.7 0.2 11.4 100.4 

Spectrum 2 2.2 6.8 12.6 51.9 0.3 0.6 11.2 2.9 0.1 11.3 100.0 

Spectrum 3 2.0 6.9 12.8 51.6 0.4 0.5 11.5 2.9 0.2 11.3 100.2 

Spectrum 4 1.9 7.0 12.6 52.0 0.3 0.6 11.4 2.8 0.3 11.2 99.7 

Spectrum 5 2.2 7.0 12.7 51.4 0.4 0.6 11.4 2.8 0.2 11.3 100.6 

            

Mean 2.1 6.9 12.7 51.7 0.3 0.5 11.4 2.8 0.2 11.3 100.2 

Std. dev. 0.2 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.0 0.1  

BHVO-2G February 2019 

Spectrum 1 2.0 7.0 12.9 51.7 0.3 0.5 11.6 2.8 0.2 11.1 102.3 

Spectrum 2 2.0 7.2 12.7 51.9 0.1 0.5 11.5 2.8 0.2 11.0 101.2 

Spectrum 3 2.1 7.1 12.8 51.7 0.2 0.5 11.6 3.0 0.2 10.9 101.8 

Spectrum 4 1.9 6.9 12.8 51.9 0.3 0.5 11.6 2.9 0.3 10.9 101.5 

Spectrum 5 2.0 7.0 12.9 51.7 0.3 0.5 11.7 2.8 0.2 11.0 101.0 

            

Mean 2.0 7.0 12.8 51.8 0.3 0.5 11.6 2.9 0.2 11.0 101.6 

Std. dev. 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1  

BHVO-G March 2019 

Spectrum 1 2.1 7.1 12.5 51.9 0.3 0.5 11.7 2.8 0.2 11.0 101.4 

Spectrum 2 1.9 7.0 12.8 51.9 0.2 0.5 11.5 2.8 0.2 11.2 100.7 

Spectrum 3 2.1 7.0 12.9 51.8 0.4 0.5 11.4 2.8 0.2 10.9 103.6 

Spectrum 4 2.0 6.9 12.8 51.9 0.3 0.5 11.6 2.8 0.2 11.1 102.2 

Spectrum 5 2.1 6.9 12.8 51.7 0.3 0.6 11.5 2.9 0.3 11.0 102.4 

            

Mean 2.0 7.0 12.8 51.8 0.3 0.5 11.6 2.8 0.2 11.0 102.0 

Std. dev. 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1  
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A-3 BIR-1G 

 Na2O MgO Al2O3 SiO2 CaO TiO2 MnO FeO Total 

Certified values BIR-1G (Jochum et al., 2005) 

Given value 1.85 9.4 15.5 47.5 13.3 1.04 0.19 10.4  

± 0.07 0.1 0.2 0.3 0.2 0.07 0.0 0.1  

BIR-1G November 2017 

Spectrum 1 1.6 9.1 13.9 48.1 13.1 1.1 0.2 9.8 103.8 

Spectrum 2 1.6 8.9 13.9 47.3 12.5 1.0 0.2 10.0 105.1 

Spectrum 3 1.6 9.0 13.9 47.1 12.3 0.9 0.2 9.6 105.2 

Spectrum 4 1.8 9.1 13.9 47.5 12.5 1.0 0.2 9.6 104.7 

Spectrum 5 1.9 9.0 14.5 48.7 12.9 1.0 0.2 10.1 102.0 

          

Mean 1.7 9.0 14.0 47.7 12.7 1.0 0.2 9.8 104.2 

Std. dev. 0.2 0.1 0.2 0.6 0.3 0.0 0.0 0.3  

BIR-1G November 2018 

Spectrum 1 1.8 9.0 14.3 49.3 12.9 1.1 0.2 10.5 101.2 

Spectrum 2 1.8 8.9 14.2 48.2 12.7 0.9 0.2 10.0 103.1 

Spectrum 3 1.9 9.2 14.1 48.1 12.6 1.0 0.2 9.6 103.7 

Spectrum 4 1.6 9.1 14.2 49.1 12.7 1.0 0.2 9.8 101.6 

Spectrum 5 1.9 9.2 14.2 49.0 13.2 1.0 0.2 10.4 101.8 

          

Mean 1.8 9.1 14.2 48.7 12.8 1.0 0.2 10.1 102.3 

Std. dev. 0.1 0.1 0.1 0.5 0.2 0.1 0.0 0.4  

BIR-1G February 2019 

Spectrum 1 1.7 9.2 14.6 49.9 13.3 1.0 0.2 10.2 101.9 

Spectrum 2 1.6 9.3 14.8 49.4 13.5 1.1 0.2 10.0 101.4 

Spectrum 3 1.6 9.4 14.8 49.9 13.3 1.0 0.2 9.9 100.6 

Spectrum 4 1.7 9.4 14.6 49.6 13.5 1.0 0.1 10.1 100.5 

Spectrum 5 1.7 9.3 14.6 49.3 13.6 1.1 0.2 10.2 100.2 

          

Mean 1.7 9.3 14.7 49.6 13.5 1.1 0.2 10.1 100.9 

Std. dev. 0.0 0.1 0.1 0.3 0.2 0.1 0.1 0.1  

BIR-1G March 2019 

Spectrum 1 1.6 9.3 14.7 49.6 13.6 0.9 0.2 10.0 101.2 

Spectrum 2 1.7 9.3 14.5 49.5 13.4 1.1 0.2 10.3 103.2 

Spectrum 3 1.6 9.5 14.6 49.8 13.4 1.0 0.2 10.0 103.3 

Spectrum 4 1.8 9.5 14.8 49.7 13.0 1.0 0.2 10.0 105.2 

Spectrum 5 1.6 9.4 14.7 49.8 13.4 1.0 0.2 9.9 103.7 

          

Mean 1.7 9.4 14.7 49.7 13.4 1.0 0.2 10.1 103.3 

Std. dev. 0.1 0.1 0.1 0.1 0.2 0.1 0.0 0.2  
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Appendix B  Raw 14C dates and calibrated values for Norwegian 

Ironmaking sites 

The following dates have all been re-calibrated using OxCal version 4.4 (Bronk Ramsey, 

2021) and the IntCal20 calibration curve for the northern hemisphere (Reimer et al., 2020).  

Furnace 
Date 
BP 

Date (95.4% 
probability) Source 

Stavenes S32 610±25 calAD 1301-1402 (Russ, 2012, pp. 50–51) 

Stavenes S32 535±30 calAD 1323-1439 (Russ, 2012, pp. 50–51) 

Stavenes S32 815±45 calAD 1054-1282 (Russ, 2012, pp. 50–51) 

Hovden S1 550±30 calAD 1318-1434 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S1 620±20 calAD 1300-1398 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S1 690±20 calAD 1276-1384 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S2 845±20 calAD 1165-1260 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S3 1035±35 calAD 895-1149 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S4 725±30 calAD 1229-1381 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S11 671±32 calAD 1276-1394 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S12 988±31 calAD 993-1157 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S13 1611±31 calAD 410-544 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S13 1475±30 calAD 554-645 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S13 1344±31 calAD 642-775 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S13 1167±31 calAD 772-975 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S14 1342±32 calAD 643-775 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Hovden S14 1179±31 calAD 771-973 (Kile-Vesik and Tsigaridas Glørstad, 2014, pp. 50–51) 

Sudndalen A165 775±25 calAD 1223-1279 (Johansson, 2012, p. 28) 

Sudndalen A165 1255±25 calAD 672-873 (Johansson, 2012, p. 28) 

Høksjøberget 121321 908±30 calAD 1041-1215 (Kile-Vesik, 2014, p. 46) 

Høksjøberget 121321 949±30 calAD 1028-1163 (Kile-Vesik, 2014, p. 46) 

Børstad A592 2140±30 calBC 351-52 (Sæther, 2016, p. 54) 

Englaug Østre A408 1320±28 calAD 653-775 (Martinsen, 2017, p. 13) 

Englaug Østre A398 1487±28 calAD 549-641 (Martinsen, 2017, p. 13) 

Fagstad S18 1590±90 calAD 255-643 (Mjærum, 2006d, pp. 45–48) 

Fagstad S18 1750±80 calAD 121-535 (Mjærum, 2006d, pp. 45–48) 

Beito A100 874±30 calAD 1046-1259 (Kile-Vesik, 2016a, p. 21) 

Okshovd vestre S10  870±30 calAD 1047-1261 (Gundersen, 2012b, p. 43) 

Okshovd vestre S11 885±30 calAD 1045-1225 (Gundersen, 2012b, p. 43) 

Lille Rudi 1285±30 calAD 660-820 (Gundersen, 2012a, p. 42) 

Varpe Bru A1270 983±30 calAD 995-1157 (Mojaren Gran, 2015, p. 36) 

Varpe Bru A1270 1063±31 calAD 893-1030 (Mojaren Gran, 2015, p. 36) 

Opdal A100 1031±30 calAD 899-1123 (Kile-Vesik, 2016b, p. 24) 

Hausåker 2049±31 calBC 157 - calAD 55 (Wenn, 2016b, p. 32) 

Hausåker 2311±54 calBC 541-201 (Wenn, 2016b, p. 32) 

Døli A568 2291±33 calBC 406-208 (Bjørkan Bukkemoen, 2016, p. 16) 

Loftsgården Norde R1 665±75 calAD 1228-1417 (Skogsfjord, 2006, pp. 17–18) 
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Holen S1 2340±70 calBC 751-203 (Storrusten, 2009, pp. 32–33) 

Kristianslund 2 S1 2300±30 calBC 409-211 (Langvik Berge, 2011a, p. 10) 

Gudbrandslie R6 S3004 1120±35 calAD 774-1015 (Mjærum, 2006b, pp. 32–33) 

Gudbrandslie R31 S1008 1055±40 calAD 888-1116 (Tveiten, 2008b, p. 28) 

Gudbrandslie R31 S1013 950±50 calAD 998-1212 (Tveiten, 2008b, p. 28) 

Gudbrandslie R31 S1014 1015±30 calAD 987-1153 (Tveiten, 2008b, p. 28) 

Gudbrandslie R31 S1014 895±30 calAD 1043-1220 (Tveiten, 2008b, p. 28) 

Gudbrandslie R31 S1028 1025±50 calAD 894-1158 (Tveiten, 2008b, p. 28) 

Gudbrandslie R36 S4023 1040±30 calAD 896-1114 (Gundersen, 2008, p. 36) 

Gudbrandslie R36 S4002 910±40 calAD 1039-1216 (Mjærum, 2006c, pp. 14–15) 

Gudbrandslie R48 S5003 1005±40 calAD 979-1159 (Tveiten, 2008a, p. 23) 

Gudbrandslie R160 S2005 855±75 calAD 1036-1277 (Mjærum, 2006a, p. 24) 

Gudbrandslie R160 S2005 930±55 calAD 1021-1221 (Mjærum, 2006a, p. 24) 

Gudbrandslie R160 S2027 1305±40 calAD 651-820 (Mjærum, 2006a, p. 24)4 

Gudbrandslie R160 S2027 1290±50 calAD 651-877 (Mjærum, 2006a, p. 24)4 

Gudbrandslie R12 S8 1140±65 calAD 706-1024 (Tveiten, 2008c, p. 21) 

Gudbrandslie R12 S9 1145±55 calAD 710-1019 (Tveiten, 2008c, p. 21) 

Gudbrandslie R12 S10 975±75 calAD 895-1223 (Tveiten, 2008c, p. 21) 

Li Søndre S18 1275±30 calAD 665-822 (Langvik Berge, 2011b, pp. 38–39) 

Li Søndre S22 1370±40 calAD 600-774 (Langvik Berge, 2011b, pp. 38–39) 

Javnlie A107 670±27 calAD 1279-1390 (Kile-Vesik, 2017a, p. 22) 

Fjergen F1 1820±65 calAD 77-401 (Stenvik, 1996, p. 28) 

Fjergen F2 1590±65 calAD 263-604 (Stenvik, 1996, p. 30) 

Fjergen F3 1575±50 calAD 410-596 (Stenvik, 1996, p. 30) 

Håen 2 1180±100 calAD 659-1026 (Gulliksen and Nydal, 1987) 

Skistua 1000±70 calAD 893-1211 (Berge, 2009, p. 117) 

Farhovd S48 1030±65 calAD 777-1174 (Mjærum, 2004b, p. 26) 

Berger S191 2275±45 calBC 406-201 (Skipper Løken and Simonsen, 2005, pp. 42–43) 

Berger S191 1585±40 calAD 414-567 (Skipper Løken and Simonsen, 2005, pp. 42–43) 

Eidsvoll Verk S449 2169±30 calBC 360-103 (Sæther, 2015, p. 23) 

FV 116 JA 2620±90 calBC 985-426 (Risbøl Nielsen, 1995b, pp. 35–43) 

FV 116 MS 1900±90 calBC 100 - calAD 362 (Risbøl Nielsen, 1995b, pp. 35–43) 

Tovmoen 1610±70 calAD 256-599 (Stenvik, 1988, p. 2) 

Storbekken I 2050±85 calBC 355 - calAD 203 (Stenvik, 1989, p. 6) 

Storbekken II 1010±60 calAD 892-1169 (Stenvik, 1989, p. 6) 

Storbekken II 910±80 calAD 995-1268 (Stenvik, 1989, p. 6) 

Dokkfløy DR75 1310±80 calAD 593-937 (Larsen, 1991, p. 86) 

Dokkfløy DR161 1120±70 calAD 702-1038 (Larsen, 1991, p. 89) 

Dokkfløy DR224 1190±80 calAD 671-993 (Larsen, 1991, p. 91) 

Dokkfløy DR262 1150±60 calAD 706-1020 (Larsen, 1991, p. 93) 

Dokkfløy DR187 900±60 calAD 1027-1260 (Larsen, 1991, p. 108) 

Dokkfløy DR208 630±80 calAD 1234-1440 (Larsen, 1991, p. 112) 

Dokkfløy DR226 600±40 calAD 1296-1414 (Larsen, 1991, p. 116) 

Dokkfløy DR1 750±70 calAD 1055-1396 (Larsen, 1991, p. 124) 

Dokkfløy DR13 620±50 calAD 1284-1409 (Larsen, 1991, p. 139) 

Dokkfløy DR36 710±70 calAD 1180-1405 (Larsen, 1991, p. 150) 
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Dokkfløy DR69 680±70 calAD 1226-1406 (Larsen, 1991, p. 163) 

Dokkfløy DR69 840±50 calAD 1046-1279 (Larsen, 1991, p. 163) 

Dokkfløy DR59 900±70 calAD 1024-1264 (Larsen, 1991, p. 185) 

Dokkfløy DR59 590±110 calAD 1217-1620 (Larsen, 1991, p. 185) 

Møsstrond Nystaul 7 1290±110 calAD 580-990 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Nystaul 7 960±80 calAD 897-1257 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 5 1280±70 calAD 641-947 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 6 1410±150 calAD 263-975 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Hovden 13 1190±110 calAD 642-1114 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Hovden 13 1300±60 calAD 645-880 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Hovden 14 1420±80 calAD  435-774 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Vestre Langhaugen 6 1190±150 calAD 592-1161 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Varland 4 1200±80 calAD 671-991 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Nystaul 4 1010±70 calAD 889-1207 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Nystaul 5 1070±70 calAD 773-1156 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Nystaul 6 1090±50 calAD 774-1033 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Skarbjåen 7 970±80 calAD 893-1227 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 2 960±90 calAD 895-1262 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 2 1090±70 calAD 772-1150 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 2 1480±70 calAD 430-660 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 3 980±110 calAD 776-1270 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 3 920±80 calAD 994-1265 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Erlandsgard 3 980±110 calAD 776-1270 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Skarbjåen 3 1200±80 calAD 671-991 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Skarbjåen 3 975±80 calAD 892-1225 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Hovden 5 1000±90 calAD 776-1227 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Velurhaugen 3 720±80 calAD 1165-1405 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Martinvika 1 960±60 calAD 993-1216 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Homvassbekken 5 880±70 calAD 1031-1269 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Homvassbekken 5 910±70 calAD 1021-1263 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Homvassbekken 5 920±70 calAD 996-1261 (Martens and Rosenqvist, 1988, p. 162) 

Møsstrond Søndre Hovden 780±80 calAD 1045-1391 (Martens and Rosenqvist, 1988, p. 162) 

Gråfjell JFP. 1 I 845±80 calAD 1030-1285 (Rundberget and Damlien, 2007, p. 48) 

Gråfjell JFP. 1 II 905±60 calAD 1025-1259 (Rundberget and Damlien, 2007, p. 48) 

Gråfjell JFP. 2 I 805±75 calAD 1041-1378 (Rundberget and Damlien, 2007, p. 55) 

Gråfjell JFP. 2 II 770±45 calAD 1176-1299 (Rundberget and Damlien, 2007, p. 55) 

Gråfjell JFP. 3 I 865±75 calAD 1033-1275 (Rundberget and Damlien, 2007, p. 63) 

Gråfjell JFP. 3 II 1070±65 calAD 773-1154 (Rundberget and Damlien, 2007, p. 63) 

Gråfjell JFP. 3 III 1025±40 calAD 897-1155 (Rundberget and Damlien, 2007, p. 63) 

Gråfjell JFP. 3 IV 920±75 calAD 995-1261 (Rundberget and Damlien, 2007, p. 63) 

Gråfjell JFP. 5 II 865±75 calAD 1033-1275 (Rundberget and Damlien, 2007, p. 75) 

Gråfjell JFP. 5 III 810±75 calAD 1040-1299 (Rundberget and Damlien, 2007, p. 75) 

Gråfjell JFP. 5 IV 765±75 calAD 1047-1395 (Rundberget and Damlien, 2007, p. 75) 

Gråfjell JFP. 5 V 935±75 calAD 991-1261 (Rundberget and Damlien, 2007, p. 75) 

Gråfjell JFP. 6 I 830±75 calAD 1037-1286 (Rundberget and Damlien, 2007, p. 82) 
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Gråfjell JFP. 6 II 820±75 calAD 1039-1294 (Rundberget and Damlien, 2007, p. 82) 

Gråfjell JFP. 7 825±45 calAD 1053-1279 (Rundberget and Damlien, 2007, p. 86) 

Gråfjell JFP. 8 I 845±50 calAD 1046-1277 (Rundberget and Damlien, 2007, p. 95) 

Gråfjell JFP. 8 II 715±80 calAD 1170-1406 (Rundberget and Damlien, 2007, p. 95) 

Gråfjell JFP. 8 III 945±80 calAD 902-1265 (Rundberget and Damlien, 2007, p. 95) 

Gråfjell JFP. 9 I 1015±80 calAD 776-1219 (Rundberget and Damlien, 2007, p. 103) 

Gråfjell JFP. 9 II 835±75 calAD 1036-1284 (Rundberget and Damlien, 2007, p. 103) 

Gråfjell JFP. 9 III 965±65 calAD 907-1222 (Rundberget and Damlien, 2007, p. 103) 

Gråfjell JFP. 9 IV 765±75 calAD 1047-1395 (Rundberget and Damlien, 2007, p. 103) 

Gråfjell JFP. 10 1060±50 calAD 777-1151 (Rundberget and Damlien, 2007, p. 110) 

Gråfjell JFP. 11 I 915±75 calAD 995-1265 (Rundberget and Damlien, 2007, p. 115) 

Gråfjell JFP. 11 II 810±80 calAD 1036-1378 (Rundberget and Damlien, 2007, p. 115) 

Gråfjell JFP. 12 I 570±50 calAD 1299-1435 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP. 12 II 925±75 calAD 994-1260 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP. 12 III 945±65 calAD 991-1226 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP. 12 IV 890±65 calAD 1031-1263 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP. 12 V 1000±75 calAD 892-1213 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP.  12 VI 885±50 calAD 1036-1260 (Rundberget and Damlien, 2007, p. 124) 

Gråfjell JFP. 13 I 720±75 calAD 1175-1402 (Rundberget and Damlien, 2007, p. 129) 

Gråfjell JFP. 13 II 800±45 calAD 1165-1283 (Rundberget and Damlien, 2007, p. 129) 

Gråfjell JFP. 14 I 910±75 calAD 997-1266 (Rundberget and Damlien, 2007, p. 139) 

Gråfjell JFP. 14 II 880±80 calAD 1024-1276 (Rundberget and Damlien, 2007, p. 139) 

Gråfjell JFP. 14 III 965±50 calAD 993-1205 (Rundberget and Damlien, 2007, p. 139) 

Gråfjell JFP. 15 I 725±70 calAD 1176-1399 (Rundberget and Damlien, 2007, p. 145) 

Gråfjell JFP. 15 II 820±65 calAD 1043-1290 (Rundberget and Damlien, 2007, p. 145) 

Gråfjell JFP. 16 865±65 calAD 1039-1270 (Rundberget and Damlien, 2007, p. 149) 

Gråfjell JFP. 17 845±75 calAD 1035-1280 (Rundberget and Damlien, 2007, p. 152) 

Gråfjell JFP. 18 1345±75 calAD 575-877 (Rundberget and Damlien, 2007, p. 159) 

Gråfjell JFP. 19 I 945±40 calAD 1023-1206 (Rundberget and Damlien, 2007, p. 163) 

Gråfjell JFP. 19 II 775±50 calAD 1166-1300 (Rundberget and Damlien, 2007, p. 163) 

Gråfjell JFP. 20 I 735±75 calAD 1161-1400 (Rundberget and Damlien, 2007, p. 170) 

Gråfjell JFP. 20 II 930±40 calAD 1030-1210 (Rundberget and Damlien, 2007, p. 170) 

Gråfjell JFP. 23 I 860±80 calAD 1028-1280 (Rundberget and Damlien, 2007, p. 180) 

Gråfjell JFP. 23 II 690±70 calAD 1221-1406 (Rundberget and Damlien, 2007, p. 180) 

Gråfjell JFP. 23 III 825±75 calAD 1038-1290 (Rundberget and Damlien, 2007, p. 180) 

Gråfjell JFP. 28 I 840±80 calAD 1031-1287 (Rundberget and Damlien, 2007, p. 192) 

Gråfjell JFP. 28 II 790±65 calAD 1047-1384 (Rundberget and Damlien, 2007, p. 192) 

Gråfjell JFP. 29 I 1000±65 calAD 894-1208 (Rundberget and Damlien, 2007, p. 198) 

Gråfjell JFP. 29 II 1000±65 calAD 894-1208 (Rundberget and Damlien, 2007, p. 198) 

Gråfjell JFP. 29 III 815±65 calAD 1045-1294 (Rundberget and Damlien, 2007, p. 198) 

Gråfjell JFP. 29 IV 900±75 calAD 1021-1269 (Rundberget and Damlien, 2007, p. 198) 

Gråfjell JFP. 30 I 1050±75 calAD 773-1165 (Rundberget and Damlien, 2007, p. 207) 

Gråfjell JFP. 30 II 1185±65 calAD 680-992 (Rundberget and Damlien, 2007, p. 207) 

Gråfjell JFP. 30 III 1085±65 calAD 772-1148 (Rundberget and Damlien, 2007, p. 207) 

Gråfjell JFP. 30 IV 800±60 calAD 1047-1377 (Rundberget and Damlien, 2007, p. 207) 

Gråfjell JFP. 31 I 945±75 calAD 979-1261 (Rundberget and Damlien, 2007, p. 212) 
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Gråfjell JFP. 31 II 780±60 calAD 1052-1384 (Rundberget and Damlien, 2007, p. 212) 

Gråfjell JFP. 32 I 980±75 calAD 895-1220 (Rundberget and Damlien, 2007, p. 219) 

Gråfjell JFP. 32 II 915±65 calAD 1021-1260 (Rundberget and Damlien, 2007, p. 219) 

Gråfjell JFP. 33 I 915±75 calAD 995-1265 (Rundberget and Damlien, 2007, p. 224) 

Gråfjell JFP. 33 II 755±75 calAD 1046-1393 (Rundberget and Damlien, 2007, p. 224) 

Gråfjell JFP. 34 II 695±75 calAD 1212-1414 (Rundberget and Damlien, 2007, p. 228) 

Gråfjell JFP. 34 III 835±65 calAD 1042-1281 (Rundberget and Damlien, 2007, p. 228) 

Gråfjell JFP. 34 IV 845±75 calAD 1035-1280 (Rundberget and Damlien, 2007, p. 228) 

Gråfjell JFP. 36 840±75 calAD 1037-1281 (Rundberget and Damlien, 2007, p. 236) 

Gråfjell JFP. 39 995±55 calAD 898-1203 (Rundberget and Damlien, 2007, p. 240) 

Rødsmoen R370a K10 1150±80 calAD 680-1026 (Narmo, 1997, p. 28) 

Rødsmoen R370a K11 1280±65 calAD 645-891 (Narmo, 1997, p. 28) 

Rødsmoen R370a K12 890±50 calAD 1034-1257 (Narmo, 1997, p. 28) 

Rødsmoen R370a K13 1125±50 calAD 773-1021 (Narmo, 1997, p. 28) 

Rødsmoen R434 K6 1505±45 calAD 435-646 (Narmo, 1997, p. 34) 

Rødsmoen R456 K5 1005±70 calAD 891-1209 (Narmo, 1997, p. 41) 

Rødsmoen R305 K5 845±50 calAD 1046-1277 (Narmo, 1997, p. 54) 

Rødsmoen R305 K8 850±65 calAD 1041-1276 (Narmo, 1997, p. 54) 

Rødsmoen R17a K14 1000±50 calAD 899-1168 (Narmo, 1997, p. 100) 

Rødsmoen R17a K20 965±65 calAD 907-1222 (Narmo, 1997, p. 100) 

Rødsmoen R17a K21 960±65 calAD 978-1223 (Narmo, 1997, p. 100) 

Haug S104 1705±30 calAD 252-418 (Eggen and Johansson, 2010, pp. 73–76) 

Haug S105 1425±30 calAD 586-659 (Eggen and Johansson, 2010, pp. 73–76) 
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Appendix C Full analysis of samples from Håen 2 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 

T/H SH S-1 

Spectrum 1 1.6 0.5 8.6 28.7 < 0.1 0.9 2.2 0.4 2.1 55.0 101.9 

Spectrum 2 1.5 0.7 7.9 28.1 < 0.1 0.8 1.9 0.3 2.0 56.8 95.8 

Spectrum 3 1.8 0.7 8.0 28.6 < 0.1 0.8 2.1 0.4 2.0 55.7 102.1 

Spectrum 4 1.4 1.0 6.5 29.5 < 0.1 0.6 1.9 0.2 2.2 56.7 101.0 

Spectrum 5 1.8 0.6 9.1 28.8 < 0.1 0.9 2.3 0.4 1.7 54.4 102.4 

            

Mean 1.6 0.7 8.0 28.8 - 0.8 2.1 0.4 2.0 55.7 100.7 

Std. dev. 0.2 0.2 1.0 0.5 - 0.1 0.2 0.1 0.2 1.0  

T/H SH S-2  

Spectrum 1 1.3 0.5 7.7 25.5 < 0.1 0.6 1.4 0.3 2.1 60.6 99.5 

Spectrum 2 1.4 0.5 8.3 25.9 < 0.1 0.6 1.6 0.4 1.9 59.4 99.1 

Spectrum 3 1.1 0.6 7.8 24.6 < 0.1 0.6 1.3 0.3 2.2 61.6 98.6 

Spectrum 4 1.2 0.6 8.6 27.5 < 0.1 0.7 1.7 0.4 2.4 57.1 99.0 

Spectrum 5 1.3 0.6 8.3 26.1 < 0.1 0.7 1.7 0.4 2.1 58.8 99.3 

            

Mean 1.2 0.5 8.2 25.9 - 0.6 1.6 0.4 2.1 59.5 99.1 

Std. dev. 0.1 0.1 0.4 1.0 - 0.1 0.2 0.1 0.2 1.7  

T/H SH S-3 

Spectrum 1 1.5 0.5 9.0 31.1 < 0.1 1.1 2.5 0.5 2.9 50.9 101.4 

Spectrum 2 1.7 0.6 9.0 30.8 < 0.1 1.0 2.5 0.3 3.0 51.1 103.2 

Spectrum 3 1.8 0.6 10.2 31.8 < 0.1 1.2 3.1 0.5 2.6 48.2 99.3 

Spectrum 4 1.6 0.6 8.3 30.9 < 0.1 1.0 2.4 0.5 3.0 51.8 97.1 

Spectrum 5 1.3 0.6 8.5 31.2 < 0.1 1.0 2.3 0.4 2.9 51.7 95.5 

Spectrum 6 1.6 0.7 8.8 32.0 < 0.1 1.0 2.5 0.4 3.2 49.8 95.3 

Spectrum 7 1.5 0.7 8.0 31.0 < 0.1 1.0 2.4 0.3 3.0 52.0 101.1 

            

Mean 1.6 0.6 8.8 31.3 - 1.1 2.5 0.4 3.0 50.8 99.0 

Std. dev. 0.2 0.1 0.7 0.5 - 0.1 0.3 0.1 0.2 1.4  

T/H SH S-4 

Spectrum 1 1.3 0.5 10.6 33.4 < 0.1 0.8 1.8 0.4 2.4 48.7 99.0 

Spectrum 2 1.3 0.5 10.9 34.0 < 0.1 0.7 1.8 0.5 2.4 47.9 98.8 

Spectrum 3 1.1 0.6 8.6 33.8 < 0.1 0.7 1.6 0.5 2.2 50.9 95.2 

Spectrum 4 1.1 0.5 9.2 32.2 < 0.1 0.6 1.5 0.4 2.2 52.4 96.7 

Spectrum 5 1.1 0.5 8.9 31.7 < 0.1 0.7 1.6 0.4 2.2 52.9 97.7 

            

Mean 1.2 0.5 9.7 33.0 - 0.7 1.6 0.4 2.3 50.6 97.5 

Std. dev 0.1 0.0 1.0 1.0 - 0.1 0.1 0.0 0.1 2.2  
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T/H SH S-5 

Spectrum 1 1.3 0.7 10.3 29.7 0.3 0.8 2.1 0.5 5.3 49.0 95.8 

Spectrum 2 1.6 0.6 10.9 30.1 0.4 0.8 2.3 0.5 5.1 47.9 98.9 

Spectrum 3 1.5 0.7 10.4 30.1 0.4 0.8 2.2 0.5 5.2 48.4 100.0 

Spectrum 4 1.4 0.7 10.2 30.3 0.2 0.8 2.3 0.4 5.5 48.4 100.9 

Spectrum 5 1.2 0.9 9.9 29.4 0.2 0.8 2.1 0.4 5.3 49.8 100.5 

            

Mean 1.4 0.7 10.3 29.9 0.3 0.8 2.2 0.5 5.3 48.7 99.2 

Std. dev. 0.2 0.1 0.4 0.4 0.1 0.0 0.1 0.1 0.1 0.8  

T/H SH S-6 

Spectrum 1 1.0 0.7 10.9 34.9 < 0.1 0.6 1.8 0.6 2.4 47.2 102.1 

Spectrum 2 1.1 0.6 11.3 35.5 < 0.1 0.7 2.0 0.4 2.3 46.3 102.2 

Spectrum 3 1.2 0.6 11.0 34.3 < 0.1 0.7 1.8 0.5 2.2 47.7 102.3 

Spectrum 4 1.1 0.6 10.6 35.3 < 0.1 0.7 1.8 0.4 2.2 47.3 102.8 

Spectrum 5 1.2 0.6 11.1 35.5 < 0.1 0.7 1.9 0.5 2.3 46.4 98.1 

            

Mean 1.1 0.6 11.0 35.1 - 0.7 1.8 0.5 2.3 47.0 101.5 

Std. dev. 0.1 0.1 0.2 0.5 - 0.0 0.1 0.1 0.1 0.6  

T/H SH S-7 

Spectrum 1 1.5 0.7 10.3 37.0 < 0.1 0.8 2.3 0.6 2.3 44.6 100.4 

Spectrum 2 1.6 0.8 10.9 36.4 < 0.1 0.9 2.2 0.6 2.3 44.4 100.4 

Spectrum 3 1.4 0.9 10.6 37.4 < 0.1 0.8 2.1 0.5 2.4 43.9 100.4 

Spectrum 4 1.6 0.7 10.6 37.4 < 0.1 0.9 2.3 0.6 2.3 43.7 101.8 

Spectrum 5 1.4 0.8 10.5 37.0 < 0.1 0.9 2.2 0.6 2.2 44.4 100.4 

            

Mean 1.5 0.8 10.6 37.0 - 0.9 2.2 0.6 2.3 44.2 100.7 

Std. dev. 0.1 0.1 0.2 0.4 - 0.0 0.1 0.0 0.1 0.4  

T/H SH S-8 

Spectrum 1 1.4 0.4 8.5 32.8 < 0.1 0.8 1.6 0.4 3.6 50.6 96.7 

Spectrum 2 1.6 0.5 8.5 32.7 < 0.1 0.8 1.6 0.5 3.5 50.5 96.8 

Spectrum 3 1.5 0.4 8.2 32.7 < 0.1 0.7 1.6 0.4 3.5 50.9 94.5 

Spectrum 4 1.1 0.4 7.4 32.4 < 0.1 0.7 1.3 0.4 4.0 52.4 95.6 

Spectrum 5 1.3 0.5 7.8 33.1 < 0.1 0.7 1.5 0.3 4.0 50.9 95.0 

Spectrum 6 1.2 0.3 8.0 32.4 < 0.1 0.8 1.5 0.4 3.8 51.7 94.6 

            

Mean 1.4 0.4 8.1 32.7 - 0.7 1.5 0.4 3.7 51.2 95.5 

Std. dev. 0.2 0.1 0.4 0.3 - 0.1 0.1 0.1 0.2 0.7  
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T/H SH S-9 

Spectrum 1 1.3 0.8 8.0 33.7 < 0.1 1.0 2.3 0.4 2.7 49.7 95.5 

Spectrum 2 1.4 0.8 9.3 35.9 < 0.1 1.0 2.7 0.5 2.7 45.6 96.8 

Spectrum 3 1.5 0.8 9.4 36.1 < 0.1 1.1 2.8 0.5 2.8 45.1 96.7 

Spectrum 4 1.5 0.8 8.0 31.7 < 0.1 1.0 2.5 0.3 2.5 51.7 96.2 

Spectrum 5 1.4 0.9 9.3 35.5 < 0.1 1.0 2.8 0.4 2.9 45.9 97.2 

            

Mean 1.4 0.8 8.8 34.6 - 1.0 2.6 0.4 2.7 47.6 96.5 

Std. dev. 0.1 0.1 0.7 1.9 - 0.1 0.2 0.1 0.1 2.9  

T/H SH S-10 

Spectrum 1 1.4 0.8 9.4 28.6 < 0.1 0.9 2.1 0.3 3.0 53.6 98.8 

Spectrum 2 1.4 0.7 10.2 28.6 < 0.1 0.9 2.2 0.5 2.9 52.6 98.7 

Spectrum 3 1.4 0.7 9.3 29.1 < 0.1 0.9 2.1 0.4 2.9 53.2 97.9 

Spectrum 4 1.5 0.8 9.3 28.7 < 0.1 0.9 2.1 0.4 3.0 53.5 98.3 

Spectrum 5 1.5 0.7 10.1 28.3 < 0.1 0.9 2.1 0.4 2.7 53.3 98.2 

            

Mean 1.4 0.7 9.7 28.7 - 0.9 2.1 0.4 2.9 53.3 98.4 

Std. dev. 0.1 0.0 0.4 0.3 - 0.0 0.1 0.1 0.1 0.4  

T/H SH S-11 

Spectrum 1 1.9 0.5 10.5 29.8 < 0.1 1.1 2.8 0.5 1.9 51.2 96.5 

Spectrum 2 1.5 0.7 10.2 29.4 < 0.1 0.9 2.2 0.4 2.1 52.7 95.7 

Spectrum 3 1.2 0.9 9.6 28.3 < 0.1 0.7 2.0 0.3 2.3 54.9 95.8 

Spectrum 4 1.3 0.7 9.6 28.4 < 0.1 0.9 1.9 0.4 4.8 52.0 95.6 

Spectrum 5 1.9 0.5 10.1 29.8 < 0.1 1.0 2.6 0.5 2.0 51.6 97.3 

            

Mean 1.6 0.7 10.0 29.1 - 0.9 2.3 0.4 2.6 52.5 96.2 

Std. dev. 0.3 0.2 0.4 0.7 - 0.2 0.4 0.1 1.2 1.5  

T/H SH S-12 

Spectrum 1 1.7 0.7 8.5 28.1 < 0.1 0.8 2.0 0.3 3.8 54.1 96.5 

Spectrum 2 2.1 0.6 9.4 29.5 < 0.1 1.0 2.7 0.5 3.5 50.7 98.6 

Spectrum 3 1.7 0.8 9.3 28.6 < 0.1 0.9 2.2 0.4 3.9 52.3 98.3 

Spectrum 4 1.8 0.9 8.3 28.9 < 0.1 1.0 2.2 0.3 4.0 52.7 97.9 

Spectrum 5 1.6 0.7 9.0 28.4 < 0.1 0.8 2.1 0.4 3.6 53.5 98.2 

            

Mean 1.8 0.7 8.9 28.7 - 0.9 2.2 0.4 3.8 52.7 97.9 

Std. dev. 0.2 0.1 0.5 0.5 - 0.1 0.3 0.1 0.2 1.3  

T/H SH S-13 

Spectrum 1 0.9 1.4 5.9 30.2 < 0.1 0.4 1.5 0.3 2.2 57.2 106.0 

Spectrum 2 1.5 0.8 8.5 30.6 < 0.1 0.6 2.5 0.4 2.1 53.2 105.9 

Spectrum 3 1.2 0.7 8.1 28.8 < 0.1 0.5 2.2 0.4 1.7 56.4 103.6 

Spectrum 4 1.2 0.8 8.3 28.8 < 0.1 0.6 2.2 0.5 1.9 55.7 104.9 

Spectrum 5 1.6 0.3 10.8 30.9 < 0.1 0.9 3.5 0.6 1.6 49.8 106.3 

            

Mean 1.3 0.8 8.3 29.9 - 0.6 2.4 0.4 1.9 54.5 105.3 

Std. dev. 0.3 0.4 1.7 1.0 - 0.2 0.7 0.1 0.3 3.0  
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T/H SH S-14 

Spectrum 2 1.3 0.6 8.5 33.4 < 0.1 0.7 1.7 0.4 3.4 50.0 95.0 

Spectrum 3 1.5 0.5 9.3 34.3 < 0.1 0.7 1.9 0.5 3.3 48.0 97.0 

Spectrum 4 1.6 0.6 9.2 35.1 < 0.1 0.7 1.9 0.4 3.2 47.3 95.3 

Spectrum 5 1.4 0.7 9.0 34.4 < 0.1 0.7 1.9 0.4 3.2 48.3 97.4 

Spectrum 6 1.4 0.6 9.2 33.9 < 0.1 0.8 1.8 0.5 3.4 48.5 97.8 

            

Mean 1.4 0.6 9.0 34.2 - 0.7 1.8 0.5 3.3 48.4 96.5 

Std. dev. 0.1 0.1 0.3 0.6 - 0.0 0.1 0.1 0.1 1.0  

T/H SH S-15 

Spectrum 1 1.7 0.7 7.4 27.1 < 0.1 0.6 1.8 0.3 1.6 58.8 92.5 

Spectrum 2 1.3 0.7 6.7 26.8 < 0.1 0.5 1.6 0.2 1.9 60.4 91.3 

Spectrum 3 1.6 0.6 6.5 26.7 < 0.1 0.6 1.8 0.3 1.6 60.4 91.2 

Spectrum 4 1.6 0.6 6.9 27.3 < 0.1 0.6 1.6 0.3 1.7 59.4 92.6 

Spectrum 5 1.7 0.7 7.1 27.0 < 0.1 0.6 1.8 0.2 1.8 59.2 91.8 

            

Mean 1.6 0.6 6.9 27.0 - 0.6 1.7 0.3 1.7 59.6 91.9 

Std. dev. 0.2 0.1 0.4 0.2 - 0.1 0.1 0.1 0.1 0.7  

T/H SH S-16 

Spectrum 1 1.4 0.5 10.3 31.3 < 0.1 0.8 1.8 0.5 2.5 51.1 98.7 

Spectrum 2 1.1 0.6 10.0 31.5 < 0.1 0.7 1.7 0.4 2.5 51.5 101.8 

Spectrum 3 1.7 0.4 11.4 32.1 < 0.1 0.9 2.2 0.5 2.4 48.5 103.5 

Spectrum 4 1.3 0.7 9.6 31.9 < 0.1 0.8 1.6 0.3 2.5 51.4 99.5 

Spectrum 5 1.2 0.6 10.4 32.9 < 0.1 0.8 2.0 0.4 2.4 49.1 99.6 

            

Mean 1.3 0.6 10.3 32.0 - 0.8 1.9 0.4 2.5 50.3 100.6 

Std. dev. 0.2 0.1 0.6 0.6 - 0.1 0.2 0.1 0.0 1.4  

T/H SH S-17 

Spectrum 1 1.4 0.6 9.5 34.3 < 0.1 1.0 2.3 0.5 3.0 47.5 88.6 

Spectrum 2 1.5 0.6 9.5 35.2 < 0.1 1.0 2.2 0.6 2.9 46.6 84.3 

Spectrum 3 1.4 0.6 9.7 34.8 < 0.1 0.9 2.3 0.5 2.8 47.0 87.7 

Spectrum 4 1.5 0.6 9.8 35.0 < 0.1 1.0 2.3 0.5 2.9 46.5 85.9 

Spectrum 5 1.2 0.7 9.6 35.1 < 0.1 1.0 2.3 0.5 2.9 46.6 84.8 

            

Mean 1.4 0.6 9.6 34.9 - 1.0 2.3 0.5 2.9 46.8 86.3 

Std. dev. 0.1 0.1 0.2 0.4 - 0.0 0.0 0.0 0.1 0.4  

TH/SH S-18 

Spectrum 4 1.7 0.8 9.5 27.9 0.2 0.9 2.0 0.4 3.1 53.6 103.5 

Spectrum 5 1.7 0.9 9.1 28.0 0.3 0.9 2.3 0.3 3.0 53.5 103.6 

Spectrum 3 1.7 0.8 9.5 28.2 0.3 0.9 2.3 0.4 3.0 53.1 103.0 

Spectrum 6 1.7 0.9 9.3 27.5 0.2 0.9 2.1 0.3 3.2 54.0 104.3 

Spectrum 7 1.7 0.9 9.2 27.4 0.3 0.9 2.2 0.4 3.2 53.9 105.1 

            

Mean 1.7 0.8 9.3 27.8 0.3 0.9 2.2 0.3 3.1 53.6 103.9 

Std. dev. 0.0 0.1 0.2 0.3 0.1 0.0 0.1 0.1 0.1 0.4  
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T/H SH S-19 

Spectrum 1 1.5 0.8 8.9 32.1 < 0.1 0.8 2.1 0.4 1.8 51.7 101.3 

Spectrum 2 1.5 0.8 9.4 32.9 < 0.1 0.8 2.3 0.4 1.8 50.2 101.8 

Spectrum 3 1.6 0.8 9.0 32.9 < 0.1 0.8 2.3 0.5 1.8 50.5 102.5 

Spectrum 4 1.6 0.7 9.2 32.3 < 0.1 0.8 2.3 0.6 1.8 50.8 102.3 

Spectrum 5 1.6 0.7 9.4 32.4 < 0.1 0.8 2.1 0.4 1.8 50.8 101.8 

            

Mean 1.5 0.8 9.2 32.5 - 0.8 2.2 0.5 1.8 50.8 101.9 

Std. dev. 0.1 0.0 0.2 0.4 - 0.0 0.1 0.1 0.0 0.6  

T/H SH S-20 

Spectrum 1 0.9 0.6 7.5 22.4 < 0.1 0.7 1.7 0.3 2.0 64.1 104.3 

Spectrum 2 1.0 0.5 7.5 22.3 < 0.1 0.6 1.4 0.2 2.0 64.4 104.3 

Spectrum 4 1.0 0.6 7.2 22.4 < 0.1 0.6 1.6 0.3 2.1 64.2 103.0 

Spectrum 5 1.3 0.4 7.4 22.2 < 0.1 0.7 1.7 0.3 2.0 64.1 101.9 

Spectrum 6 0.9 0.6 7.4 22.9 < 0.1 0.6 1.5 0.2 2.1 63.8 101.4 

            

Mean 1.0 0.6 7.4 22.4 - 0.7 1.6 0.3 2.0 64.1 103.0 

Std. dev. 0.2 0.1 0.1 0.3 - 0.1 0.1 0.0 0.1 0.2  

T/H SH S-21 

Spectrum 1 1.4 0.6 11.9 31.9 < 0.1 1.0 2.1 0.4 1.3 49.4 104.1 

Spectrum 3 1.4 0.6 12.8 32.9 < 0.1 1.1 2.3 0.4 1.3 47.2 102.5 

Spectrum 4 1.2 0.7 12.8 32.6 < 0.1 1.0 2.1 0.3 1.4 47.9 103.3 

Spectrum 5 1.3 0.6 12.0 32.2 < 0.1 1.0 2.2 0.3 1.5 48.9 103.4 

Spectrum 6 1.4 0.6 12.0 32.7 < 0.1 1.0 2.2 0.4 1.4 48.4 103.4 

            

Mean 1.3 0.6 12.3 32.5 - 1.0 2.2 0.4 1.4 48.4 103.4 

Std. dev. 0.1 0.0 0.4 0.4 - 0.0 0.1 0.1 0.1 0.9  

T/H SH S-22 

Spectrum 1 1.1 0.8 7.9 23.6 < 0.1 0.5 1.3 0.2 1.4 63.2 107.6 

Spectrum 2 1.3 0.6 8.3 23.9 < 0.1 0.7 1.7 0.2 1.4 62.0 105.4 

Spectrum 3 1.4 0.6 9.1 24.5 < 0.1 0.6 1.8 0.3 1.3 60.4 105.1 

Spectrum 4 1.0 0.7 8.2 23.9 < 0.1 0.6 1.5 0.3 1.3 62.5 105.9 

Spectrum 5 1.2 0.6 9.2 24.7 < 0.1 0.7 1.8 0.3 1.5 60.2 104.4 

            

Mean 1.2 0.7 8.5 24.1 - 0.6 1.6 0.3 1.4 61.6 105.7 

Std. dev. 0.2 0.1 0.6 0.5 - 0.1 0.2 0.1 0.1 1.3  

T/H SH S-23 

Spectrum 1 1.2 0.7 9.3 23.4 0.3 0.6 1.6 0.3 3.8 58.9 98.1 

Spectrum 2 1.4 0.9 8.6 25.7 0.3 0.8 1.8 0.3 3.4 56.9 102.2 

Spectrum 3 1.2 0.8 8.1 25.1 0.1 0.7 1.8 0.3 3.6 58.2 100.9 

Spectrum 4 0.9 0.7 8.1 22.6 0.2 0.5 1.6 0.2 3.9 61.4 101.6 

Spectrum 5 1.1 0.7 8.1 23.4 0.3 0.6 1.6 0.3 3.7 60.2 102.0 

            

Mean 1.1 0.8 8.4 24.0 0.3 0.6 1.7 0.3 3.7 59.1 101.0 

Std. dev. 0.2 0.1 0.5 1.3 0.1 0.1 0.1 0.1 0.2 1.7  
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T/H SH S-24 

Spectrum 1 1.4 0.6 9.8 34.6 < 0.1 0.9 2.0 0.4 2.0 48.4 101.8 

Spectrum 2 1.4 0.7 9.8 34.2 < 0.1 0.8 1.8 0.5 2.1 48.7 102.3 

Spectrum 3 1.4 0.6 9.7 33.8 < 0.1 0.9 1.8 0.4 2.0 49.5 102.9 

Spectrum 4 1.3 0.5 10.0 34.3 < 0.1 0.9 1.8 0.4 1.9 48.9 100.4 

Spectrum 5 1.5 0.5 10.6 34.3 < 0.1 0.9 2.0 0.4 1.9 48.0 100.3 

            

Mean 1.4 0.6 10.0 34.3 - 0.9 1.9 0.4 2.0 48.7 101.5 

Std. dev. 0.1 0.1 0.4 0.3 - 0.0 0.1 0.0 0.1 0.6  

T/H SH S-25 

Spectrum 1 1.5 0.6 8.6 34.3 < 0.1 0.9 1.8 0.4 1.9 50.1 103.8 

Spectrum 3 1.6 0.6 9.1 35.7 < 0.1 0.9 1.9 0.3 1.8 48.2 103.2 

Spectrum 4 1.7 0.6 9.2 36.4 < 0.1 1.0 2.0 0.4 1.6 47.2 103.6 

Spectrum 5 1.6 0.6 9.0 34.7 < 0.1 0.9 1.9 0.4 1.8 49.3 104.3 

Spectrum 6 1.8 0.5 9.6 36.1 < 0.1 1.0 2.2 0.4 1.7 46.7 104.5 

            

Mean 1.6 0.6 9.1 35.5 - 0.9 2.0 0.4 1.7 48.3 103.9 

Std. dev. 0.1 0.0 0.4 0.9 - 0.1 0.2 0.1 0.1 1.4  

T/H SH S-26 

Spectrum 1 1.5 1.0 12.0 31.1 < 0.1 1.1 2.9 0.4 4.8 45.3 102.6 

Spectrum 2 1.4 1.0 12.0 31.5 < 0.1 1.1 3.0 0.4 4.6 45.0 102.6 

Spectrum 3 1.4 1.0 12.3 30.5 < 0.1 1.1 2.7 0.5 4.6 46.1 103.3 

Spectrum 4 1.6 0.9 11.9 32.4 < 0.1 1.2 3.3 0.5 4.6 43.6 104.0 

Spectrum 5 1.6 0.9 11.5 31.2 < 0.1 1.2 3.2 0.5 4.6 45.3 104.0 

            

Mean 1.5 1.0 11.9 31.3 - 1.2 3.0 0.5 4.6 45.1 103.3 

Std. dev. 0.1 0.0 0.3 0.7 - 0.1 0.2 0.1 0.1 0.9  

T/H SH S-27 

Spectrum 1 0.4 0.5 2.3 11.5 < 0.1 0.4 1.1 < 0.1 < 0.1 83.8 102.3 

Spectrum 2 0.7 0.5 2.3 11.5 < 0.1 0.3 1.2 < 0.1 < 0.1 83.5 101.9 

Spectrum 3 0.6 0.5 2.0 9.9 < 0.1 0.3 1.0 < 0.1 < 0.1 85.6 101.9 

Spectrum 4 0.5 0.5 2.4 11.3 < 0.1 0.4 1.2 < 0.1 < 0.1 83.7 102.1 

Spectrum 5 0.6 0.3 2.1 11.3 < 0.1 0.3 1.1 < 0.1 < 0.1 84.3 101.6 

            

Mean 0.6 0.5 2.2 11.1 - 0.3 1.1 < 0.1 < 0.1 84.2 102.0 

Std. dev. 0.1 0.1 0.2 0.7 - 0.0 0.1   0.9  

T/H SH S-28 

Spectrum 1 1.4 0.6 9.1 27.9 < 0.1 0.7 1.8 0.4 2.5 55.6 104.0 

Spectrum 2 1.5 0.7 9.0 27.0 < 0.1 0.7 1.8 0.4 2.5 56.4 96.0 

Spectrum 3 1.4 0.7 8.8 27.3 < 0.1 0.7 1.8 0.5 2.5 56.4 97.6 

Spectrum 4 1.3 0.8 8.7 26.4 < 0.1 0.7 1.6 0.4 2.4 57.8 97.2 

Spectrum 5 1.4 0.6 9.1 27.2 < 0.1 0.7 1.9 0.4 2.6 56.2 97.3 

            

Mean 1.4 0.7 8.9 27.2 - 0.7 1.8 0.4 2.5 56.5 98.4 

Std. dev. 0.1 0.1 0.2 0.5 - 0.0 0.1 0.0 0.1 0.8  
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T/H SH S-29 

Spectrum 1 1.5 0.9 10.7 29.2 < 0.1 1.0 2.5 0.4 4.4 49.4 102.4 

Spectrum 2 1.3 0.9 10.4 29.4 < 0.1 0.9 2.4 0.4 4.6 49.6 102.1 

Spectrum 3 1.4 1.0 10.0 29.0 < 0.1 0.8 2.3 0.3 4.6 50.6 102.8 

Spectrum 4 1.6 0.8 10.5 29.2 < 0.1 0.9 2.5 0.3 4.6 49.6 103.1 

Spectrum 5 1.3 0.9 10.3 28.9 < 0.1 0.8 2.5 0.4 4.6 50.3 102.4 

            

Mean 1.4 0.9 10.4 29.2 - 0.9 2.4 0.4 4.6 49.9 102.6 

Std. dev. 0.1 0.1 0.3 0.2 - 0.1 0.1 0.0 0.1 0.5  

T/H SH S-30 

Spectrum 1 1.7 1.0 10.2 30.4 < 0.1 1.0 2.3 0.4 3.6 49.6 103.2 

Spectrum 2 1.8 1.0 10.3 30.9 < 0.1 0.9 2.3 0.4 3.7 48.8 103.6 

Spectrum 3 2.0 0.9 10.6 30.7 < 0.1 1.0 2.5 0.5 3.3 48.5 104.1 

Spectrum 4 1.8 0.9 10.1 30.5 < 0.1 0.9 2.3 0.3 3.5 49.7 103.8 

Spectrum 5 1.8 0.9 10.3 31.0 < 0.1 1.0 2.5 0.4 3.6 48.6 104.1 

            

Mean 1.8 0.9 10.3 30.7 - 1.0 2.4 0.4 3.5 49.0 103.7 

Std. dev. 0.1 0.1 0.2 0.3 - 0.1 0.1 0.1 0.1 0.6  
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Appendix D Full analysis of samples from Skistua/Vintervatn 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total 

T/S SH S-1 

Spectrum 1 1.6 0.4 8.4 22.5 0.4 0.3 0.7 1.3 0.2 3.3 61.0 109.6 

Spectrum 2 1.4 0.4 8.7 22.8 0.4 0.4 0.8 1.2 0.3 3.2 60.4 107.7 

Spectrum 3 1.5 0.5 8.2 23.3 0.5 0.4 0.8 1.4 0.2 3.3 60.0 109.0 

Spectrum 4 1.5 0.4 8.2 23.1 0.3 0.5 0.8 1.3 0.2 3.4 60.2 109.6 

Spectrum 5 1.6 0.4 9.4 21.2 0.5 0.5 0.8 1.3 0.3 3.2 60.9 111.4 

             

Mean 1.5 0.4 8.6 22.6 0.4 0.4 0.8 1.3 0.2 3.3 60.5 109.5 

Std. dev. 0.1 0.1 0.5 0.8 0.1 0.1 0.0 0.0 0.1 0.1 0.4  

T/S SH S-2 

Spectrum 1 2.0 0.6 8.0 29.2 0.4 < 0.1 1.0 2.4 0.3 2.1 54.0 111.6 

Spectrum 2 1.7 0.5 7.5 28.9 0.2 < 0.1 0.9 2.0 0.4 2.3 55.7 109.6 

Spectrum 3 1.8 0.6 7.8 29.2 0.3 < 0.1 1.0 2.3 0.4 2.2 54.4 111.0 

Spectrum 4 1.9 0.7 6.8 29.1 0.1 < 0.1 0.9 2.1 0.3 2.4 55.7 110.7 

Spectrum 5 1.8 0.5 7.1 28.7 0.3 < 0.1 1.0 2.2 0.4 2.3 55.7 104.7 

             

Mean 1.8 0.6 7.4 29.0 0.3 - 1.0 2.2 0.4 2.3 55.1 109.5 

Std. dev. 0.1 0.1 0.5 0.2 0.1 - 0.1 0.1 0.1 0.1 0.8  

T/S SH S-3 

Spectrum 1 1.6 0.6 10.7 26.7 0.5 0.3 0.9 1.2 0.3 6.9 50.4 105.8 

Spectrum 2 1.8 0.6 10.5 27.2 0.5 0.3 1.0 1.4 0.3 6.9 49.6 107.5 

Spectrum 3 1.7 0.6 10.1 27.2 0.3 0.2 0.9 1.3 0.4 7.2 50.1 107.2 

Spectrum 4 1.7 0.4 10.1 27.8 0.3 0.2 1.0 1.4 0.3 7.1 49.7 106.3 

Spectrum 5 1.1 0.6 9.9 26.9 0.2 0.2 0.7 0.9 0.4 7.2 51.9 104.1 

             

Mean 1.6 0.5 10.3 27.2 0.4 0.2 0.9 1.3 0.4 7.1 50.3 106.2 

Std. dev. 0.3 0.1 0.3 0.4 0.1 0.0 0.1 0.2 0.1 0.1 0.9  

T/S SH S-4 

Spectrum 1 1.6 0.6 8.3 20.2 0.5 0.4 0.9 2.3 0.2 3.4 61.7 109.3 

Spectrum 2 1.2 0.6 8.6 25.1 0.6 0.4 0.9 2.4 0.4 3.7 56.4 107.8 

Spectrum 3 1.7 0.5 10.6 25.7 0.6 0.5 1.4 3.1 0.4 3.1 52.3 107.8 

Spectrum 4 1.2 0.8 7.8 24.2 0.6 0.4 0.7 2.1 0.3 4.2 57.7 108.5 

Spectrum 5 0.8 0.9 8.2 23.2 0.5 0.2 0.5 1.8 0.3 4.3 59.5 108.4 

             

Mean 1.3 0.7 8.7 23.7 0.6 0.4 0.9 2.3 0.3 3.8 57.5 108.4 

Std. dev. 0.4 0.2 1.1 2.2 0.1 0.1 0.3 0.5 0.1 0.5 3.5  
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T/S SH S-5 

Spectrum 1 1.0 0.6 14.5 26.0 0.2 0.3 0.6 1.1 0.4 9.6 45.9 106.9 

Spectrum 2 1.3 0.5 12.9 29.3 0.5 0.3 0.7 1.3 0.5 9.8 43.0 95.1 

Spectrum 3 1.6 0.5 13.8 26.6 0.3 0.2 0.9 1.3 0.4 8.0 46.5 102.3 

Spectrum 4 1.3 0.6 12.6 26.6 0.2 0.2 0.7 1.1 0.3 9.0 47.6 102.4 

Spectrum 5 1.4 0.6 12.2 26.7 0.4 0.2 0.8 1.2 0.3 9.0 47.1 102.9 

             

Mean 1.3 0.6 13.2 27.1 0.3 0.2 0.7 1.2 0.4 9.1 46.0 101.9 

Std. dev, 0.2 0.1 0.9 1.3 0.1 0.1 0.1 0.1 0.1 0.7 1.8  

T/S SH S-6 

Spectrum 1 1.9 0.6 7.5 28.9 0.2 0.2 1.0 2.3 0.5 2.3 54.5 101.3 

Spectrum 2 1.8 0.5 7.3 28.3 0.4 0.1 1.0 2.2 0.4 2.3 55.6 100.5 

Spectrum 3 2.5 0.3 9.2 28.8 0.3 0.1 1.3 2.8 0.5 1.8 52.1 102.3 

Spectrum 4 2.3 0.3 8.9 29.1 0.3 0.0 1.2 2.7 0.5 1.9 52.4 101.8 

Spectrum 5 1.5 0.7 6.2 28.5 0.3 0.0 0.8 2.0 0.4 2.4 56.9 99.3 

             

Mean 2.0 0.5 7.8 28.7 0.3 0.1 1.1 2.4 0.5 2.1 54.3 101.0 

Std. dev. 0.4 0.2 1.2 0.3 0.1 0.1 0.2 0.3 0.1 0.3 2.1  

T/S SH S-7 

Spectrum 1 2.0 0.6 8.7 27.4 0.4 0.3 1.2 2.8 0.5 2.3 53.9 114.0 

Spectrum 2 1.9 0.8 7.2 27.0 0.4 0.4 1.0 2.5 0.3 2.5 56.1 114.5 

Spectrum 3 1.7 0.8 7.5 27.0 0.6 0.3 1.1 2.5 0.4 2.5 55.8 114.7 

Spectrum 4 1.7 0.6 8.2 27.4 0.3 0.3 1.0 2.6 0.3 2.4 55.1 114.7 

Spectrum 5 2.0 0.6 8.8 26.8 0.4 0.4 1.2 2.9 0.4 2.4 54.1 115.5 

             

Mean 1.8 0.7 8.1 27.1 0.4 0.3 1.1 2.7 0.4 2.4 55.0 114.7 

Std. dev. 0.2 0.1 0.7 0.3 0.1 0.0 0.1 0.2 0.1 0.1 1.0  

T/S SH S-8 

Spectrum 1 0.9 0.5 5.8 20.7 0.5 0.2 0.7 1.5 0.2 2.7 66.3 113.0 

Spectrum 2 0.9 0.4 5.6 20.1 0.4 0.3 0.6 1.3 0.3 2.7 67.5 112.6 

Spectrum 3 1.3 0.5 6.8 25.6 0.6 0.4 1.1 2.1 0.2 2.9 58.5 114.2 

Spectrum 4 0.8 0.7 5.2 20.7 0.4 0.4 0.6 1.3 0.1 3.1 66.9 109.7 

Spectrum 5 0.8 0.5 5.1 19.3 0.5 0.2 0.7 1.5 0.2 2.7 68.5 111.5 

             

Mean 0.9 0.5 5.7 21.3 0.5 0.3 0.7 1.5 0.2 2.8 65.6 112.2 

Std. dev. 0.2 0.1 0.7 2.5 0.1 0.1 0.2 0.3 0.1 0.2 4.0  

T/S SH S-9 

Spectrum 1 2.2 0.3 9.9 28.2 0.3 0.3 1.4 2.2 0.4 3.2 51.5 99.9 

Spectrum 2 1.8 0.3 11.4 26.8 0.3 0.2 1.1 1.7 0.5 3.2 52.7 96.5 

Spectrum 3 1.5 0.5 9.5 27.1 0.5 0.4 0.9 1.6 0.4 3.5 54.2 100.1 

Spectrum 4 1.5 0.5 9.1 28.0 0.3 0.4 0.9 1.5 0.3 3.6 54.0 100.6 

Spectrum 5 1.7 0.6 9.3 27.5 0.3 0.2 1.0 1.6 0.3 3.7 53.6 101.1 

             

Mean 1.7 0.5 9.8 27.5 0.3 0.3 1.1 1.7 0.4 3.4 53.2 99.7 

Std. dev. 0.3 0.1 0.9 0.6 0.1 0.1 0.2 0.3 0.1 0.2 1.1  
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T/S SH S-10 

Spectrum 1 1.6 0.6 7.0 28.7 0.3 < 0.1 0.8 1.9 0.3 2.4 56.4 97.2 

Spectrum 2 1.7 0.6 7.1 27.5 0.3 < 0.1 0.8 2.0 0.4 2.5 57.1 101.9 

Spectrum 3 2.0 0.6 7.5 27.7 0.3 < 0.1 1.0 2.2 0.4 2.3 56.0 102.5 

Spectrum 4 2.1 0.5 7.8 27.8 0.3 < 0.1 1.0 2.3 0.4 2.2 55.4 102.3 

Spectrum 5 1.7 0.9 6.9 28.4 0.2 < 0.1 0.8 1.9 0.3 2.6 56.4 102.3 

             

Mean 1.8 0.6 7.3 28.0 0.3 - 0.9 2.1 0.4 2.4 56.3 101.2 

Std. dev. 0.2 0.2 0.4 0.5 0.1 - 0.1 0.2 0.1 0.1 0.6  

T/S SH S-11 

Spectrum 1 1.4 0.4 8.8 22.4 0.5 0.2 0.6 1.3 0.1 1.6 62.8 102.1 

Spectrum 2 1.7 0.3 7.8 20.9 0.5 0.3 1.0 1.4 0.2 1.2 64.7 102.4 

Spectrum 3 1.0 0.3 7.7 22.5 0.5 0.2 0.5 1.2 0.2 1.5 64.3 101.6 

Spectrum 4 1.3 0.3 8.6 19.5 0.6 0.2 0.8 1.3 0.1 1.1 66.1 99.8 

Spectrum 5 1.4 0.5 6.5 21.6 0.5 0.3 0.8 1.2 0.1 1.2 66.0 101.7 

             

Mean 1.4 0.4 7.9 21.4 0.5 0.3 0.7 1.3 0.2 1.3 64.8 101.5 

Std. dev. 0.3 0.1 0.9 1.2 0.1 0.0 0.2 0.1 0.1 0.2 1.4  

T/S SH S-12 

Spectrum 1 1.4 0.5 9.8 29.3 0.4 0.3 0.9 1.3 0.5 6.0 50.2 103.1 

Spectrum 2 1.9 0.3 10.1 30.8 0.3 0.1 1.2 1.9 0.5 5.1 47.4 103.8 

Spectrum 3 1.5 0.7 9.6 29.4 0.2 0.1 0.8 1.3 0.3 5.8 50.0 102.3 

Spectrum 4 2.5 0.2 11.6 31.5 0.5 0.4 1.6 2.5 0.6 4.6 44.0 102.5 

Spectrum 5 1.0 1.0 10.0 27.1 0.3 0.2 0.5 0.9 0.2 6.3 52.7 100.4 

             

Mean 1.7 0.6 10.2 29.6 0.3 0.2 1.0 1.6 0.4 5.6 48.9 102.4 

Std. dev. 0.6 0.3 0.8 1.7 0.1 0.1 0.4 0.6 0.1 0.7 3.3  

T/S SH S-13 

Spectrum 1 1.7 0.6 9.9 27.4 0.6 0.3 1.1 2.2 0.4 6.0 50.0 101.6 

Spectrum 2 1.8 0.6 9.4 26.5 0.5 0.5 1.0 2.1 0.3 5.7 51.7 100.5 

Spectrum 3 1.2 0.6 9.7 24.8 0.5 0.3 0.7 1.8 0.4 5.9 54.2 98.2 

Spectrum 4 1.6 0.6 9.7 27.3 0.5 0.3 1.0 2.0 0.3 6.0 50.8 100.8 

Spectrum 5 2.3 0.3 10.8 27.1 0.4 0.4 1.3 2.6 0.3 5.3 49.2 101.5 

             

Mean 1.7 0.5 9.9 26.6 0.5 0.4 1.0 2.1 0.3 5.8 51.2 100.5 

Std. dev. 0.4 0.1 0.5 1.1 0.1 0.1 0.2 0.3 0.0 0.3 1.9  

T/S SH S-14 

Spectrum 1 1.6 0.5 8.1 25.6 0.5 0.4 1.1 2.0 0.3 5.1 54.8 101.6 

Spectrum 2 1.2 0.5 6.5 25.4 0.4 0.4 0.8 1.7 0.3 5.6 57.3 100.5 

Spectrum 3 1.3 0.6 6.7 26.6 0.6 0.2 0.9 1.8 0.3 5.6 55.3 101.8 

Spectrum 4 1.5 0.5 7.2 25.9 0.6 0.2 0.9 1.9 0.3 5.1 55.8 100.6 

Spectrum 5 1.3 0.5 6.6 25.4 0.5 0.3 0.8 1.6 0.2 5.6 57.3 101.3 

             

Mean 1.4 0.5 7.0 25.8 0.5 0.3 0.9 1.8 0.3 5.4 56.1 101.2 

Std. dev. 0.1 0.1 0.7 0.5 0.1 0.1 0.1 0.2 0.0 0.3 1.1  



Appendices 

 

| 494 |  
 

T/S SH S-15 

Spectrum 1 0.9 0.8 9.4 22.3 0.4 0.3 0.7 2.1 0.2 4.2 58.8 101.5 

Spectrum 2 1.3 0.7 7.1 25.3 0.7 0.4 1.0 2.4 0.3 4.0 56.8 99.7 

Spectrum 3 0.9 0.9 5.6 24.1 0.3 0.3 0.6 2.1 0.2 4.4 60.6 100.9 

Spectrum 4 1.2 0.6 10.1 23.1 0.5 0.3 0.9 2.2 0.3 4.2 56.5 102.4 

Spectrum 5 1.1 0.8 5.5 24.2 0.5 0.4 0.7 2.2 0.3 4.8 59.5 102.4 

             

Mean 1.1 0.8 7.5 23.8 0.5 0.3 0.8 2.2 0.3 4.3 58.4 101.4 

Std. dev. 0.2 0.2 2.2 1.2 0.1 0.1 0.2 0.1 0.1 0.3 1.8  

T/S SH S-16 

Spectrum 1 2.0 0.5 8.3 29.1 < 0.1 0.2 1.1 2.5 0.4 1.7 54.4 104.1 

Spectrum 2 1.8 0.6 7.0 29.4 < 0.1 0.3 1.0 2.2 0.3 1.9 55.3 104.3 

Spectrum 3 2.0 0.6 7.9 29.4 < 0.1 0.2 1.0 2.3 0.3 1.8 54.5 103.5 

Spectrum 4 2.1 0.5 7.5 29.4 < 0.1 0.2 1.2 2.4 0.4 1.9 54.4 104.5 

Spectrum 6 1.8 0.7 7.5 29.5 < 0.1 0.2 1.0 2.2 0.4 1.9 54.9 104.9 

             

Mean 1.9 0.6 7.6 29.4 - 0.2 1.1 2.3 0.4 1.8 54.7 104.2 

Std. dev. 0.1 0.1 0.5 0.2 - 0.1 0.1 0.1 0.1 0.1 0.4  

T/S SH S-17 

Spectrum 1 0.9 0.4 5.4 24.7 0.4 0.3 0.7 1.0 0.2 4.3 61.8 98.8 

Spectrum 2 1.0 0.6 6.0 28.3 0.3 0.3 0.9 1.1 0.2 5.0 56.4 100.7 

Spectrum 3 0.9 0.5 4.6 26.7 0.3 0.2 0.8 1.1 0.2 5.1 59.7 100.1 

Spectrum 4 1.4 0.6 6.5 27.3 0.6 0.4 1.1 1.5 0.3 4.5 55.6 98.2 

Spectrum 5 1.8 0.1 8.9 28.6 0.6 0.4 1.4 1.9 0.3 4.2 51.8 101.6 

             

Mean 1.2 0.5 6.3 27.1 0.4 0.3 1.0 1.3 0.2 4.6 57.1 99.9 

Std. dev. 0.4 0.2 1.6 1.5 0.2 0.1 0.3 0.4 0.1 0.4 3.9  

T/S SH S-18 

Spectrum 1 1.1 0.4 6.5 24.9 0.6 0.2 0.8 1.4 0.3 5.3 58.5 102.1 

Spectrum 2 1.6 0.4 7.3 25.7 0.6 0.4 1.2 1.8 0.3 5.3 55.7 104.3 

Spectrum 3 1.2 0.5 6.6 24.8 0.6 0.0 0.8 1.4 0.3 5.5 58.3 102.0 

Spectrum 4 1.2 0.6 6.4 25.3 0.4 0.3 0.8 1.4 0.2 5.4 58.1 103.4 

Spectrum 5 1.2 0.3 6.8 24.8 0.6 0.3 0.9 1.6 0.3 5.3 58.0 103.8 

             

Mean 1.3 0.5 6.7 25.1 0.5 0.2 0.9 1.5 0.3 5.3 57.7 103.1 

Std. dev. 0.2 0.1 0.4 0.4 0.1 0.1 0.2 0.2 0.1 0.1 1.2  

T/S SH S-19 

Spectrum 1 1.4 0.7 5.4 25.8 0.3 0.3 0.7 1.8 0.5 1.8 61.3 101.5 

Spectrum 2 1.4 0.7 6.2 24.8 0.4 0.2 0.8 2.1 0.4 1.8 61.4 100.7 

Spectrum 3 2.1 0.5 7.6 26.7 0.4 0.4 1.2 2.7 0.3 1.6 56.7 102.0 

Spectrum 4 2.3 0.5 8.3 26.2 0.4 0.3 1.2 2.6 0.3 1.5 56.5 102.6 

Spectrum 5 1.5 0.7 5.9 26.6 0.3 0.3 0.8 2.0 0.3 1.9 59.6 101.2 

             

Mean 1.8 0.6 6.7 26.0 0.4 0.3 0.9 2.3 0.4 1.7 59.1 101.6 

Std. dev. 0.4 0.1 1.2 0.8 0.0 0.1 0.2 0.4 0.1 0.2 2.4  
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T/S SH S-20 

Spectrum 1 2.0 0.6 9.9 29.0 0.7 0.5 1.8 3.8 0.5 5.7 45.6 101.9 

Spectrum 2 1.2 1.5 8.0 27.6 0.5 0.4 1.0 2.6 0.4 7.1 49.9 103.5 

Spectrum 3 1.9 0.9 10.0 28.5 0.7 0.5 1.7 3.6 0.5 5.9 45.8 103.8 

Spectrum 4 1.3 1.3 8.3 29.1 0.5 0.3 1.3 3.0 0.4 7.0 47.3 102.9 

Spectrum 5 2.2 0.7 9.5 29.9 0.8 0.5 2.1 4.5 0.5 5.6 43.7 103.5 

             

Mean 1.7 1.0 9.1 28.8 0.7 0.5 1.6 3.5 0.4 6.2 46.5 103.1 

Std. dev. 0.5 0.4 0.9 0.9 0.1 0.1 0.4 0.7 0.1 0.7 2.3  

T/S SH S-21 

Spectrum 1 1.1 0.5 7.7 21.9 0.6 0.3 0.6 1.3 0.3 2.2 63.6 97.2 

Spectrum 2 1.2 0.4 8.1 20.9 0.5 0.2 0.6 1.3 0.3 2.2 64.2 97.7 

Spectrum 3 0.9 0.7 8.8 21.6 0.4 0.2 0.5 1.3 0.3 2.3 63.1 99.8 

Spectrum 5 0.8 0.7 8.7 19.4 0.3 0.1 0.5 1.2 0.3 2.0 66.0 96.5 

Spectrum 6 1.1 0.7 10.1 21.1 0.5 0.0 0.6 1.3 0.3 2.0 62.3 97.2 

             

Mean 1.0 0.6 8.7 21.0 0.5 0.2 0.5 1.3 0.3 2.2 63.8 97.7 

Std. dev. 0.2 0.1 0.9 1.0 0.1 0.1 0.1 0.1 0.0 0.1 1.4 1.2 

T/S SH S-22 

Spectrum 1 1.9 0.4 9.3 24.5 0.4 0.1 1.2 1.9 0.3 4.9 54.7 103.4 

Spectrum 2 1.2 0.5 8.7 24.9 0.3 0.0 0.9 1.7 0.3 5.4 55.6 102.7 

Spectrum 3 1.9 0.4 8.5 25.2 0.4 0.4 1.1 1.9 0.3 5.1 54.6 102.8 

Spectrum 4 1.7 0.5 11.0 24.4 0.4 0.4 1.0 1.6 0.3 5.2 53.8 103.2 

Spectrum 5 1.6 0.5 8.3 24.0 0.4 0.2 0.9 1.4 0.3 5.1 57.3 102.3 

             

Mean 1.7 0.4 9.2 24.6 0.4 0.2 1.0 1.7 0.3 5.2 55.2 102.9 

Std. dev. 0.3 0.1 1.1 0.5 0.0 0.2 0.1 0.2 0.0 0.2 1.3  

T/S SH S-23 

Spectrum 1 1.3 0.7 10.1 23.6 0.2 0.1 0.7 1.4 0.3 6.1 55.3 95.8 

Spectrum 2 1.7 0.4 10.8 24.1 0.5 0.3 0.9 1.8 0.3 5.6 53.8 95.1 

Spectrum 3 1.2 0.7 7.9 26.5 0.3 0.4 0.7 1.4 0.3 6.4 54.3 95.9 

Spectrum 4 1.6 0.4 10.3 25.0 0.4 0.1 0.9 1.6 0.4 5.9 53.4 97.4 

Spectrum 5 1.7 0.7 9.3 26.1 0.3 0.3 0.9 1.8 0.4 6.1 52.4 97.6 

             

Mean 1.5 0.6 9.7 25.1 0.3 0.2 0.8 1.6 0.3 6.0 53.8 96.3 

Std. dev. 0.2 0.2 1.2 1.2 0.1 0.1 0.1 0.2 0.1 0.3 1.1  

T/S SH S-24 

Spectrum 1 1.3 0.6 6.6 26.9 0.2 < 0.1 0.8 1.7 0.3 2.0 59.0 106.5 

Spectrum 2 1.5 0.5 6.0 25.5 0.3 < 0.1 0.8 1.7 0.3 1.8 61.5 106.1 

Spectrum 3 1.8 0.6 6.6 24.9 0.2 < 0.1 0.9 1.9 0.3 1.8 60.6 106.7 

Spectrum 4 2.0 0.3 6.5 25.9 0.5 < 0.1 0.8 1.7 0.3 1.7 60.1 106.0 

Spectrum 5 1.3 0.6 6.3 25.5 0.4 < 0.1 0.6 1.8 0.2 1.9 61.0 105.8 

             

Mean 1.6 0.6 6.4 25.7 0.3 - 0.8 1.8 0.3 1.8 60.4 106.2 

Std. dev. 0.3 0.1 0.3 0.7 0.1 - 0.1 0.1 0.0 0.1 1.0  
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T/S SH S-25 

Spectrum 1 1.1 0.7 6.0 21.1 0.5 0.3 0.9 2.0 0.3 3.4 63.8 102.1 

Spectrum 3 0.9 0.5 6.6 21.3 0.6 0.2 0.7 1.7 0.2 3.3 64.0 95.1 

Spectrum 4 1.1 0.6 6.3 20.9 0.4 0.4 0.8 1.9 0.3 3.3 64.1 99.8 

Spectrum 5 1.3 0.6 6.7 22.2 0.5 0.3 1.0 2.2 0.2 3.6 61.6 101.5 

Spectrum 6 0.8 0.8 6.1 21.8 0.5 0.3 0.8 1.9 0.3 3.4 63.3 100.4 

             

Mean 1.0 0.6 6.3 21.5 0.5 0.3 0.8 1.9 0.3 3.4 63.3 99.8 

Std. dev. 0.2 0.1 0.3 0.5 0.1 0.0 0.1 0.2 0.0 0.1 1.0  

T/S SH S-26 

Spectrum 1 1.0 0.5 8.6 23.0 0.4 0.2 0.7 1.2 0.3 4.9 59.2 99.7 

Spectrum 2 1.2 0.4 7.7 22.2 0.4 0.3 0.8 1.4 0.3 4.9 60.5 99.6 

Spectrum 3 1.1 0.4 8.2 23.2 0.5 0.2 0.9 1.2 0.3 4.7 59.3 97.9 

Spectrum 4 1.2 0.5 8.3 23.1 0.5 0.3 0.8 1.5 0.3 5.1 58.6 100.3 

Spectrum 5 1.3 0.4 8.0 24.0 0.3 0.2 0.8 1.5 0.2 5.2 58.2 99.9 

             

Mean 1.2 0.4 8.2 23.1 0.4 0.2 0.8 1.4 0.3 5.0 59.2 99.4 

Std. dev. 0.1 0.1 0.3 0.6 0.1 0.0 0.1 0.1 0.0 0.2 0.9  

T/S SH S-27 

Spectrum 1 1.6 0.5 9.3 26.9 0.4 0.5 1.0 1.8 0.3 4.2 53.4 90.5 

Spectrum 2 1.9 0.5 9.4 27.9 0.4 0.4 1.1 1.8 0.5 3.9 52.2 94.5 

Spectrum 3 2.6 0.3 9.9 28.1 0.3 0.5 1.2 2.0 0.4 3.9 51.0 94.9 

Spectrum 4 2.4 0.4 9.1 28.4 0.2 0.4 1.1 1.9 0.4 4.1 51.5 93.2 

Spectrum 5 1.9 0.4 9.3 27.8 0.5 0.4 1.1 1.9 0.4 4.1 52.2 93.7 

             

Mean 2.1 0.4 9.4 27.8 0.4 0.4 1.1 1.9 0.4 4.1 52.1 93.4 

Std. dev. 0.4 0.1 0.3 0.6 0.1 0.1 0.1 0.1 0.1 0.2 0.9  

T/S SH S-28 

Spectrum 1 2.4 0.1 9.8 29.9 0.5 0.6 1.6 2.3 0.4 2.9 49.6 106.1 

Spectrum 2 1.5 0.5 8.8 28.1 0.3 0.4 0.9 1.3 0.4 3.4 54.5 105.9 

Spectrum 3 2.4 0.3 9.7 30.0 0.5 0.5 1.6 2.0 0.4 3.0 49.8 106.0 

Spectrum 4 2.3 0.3 11.0 29.3 0.6 0.5 1.7 2.3 0.5 2.8 48.8 107.7 

Spectrum 5 0.7 0.7 7.2 28.0 0.3 0.3 0.5 0.8 0.1 3.7 57.7 104.4 

             

Mean 1.8 0.4 9.3 29.1 0.4 0.5 1.3 1.7 0.4 3.1 52.1 106.0 

Std. dev. 0.7 0.2 1.4 0.9 0.1 0.1 0.6 0.7 0.1 0.4 3.9  

T/S SH S-29 

Spectrum 1 2.0 0.7 7.2 29.9 0.4 0.4 1.1 2.9 0.5 2.0 53.0 102.8 

Spectrum 2 1.8 0.7 7.1 30.0 0.4 0.4 1.0 2.8 0.4 2.0 53.5 103.7 

Spectrum 3 2.0 0.7 6.9 29.5 0.5 0.3 1.1 2.7 0.4 2.0 53.9 103.8 

Spectrum 4 1.9 0.6 7.2 29.9 0.3 0.3 1.0 2.8 0.5 2.2 53.2 104.1 

Spectrum 5 1.6 0.8 6.1 29.4 0.4 0.2 0.8 2.3 0.3 2.2 56.0 102.0 

             

Mean 1.9 0.7 6.9 29.7 0.4 0.3 1.0 2.7 0.4 2.1 53.9 103.3 

Std. dev. 0.2 0.1 0.5 0.3 0.1 0.1 0.1 0.2 0.1 0.1 1.2  
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T/S SH S-30 

Spectrum 1 1.0 0.6 5.7 21.7 0.4 0.3 0.7 1.2 0.2 2.7 65.8 110.0 

Spectrum 2 1.1 0.4 6.4 20.1 0.5 0.2 0.8 1.5 0.2 2.5 66.2 110.7 

Spectrum 3 1.0 0.6 6.2 21.2 0.4 0.2 0.8 1.6 0.2 2.6 65.2 112.3 

Spectrum 4 1.1 0.4 6.5 21.0 0.4 0.4 1.0 1.7 0.2 2.7 64.6 112.7 

Spectrum 5 1.1 0.5 6.1 21.8 0.5 0.3 0.8 1.6 0.2 2.7 64.4 111.2 

             

Mean 1.1 0.5 6.2 21.2 0.5 0.3 0.8 1.5 0.2 2.6 65.2 111.4 

Std. dev. 0.1 0.1 0.3 0.7 0.1 0.1 0.1 0.2 0.0 0.1 0.8  

T/S F S-1 

Spectrum 1 1.6 0.4 8.4 22.4 0.4 0.1 0.7 1.3 0.2 3.3 60.8 109.8 

Spectrum 2 1.4 0.4 8.7 22.8 0.4 0.4 0.8 1.2 0.3 3.2 60.4 107.8 

Spectrum 3 1.5 0.5 8.2 23.4 0.5 0.5 0.8 1.4 0.2 3.3 60.1 108.9 

Spectrum 4 1.5 0.4 8.2 23.2 0.4 0.6 0.8 1.3 0.2 3.5 60.4 109.3 

Spectrum 5 1.6 0.4 9.4 21.2 0.5 0.5 0.8 1.3 0.3 3.1 60.9 111.5 

             

Mean 1.5 0.4 8.6 22.6 0.4 0.4 0.8 1.3 0.2 3.3 60.5 109.5 

Std. dev. 0.1 0.1 0.5 0.9 0.1 0.2 0.0 0.0 0.1 0.1 0.3  

T/S F S-2 

Spectrum 1 1.5 0.7 7.6 24.5 0.4 < 0.1 0.8 2.0 0.4 1.6 60.5 99.5 

Spectrum 2 1.9 0.7 7.3 24.8 0.4 < 0.1 0.8 2.1 0.3 1.7 60.1 100.2 

Spectrum 3 0.8 0.9 5.6 23.0 0.4 < 0.1 0.5 1.7 0.3 1.8 65.1 97.1 

Spectrum 4 1.9 0.7 7.5 24.9 0.5 < 0.1 0.9 2.2 0.3 1.6 59.6 99.1 

Spectrum 5 1.6 0.8 7.5 25.0 0.4 < 0.1 0.8 2.2 0.4 1.6 59.7 97.8 

             

Mean 1.5 0.7 7.1 24.5 0.4 - 0.8 2.0 0.4 1.7 61.0 98.7 

Std. dev. 0.4 0.1 0.8 0.8 0.1 - 0.2 0.2 0.1 0.1 2.3  

T/S F S-3 

Spectrum 1 0.5 0.4 5.5 25.3 0.4 0.3 0.5 1.0 0.2 4.9 60.9 94.7 

Spectrum 2 1.0 0.4 6.9 26.1 0.7 0.1 0.8 1.3 0.4 4.8 57.6 83.1 

Spectrum 3 2.9 0.2 11.2 29.7 0.8 0.6 2.4 3.1 0.4 3.4 45.0 99.1 

Spectrum 4 0.8 0.4 6.0 25.6 0.5 0.1 0.7 1.2 0.2 4.8 59.3 95.3 

Spectrum 5 1.9 0.3 8.3 27.3 0.7 0.4 1.6 1.9 0.2 4.2 53.2 92.1 

             

Mean 1.4 0.3 7.6 26.8 0.6 0.3 1.2 1.7 0.3 4.4 55.2 92.9 

Std. dev. 1.0 0.1 2.3 1.8 0.1 0.2 0.8 0.9 0.1 0.6 6.4  

T/S T S-1 

Spectrum 1 1.1 0.6 10.3 24.8 0.4 < 0.1 0.7 1.5 0.3 5.6 54.7 100.5 

Spectrum 2 0.1 0.5 7.2 20.8 0.6 < 0.1 0.0 1.1 0.3 6.1 63.3 96.2 

Spectrum 3 1.5 0.6 10.3 25.0 0.3 < 0.1 0.8 1.7 0.4 5.6 53.8 103.1 

Spectrum 4 1.4 0.6 9.1 25.1 0.4 < 0.1 0.8 1.7 0.4 5.9 54.7 103.6 

Spectrum 5 1.1 0.7 8.2 25.2 0.5 < 0.1 0.6 1.4 0.3 6.3 55.6 102.5 

             

Mean 1.0 0.6 9.0 24.2 0.4 - 0.6 1.5 0.3 5.9 56.4 101.2 

Std. dev. 0.5 0.1 1.3 1.9 0.1 - 0.4 0.3 0.1 0.3 3.9  
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T/S T S-2 

Spectrum 1 1.2 0.6 6.8 22.6 0.4 0.2 0.6 1.7 0.3 1.5 64.2 97.6 

Spectrum 2 1.4 0.7 7.1 24.0 0.5 0.2 0.8 2.0 0.3 1.6 61.5 99.7 

Spectrum 3 1.1 0.7 6.1 22.5 0.4 0.1 0.8 1.6 0.3 1.6 65.0 98.0 

Spectrum 4 1.4 0.6 6.8 23.4 0.4 0.3 0.8 2.0 0.3 1.6 62.5 99.8 

Spectrum 5 1.1 0.5 6.7 23.2 0.2 0.3 0.6 1.7 0.3 1.6 63.7 97.6 

             

Mean 1.2 0.6 6.7 23.1 0.4 0.2 0.7 1.8 0.3 1.6 63.4 98.6 

Std. dev. 0.2 0.1 0.4 0.6 0.1 0.1 0.1 0.2 0.0 0.0 1.4  
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Appendix E Full analysis of samples from Gudbrandslie R31 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total  

C55001-8  

Spectrum 1 4.4 0.9 15.7 60.9 0.5 3.8 2.2 4.3 0.3 7.0 < 0.1 87.6  

Spectrum 2 4.3 1.0 17.1 64.6 0.3 4.9 2.2 0.9 0.1 4.4 < 0.1 86.1  

Spectrum 3 4.4 1.1 17.5 64.4 0.3 4.3 2.6 0.4 0.2 4.8 < 0.1 80.2  

Spectrum 4 3.9 0.9 15.8 66.3 0.5 3.9 2.6 0.7 0.2 5.1 < 0.1 83.6  

Spectrum 5 3.9 1.0 16.0 66.8 0.2 3.7 2.3 0.6 0.2 5.1 < 0.1 84.8  

              

Mean 4.2 1.0 16.4 64.6 0.4 4.1 2.4 1.3 0.2 5.3 - 84.5  

Std. dev. 0.3 0.1 0.8 2.3 0.1 0.5 0.2 1.6 0.1 1.0 -   

C55001-13/1  

Spectrum 1 1.0 0.5 5.6 14.4 0.5 1.3 1.6 0.2 15.4 59.2 < 0.1 99.9  

Spectrum 2 1.2 0.4 5.5 13.5 0.5 1.2 1.5 0.3 14.5 61.2 < 0.1 98.8  

Spectrum 3 1.4 0.5 6.0 16.1 0.7 1.4 1.7 0.3 14.4 57.5 < 0.1 98.9  

Spectrum 4 1.3 0.5 5.5 14.7 0.6 1.3 1.6 0.3 15.6 58.4 < 0.1 98.7  

Spectrum 5 1.0 0.5 5.0 13.6 0.5 1.2 1.4 0.3 15.6 60.7 < 0.1 98.1  

              

Mean 1.2 0.5 5.5 14.5 0.6 1.3 1.6 0.3 15.1 59.4 - 98.9  

Std. dev. 0.2 0.1 0.4 1.0 0.1 0.1 0.1 0.0 0.6 1.6 -   

C55001-13/2  

Spectrum 1 1.1 0.6 5.5 14.3 0.6 1.2 1.4 0.1 14.8 59.8 0.4 104.3  

Spectrum 2 1.3 0.4 6.7 20.3 0.9 1.6 2.2 0.1 14.8 50.8 0.5 102.2  

Spectrum 4 1.3 0.6 5.5 15.1 0.4 1.3 1.5 0.2 14.8 58.9 0.5 103.4  

Spectrum 5 1.2 0.5 5.4 13.7 0.4 1.2 1.6 0.2 14.7 60.7 0.3 102.7  

Spectrum 6 1.1 0.4 5.4 14.5 0.5 1.2 1.6 0.1 14.6 60.0 0.4 103.6  

              

Mean 1.2 0.5 5.7 15.6 0.6 1.3 1.6 0.1 14.8 58.0 0.4 103.2  

Std. dev. 0.1 0.1 0.6 2.7 0.2 0.2 0.3 0.0 0.1 4.1 0.1   

C55001-16/1  

Spectrum 1 1.9 0.5 9.7 30.7 0.4 2.1 1.4 0.4 2.1 50.8 < 0.1 102.9  

Spectrum 2 1.7 0.6 8.6 30.6 0.5 1.8 1.3 0.5 2.2 52.3 < 0.1 103.3  

Spectrum 3 2.0 0.6 9.3 31.2 0.5 2.2 1.5 0.4 2.0 50.4 < 0.1 103.3  

Spectrum 4 1.9 0.5 9.4 30.7 0.5 2.1 1.4 0.5 2.2 50.9 < 0.1 102.5  

Spectrum 5 2.0 0.5 9.5 30.3 0.6 2.1 1.3 0.5 2.2 51.1 < 0.1 102.9  

              

Mean 1.9 0.5 9.3 30.7 0.5 2.1 1.4 0.4 2.1 51.1 - 103.0  

Std. dev. 0.1 0.1 0.4 0.3 0.1 0.2 0.1 0.1 0.1 0.7 -   
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C55001-16/2  

Spectrum 1 1.9 0.5 10.8 33.8 0.5 2.3 1.7 0.6 2.7 45.1 < 0.1 99.9  

Spectrum 3 1.6 0.7 10.4 33.4 0.5 2.2 1.6 0.5 2.7 46.5 < 0.1 98.2  

Spectrum 4 1.4 0.7 9.1 34.2 0.5 2.1 1.5 0.5 2.8 47.2 < 0.1 96.7  

Spectrum 5 1.9 0.5 11.1 33.9 0.5 2.3 1.7 0.6 2.8 44.8 < 0.1 100.8  

Spectrum 6 1.9 0.6 10.8 34.5 0.4 2.4 1.7 0.5 2.7 44.6 < 0.1 98.9  

              

Mean 1.8 0.6 10.4 34.0 0.5 2.3 1.6 0.6 2.7 45.6 - 98.9  

Std. dev. 0.2 0.1 0.8 0.4 0.0 0.1 0.1 0.1 0.1 1.1 -   

C55001-17  

Spectrum 1 1.6 0.4 7.2 18.4 0.5 1.4 1.2 0.3 8.9 60.2 < 0.1 101.5  

Spectrum 2 1.7 0.4 8.5 20.6 0.6 1.6 1.4 0.2 8.7 56.2 < 0.1 99.4  

Spectrum 4 1.9 0.4 8.3 21.8 0.8 1.8 1.4 0.2 9.0 54.4 < 0.1 100.0  

Spectrum 5 1.2 0.5 7.6 18.8 0.7 1.1 1.1 0.3 8.6 60.2 < 0.1 95.4  

Spectrum 6 1.5 0.5 7.3 18.7 0.5 1.3 1.2 0.3 8.2 60.6 < 0.1 95.5  

              

Mean 1.6 0.4 7.8 19.7 0.6 1.4 1.3 0.3 8.7 58.3 - 98.4  

Std. dev. 0.2 0.0 0.6 1.5 0.1 0.3 0.1 0.0 0.3 2.8 -   

C55001-18/1  

Spectrum 2 1.6 0.3 7.2 20.4 0.7 1.4 1.3 0.3 8.0 58.7 < 0.1 96.2  

Spectrum 3 1.7 0.4 8.3 21.7 0.7 1.7 1.4 0.4 7.5 56.1 < 0.1 93.9  

Spectrum 4 1.6 0.5 7.8 21.2 0.6 1.6 1.4 0.3 7.7 57.3 < 0.1 96.5  

Spectrum 5 1.9 0.5 8.0 20.8 0.6 1.7 1.4 0.4 7.6 56.9 < 0.1 94.8  

Spectrum 6 1.4 0.5 7.7 20.6 0.6 1.7 1.4 0.4 7.8 57.7 < 0.1 95.3  

              

Mean 1.7 0.4 7.8 20.9 0.6 1.6 1.4 0.4 7.7 57.4 - 95.3  

Std. dev. 0.2 0.1 0.4 0.5 0.1 0.1 0.1 0.0 0.2 1.0 -   

C55001-18/2  

Spectrum 3 1.9 0.4 9.0 22.0 0.5 1.7 1.5 0.4 7.8 54.6 < 0.1 102.7  

Spectrum 5 1.8 0.5 7.3 19.8 0.5 1.6 1.2 0.3 6.8 60.2 < 0.1 102.9  

Spectrum 6 1.8 0.4 7.9 20.5 0.6 1.7 1.5 0.4 7.7 57.4 < 0.1 103.6  

Spectrum 4 2.0 0.4 8.0 21.0 0.6 1.8 1.4 0.3 7.7 56.5 < 0.1 103.8  

Spectrum 7 1.5 0.4 6.8 20.1 0.4 1.5 1.3 0.3 8.1 59.4 < 0.1 101.3  

              

Mean 1.8 0.4 7.8 20.7 0.5 1.6 1.4 0.3 7.6 57.6 - 102.9  

Std. dev. 0.2 0.1 0.8 0.9 0.1 0.1 0.1 0.0 0.5 2.2 -   

C55001-21/1  

Spectrum 2 1.2 0.3 6.3 17.8 0.4 1.2 1.0 0.0 6.1 65.1 0.4 100.9  

Spectrum 3 1.6 0.2 6.8 17.8 0.5 1.3 1.0 0.2 5.9 64.4 0.2 103.1  

Spectrum 4 1.5 0.3 6.6 18.3 0.6 1.3 1.0 0.2 5.9 64.0 0.3 103.8  

Spectrum 5 1.5 0.3 7.0 18.6 0.5 1.3 1.1 0.3 6.1 63.0 0.1 103.5  

Spectrum 6 1.5 0.3 6.5 17.2 0.5 1.2 1.0 0.1 5.9 65.4 0.3 104.4  

              

Mean 1.4 0.3 6.7 17.9 0.5 1.3 1.0 0.2 6.0 64.4 0.3 103.1  

Std. dev. 0.2 0.0 0.3 0.5 0.1 0.1 0.0 0.1 0.1 1.0 0.1   
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C55001-21/2  

Spectrum 2 1.3 0.2 6.1 16.8 0.5 1.2 0.9 0.2 6.1 66.7 < 0.1 104.0  

Spectrum 3 1.5 0.4 6.6 17.3 0.6 1.3 1.0 0.3 5.8 65.3 < 0.1 103.7  

Spectrum 4 1.3 0.3 6.1 17.7 0.5 1.3 1.0 0.3 6.1 65.5 < 0.1 101.8  

Spectrum 5 1.5 0.3 5.9 16.9 0.6 1.2 1.1 0.3 5.9 66.5 < 0.1 104.1  

Spectrum 6 1.6 0.3 6.6 17.9 0.6 1.4 1.0 0.2 6.1 64.4 < 0.1 104.6  

              

Mean 1.4 0.3 6.3 17.3 0.6 1.3 1.0 0.3 6.0 65.7 - 103.6  

Std. dev. 0.1 0.1 0.3 0.5 0.1 0.1 0.1 0.1 0.1 1.0 -   

              
 

               

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO ZnO BaO Total 

C55001-14 (ore) 

Spectrum 
1 0.8 0.6 6.8 12.5 0.3 1.1 0.4 0.1 26.6 49.3 0.8 0.7 66.6 
Spectrum 
2 0.9 0.9 7.5 12.7 0.5 1.2 0.5 0.4 11.6 62.6 0.5 0.5 65.2 
Spectrum 
3 1.2 0.8 9.8 19.3 0.4 1.6 0.7 0.5 38.7 24.5 1.2 1.3 73.2 
Spectrum 
4 0.6 0.6 5.5 16.3 0.5 0.7 0.5 0.2 16.2 58.2 0.4 0.3 62.9 
Spectrum 
5 1.5 0.8 10.0 18.9 0.7 1.5 0.5 0.4 37.2 25.6 1.7 1.2 76.3 

              

Mean 1.0 0.8 7.9 16.0 0.5 1.2 0.5 0.3 26.1 44.0 0.9 0.8 68.9 

Std. dev. 0.4 0.1 2.0 3.3 0.1 0.3 0.1 0.1 12.1 18.0 0.5 0.5  

              

             

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total  

C55001-20 (ceramic)  
Spectrum 
1 2.2 1.6 20.7 61.6 0.2 5.1 0.7 0.9 0.2 6.6 < 0.1 78.4  
Spectrum 
2 2.8 1.5 17.9 63.2 0.6 5.1 1.2 1.0 0.2 6.4 < 0.1 76.6  
Spectrum 
3 3.2 1.5 14.0 69.8 0.6 2.9 0.9 0.7 0.1 6.3 < 0.1 94.7  
Spectrum 
4 2.8 1.4 16.8 66.4 0.3 4.3 1.0 0.7 0.2 6.0 < 0.1 74.6  
Spectrum 
5 2.7 1.3 15.8 68.6 0.4 3.6 0.9 0.6 0.1 5.9 < 0.1 77.8  

              

              

Mean 2.7 1.4 17.1 65.9 0.4 4.2 1.0 0.8 0.2 6.3 - 80.4  

Std. dev. 0.4 0.1 2.5 3.5 0.2 1.0 0.2 0.2 0.1 0.3    
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Appendix F Full analysis of samples from Gudbrandslie R6 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO Total 

C55003-9/1 

Spectrum 1 1.7 1.0 8.2 26.1 0.9 2.6 2.7 0.4 9.3 47.2 < 0.1 103.0 

Spectrum 2 1.7 1.1 8.3 26.3 1.0 2.5 2.7 0.4 9.4 46.6 < 0.1 103.1 

Spectrum 3 1.7 0.9 8.0 25.6 0.8 2.5 2.7 0.4 9.3 48.0 < 0.1 100.2 

Spectrum 4 1.9 1.0 8.9 26.1 0.9 2.8 2.8 0.4 9.1 46.2 < 0.1 102.3 

Spectrum 5 1.8 0.9 8.2 25.6 0.9 2.6 2.8 0.5 9.3 47.4 < 0.1 101.5 

             

Mean 1.7 1.0 8.3 25.9 0.9 2.6 2.8 0.4 9.3 47.1 - 102.0 

Std. dev. 0.1 0.1 0.3 0.3 0.1 0.1 0.1 0.0 0.1 0.7 -  

C55003-9/2 

Spectrum 1 1.9 1.0 8.6 27.3 0.9 2.6 2.7 0.5 8.9 45.6 < 0.1 103.7 

Spectrum 2 1.7 1.0 8.2 25.7 1.0 2.5 2.6 0.5 9.0 47.9 < 0.1 101.1 

Spectrum 3 1.9 1.0 8.6 27.1 0.9 2.6 2.7 0.4 9.1 45.7 < 0.1 100.3 

Spectrum 4 1.8 1.0 8.3 26.8 1.0 2.5 2.6 0.4 9.1 46.3 < 0.1 99.2 

Spectrum 5 1.7 1.0 8.4 27.8 1.1 2.6 2.8 0.4 9.0 45.1 < 0.1 97.8 

             

Mean 1.8 1.0 8.4 26.9 1.0 2.6 2.7 0.4 9.0 46.1 - 100.4 

Std. dev. 0.1 0.0 0.2 0.8 0.1 0.0 0.1 0.1 0.1 1.1 -  

C55003-13/1 

Spectrum 1 1.3 0.4 5.8 15.7 0.4 1.1 1.1 0.2 10.5 63.0 0.2 101.2 

Spectrum 2 1.4 0.4 6.1 16.3 0.5 1.2 1.2 0.3 10.2 61.8 0.3 101.9 

Spectrum 3 1.3 0.4 5.4 15.4 0.5 1.0 1.1 0.2 10.4 64.0 0.3 101.3 

Spectrum 4 1.1 0.3 5.2 15.2 0.5 1.1 1.1 0.2 10.6 64.3 0.2 101.6 

Spectrum 5 1.1 0.4 5.5 16.3 0.4 1.2 1.1 0.1 10.4 63.1 0.2 103.5 

             

Mean 1.3 0.4 5.6 15.8 0.5 1.1 1.1 0.2 10.4 63.2 0.3 101.9 

Std. dev. 0.1 0.0 0.4 0.5 0.1 0.1 0.0 0.1 0.1 1.0 0.0  

C55003-13/2 

Spectrum 1 1.5 0.3 6.1 16.5 0.4 1.2 1.2 0.4 10.5 61.7 < 0.1 101.9 

Spectrum 2 1.4 0.3 5.5 15.5 0.5 1.2 1.1 0.3 10.3 63.7 < 0.1 101.0 

Spectrum 3 1.4 0.2 5.8 16.1 0.5 1.1 1.1 0.3 10.5 62.8 < 0.1 100.4 

Spectrum 4 1.2 0.3 5.3 15.7 0.4 1.2 1.1 0.3 10.8 63.6 < 0.1 100.8 

Spectrum 5 1.3 0.3 5.6 15.7 0.5 1.1 1.2 0.3 10.5 63.3 < 0.1 101.2 

             

Mean 1.4 0.3 5.7 15.9 0.5 1.2 1.1 0.3 10.5 63.0 - 101.1 

Std. dev. 0.1 0.0 0.3 0.4 0.1 0.0 0.0 0.1 0.2 0.8 -  
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C55003-19/1 

Spectrum 2 0.5 0.2 4.0 8.4 0.1 0.4 0.7 < 0.1 6.3 78.7 0.3 104.4 

Spectrum 3 0.4 0.1 4.4 10.2 0.5 0.5 0.9 < 0.1 6.4 76.2 0.3 101.0 

Spectrum 4 0.4 0.2 4.4 10.5 0.5 0.5 0.9 < 0.1 6.4 76.0 0.2 103.5 

Spectrum 5 0.5 0.3 4.6 10.4 0.5 0.6 0.9 < 0.1 6.3 75.3 0.4 103.6 

Spectrum 6 0.3 0.3 4.2 10.1 0.3 0.5 0.9 < 0.1 6.4 76.4 0.4 102.5 

             

Mean 0.4 0.2 4.3 9.9 0.4 0.5 0.9 - 6.4 76.5 0.3 103.0 

Std. dev. 0.1 0.1 0.2 0.8 0.2 0.1 0.1 - 0.1 1.3 0.1  

C55003-19/2 

Spectrum 1 0.5 0.1 3.9 8.2 0.3 0.4 0.8 0.1 4.1 81.5 < 0.1 101.6 

Spectrum 2 0.2 0.3 4.5 9.6 0.4 0.5 0.9 0.2 4.2 79.0 < 0.1 101.4 

Spectrum 3 0.4 0.2 2.8 6.0 0.2 0.1 0.5 0.0 4.0 85.6 < 0.1 95.4 

Spectrum 4 0.6 0.1 4.8 9.7 0.6 0.6 0.9 0.2 4.3 78.1 < 0.1 100.0 

Spectrum 5 0.4 0.2 3.9 7.6 0.4 0.4 0.7 0.2 4.3 82.0 < 0.1 101.9 

             

Mean 0.4 0.2 4.0 8.2 0.4 0.4 0.7 0.1 4.2 81.2 - 100.0 

Std. dev. 0.2 0.1 0.8 1.5 0.1 0.2 0.2 0.1 0.1 3.0 -  

C55003-22 

Spectrum 1 1.7 0.6 7.0 27.2 0.7 1.7 1.9 0.3 9.5 49.5 < 0.1 103.7 

Spectrum 2 2.3 0.6 8.7 27.3 0.8 2.4 2.3 0.4 8.8 46.5 < 0.1 103.4 

Spectrum 4 1.8 0.7 7.3 23.5 0.5 1.4 1.5 0.4 8.2 54.8 < 0.1 104.2 

Spectrum 6 3.3 0.4 10.7 24.0 0.7 2.4 1.7 0.3 7.8 48.7 < 0.1 99.4 

Spectrum 5 2.5 0.5 7.9 22.9 0.4 1.9 1.6 0.3 7.0 55.1 < 0.1 103.1 

             

Mean 2.3 0.5 8.3 25.0 0.6 2.0 1.8 0.3 8.3 50.9 - 102.8 

Std. dev. 0.7 0.1 1.5 2.1 0.1 0.4 0.3 0.0 1.0 3.8 -  

C55003-23/1 

Spectrum 1 1.8 0.3 6.9 20.1 0.6 1.5 1.3 0.3 11.7 55.1 < 0.1 104.2 

Spectrum 2 1.7 0.4 7.0 20.9 0.5 1.6 1.4 0.4 11.6 54.4 < 0.1 103.6 

Spectrum 3 1.7 0.4 7.1 20.7 0.5 1.5 1.3 0.4 11.3 54.9 < 0.1 102.0 

Spectrum 4 1.7 0.4 7.3 20.6 0.6 1.5 1.3 0.4 11.5 54.5 < 0.1 102.4 

Spectrum 5 1.6 0.4 6.7 20.2 0.5 1.4 1.2 0.4 11.9 55.5 < 0.1 103.2 

             

Mean 1.7 0.4 7.0 20.5 0.5 1.5 1.3 0.4 11.6 54.9 - 103.1 

Std. dev. 0.1 0.0 0.2 0.4 0.1 0.1 0.1 0.0 0.2 0.5 -  

C55003-23/2 

Spectrum 1 1.2 0.4 4.9 13.9 0.4 0.8 0.9 0.3 13.5 63.8 < 0.1 103.6 

Spectrum 2 1.4 0.2 5.1 14.1 0.3 0.9 0.9 0.2 12.9 64.1 < 0.1 102.2 

Spectrum 3 1.4 0.3 5.9 17.0 0.4 1.0 1.3 0.2 13.2 59.3 < 0.1 99.9 

Spectrum 4 1.3 0.2 4.8 14.5 0.4 0.8 0.9 0.2 13.5 63.3 < 0.1 97.0 

Spectrum 5 1.0 0.4 4.7 14.1 0.4 0.8 0.9 0.2 13.6 63.9 < 0.1 100.2 

             

Mean 1.3 0.3 5.1 14.7 0.4 0.9 1.0 0.2 13.3 62.9 - 100.6 

Std. dev. 0.2 0.1 0.5 1.3 0.0 0.1 0.2 0.1 0.3 2.0 -  



Appendices 

 

| 505 |  

 

C55003-37 

Spectrum 1 3.0 0.8 13.1 45.7 0.8 < 0.1 1.2 0.6 6.3 25.7 < 0.1 37.0 

Spectrum 2 2.9 0.6 17.1 48.6 0.9 < 0.1 1.0 0.8 3.7 20.3 < 0.1 39.8 

Spectrum 3 3.0 0.5 14.1 48.0 1.0 < 0.1 1.5 0.8 4.3 24.3 < 0.1 17.1 

Spectrum 4 2.6 0.3 10.9 32.0 0.7 < 0.1 0.7 0.8 11.4 38.4 < 0.1 21.6 

Spectrum 5 2.6 0.5 13.5 35.6 0.7 < 0.1 0.9 0.7 14.2 28.0 < 0.1 44.9 

             

Mean 2.8 0.5 13.7 42.0 0.8 - 1.1 0.7 8.0 27.3 - 32.1 

Std. dev. 0.2 0.2 2.3 7.6 0.1 - 0.3 0.1 4.6 6.8 -  

C55003-16 

Spectrum 1 2.7 1.6 18.3 63.1 0.6 4.5 1.3 0.9 < 0.1 6.9 < 0.1 78.02 

Spectrum 2 2.4 2.1 18.9 61.0 0.6 4.5 1.1 1.1 < 0.1 8.2 < 0.1 80.62 

Spectrum 3 2.9 1.9 19.5 60.2 0.4 4.7 1.1 1.0 < 0.1 8.1 < 0.1 72.86 

Spectrum 4 2.5 1.6 19.4 61.2 0.3 4.6 1.1 1.2 < 0.1 7.9 < 0.1 74.71 

Spectrum 5 2.4 1.5 17.6 63.7 0.3 4.7 1.0 1.0 < 0.1 7.8 < 0.1 80.67 

             

Mean 2.6 1.7 18.7 61.8 0.4 4.6 1.1 1.0 - 7.8 - 77.38 

Std. dev. 0.2 0.2 0.8 1.5 0.2 0.1 0.1 0.1 - 0.5 -  
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Appendix G Full analysis of samples from Hovden S1 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Total 

C57899-1/1 

Spectrum 1 0.9 0.5 8.1 21.5 0.4 1.2 1.4 0.4 10.1 55.7 100.8 

Spectrum 2 0.9 0.4 7.9 20.4 0.4 1.1 1.2 0.4 9.4 57.7 101.9 

Spectrum 3 0.8 0.5 7.4 18.8 0.4 0.9 1.1 0.4 9.6 59.9 99.3 

Spectrum 4 1.0 0.6 7.3 20.0 0.3 1.1 1.4 0.5 9.6 58.2 101.7 

Spectrum 5 0.9 0.5 7.5 19.7 0.2 1.0 1.2 0.3 9.7 59.0 101.3 

            

Mean 0.9 0.5 7.6 20.1 0.3 1.0 1.3 0.4 9.7 58.1 101.0 

Std. dev. 0.1 0.1 0.4 1.0 0.1 0.1 0.1 0.1 0.3 1.6  

C57899-1/2 

Spectrum 1 0.8 0.8 8.1 28.5 0.2 1.2 1.8 0.5 7.5 50.6 97.5 

Spectrum 2 1.0 0.8 7.8 29.4 0.3 1.5 1.6 0.5 7.5 49.8 97.4 

Spectrum 4 1.4 0.6 8.5 28.3 0.5 1.9 1.9 0.6 7.3 49.1 97.7 

Spectrum 5 1.3 0.7 8.7 28.2 0.5 1.9 2.1 0.5 7.3 48.9 97.5 

Spectrum 6 1.0 0.6 7.6 26.8 0.3 1.4 1.5 0.5 7.9 52.4 95.7 

            

Mean 1.1 0.7 8.1 28.2 0.4 1.6 1.8 0.5 7.5 50.1 97.2 

Std. dev. 0.2 0.1 0.5 1.0 0.1 0.3 0.2 0.0 0.2 1.4  

C57899-2 

Spectrum 1 1.0 0.5 8.6 21.3 0.3 1.2 1.5 0.5 8.7 56.3 97.5 

Spectrum 2 0.9 0.5 8.9 22.2 0.3 1.2 1.5 0.5 8.6 55.3 96.1 

Spectrum 3 0.8 0.6 8.1 22.3 0.3 1.2 1.5 0.5 8.6 56.1 95.2 

Spectrum 4 0.9 0.6 8.1 21.8 0.3 1.1 1.5 0.4 9.0 56.4 101.8 

Spectrum 5 0.9 0.5 8.5 22.1 0.1 1.4 1.7 0.6 8.5 55.7 102.0 

            

Mean 0.9 0.5 8.4 21.9 0.3 1.2 1.5 0.5 8.7 56.0 98.5 

Std. dev. 0.1 0.1 0.3 0.4 0.1 0.1 0.1 0.1 0.2 0.5  
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Appendix H Filtered export from Askeladden containing Early Iron Age furnaces. 

The below list is a filtered export from Askeladden as of August 2020. The search was filtered to only find furnaces (blesterovn), that 

chronologically fell into the Early Iron Age or one of the sub-divisions of it. A core challenge with this is that multiple overlapping date filters 

can be used for sorting. Therefore, the detailed descriptions for each object were studied to identify whether or not it fit into the appropriate 

category. These, as well as the geographic co-ordinates accompanying the objects, site names, municipalities, and whether or not the site has 

a saved geometry have been excluded for legibility. The full range of exports used are not presented due to the sheer amount of it. 

Object ID Type Date Dateing quality Dating method Exact date County Municipality 

23360-2 Furnace Early Iron Age Likely Unknown  Agder Kristiansand 

40040-1 Furnace Early Iron Age Likely Unknown  Vestfold og Telemark Larvik 

70908-1 Furnace Early Iron Age Likely Typological  Agder Åseral 

90235-1 Furnace Early Iron Age Uncertain Typological  Vestfold og Telemark Fyresdal 

94612-1 Furnace Migration Period Uncertain Unknown  Vestland Kvinnherad 

95804-2 Furnace Early Iron Age Likely Other  Trøndelag Midtre Gauldal 

103592-2 Furnace Early Iron Age Likely Unknown  Trøndelag Lierne 

103593-2 Furnace Early Iron Age Likely Unknown  Trøndelag Lierne 

103618-1 Furnace Early Iron Age Likely Unknown  Trøndelag Levanger 

103621-1 Furnace Early Iron Age Likely Unknown  Trøndelag Levanger 

103627-1 Furnace Early Iron Age Likely Unknown  Trøndelag Stjørdal 

103631-1 Furnace Early Iron Age Likely Unknown  Trøndelag Levanger 

103633-1 Furnace Early Iron Age Likely Unknown  Trøndelag Levanger 

103634-1 Furnace Early Iron Age Likely Unknown  Trøndelag Levanger 

103698-2 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-1 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-3 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 
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103698-8 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-4 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-5 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-6 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

103698-7 Furnace Early Iron Age Likely Unknown  Trøndelag Verdal 

105145-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

105146-4 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

106385-1 Furnace Early Iron Age Documented Radiological (C 14) AD 5-500 Trøndelag Meråker 

106385-3 Furnace Early Iron Age Documented Radiological (C 14) AD 425-550 Trøndelag Meråker 

106385-2 Furnace Early Iron Age Documented Radiological (C 14) AD 415-555 Trøndelag Meråker 

106396-4 Furnace Early Iron Age Documented Radiological (C 14) AD 125-650 Trøndelag Meråker 

106396-1 Furnace Early Iron Age Documented Radiological (C 14) AD 270-435 Trøndelag Meråker 

106396-2 Furnace Early Iron Age Documented Radiological (C 14) AD 125-650 Trøndelag Meråker 

106396-3 Furnace Early Iron Age Documented Radiological (C 14) AD 125-650 Trøndelag Meråker 

106412-1 Furnace Early Iron Age Documented Radiological (C 14) BC 100 - AD 130 Trøndelag Meråker 

106442-1 Furnace Pre-Roman Iron Age Documented Radiological (C 14) BC 350-50 Trøndelag Meråker 

106458-5 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-6 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-7 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-8 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-2 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-4 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-9 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106458-3 Furnace Roman Iron Age Documented Radiological (C 14) AD 120-250 Trøndelag Meråker 

106495-7 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-8 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-9 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-6 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 
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106495-4 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-11 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-13 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-2 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-10 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-3 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-5 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-12 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-1 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-15 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-16 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106495-14 Furnace Early Iron Age Uncertain Typological  Trøndelag Meråker 

106581-3 Furnace Roman Iron Age Documented Radiological (C 14) AD 230-415 Trøndelag Meråker 

106581-4 Furnace Early Iron Age Documented Radiological (C 14) BC 35 - AD 440 Trøndelag Meråker 

106581-5 Furnace Early Iron Age Documented Radiological (C 14) BC 35 - AD 440 Trøndelag Meråker 

106581-6 Furnace Early Iron Age Documented Radiological (C 14) BC 35 - AD 440 Trøndelag Meråker 

106581-2 Furnace Early Iron Age Documented Radiological (C 14) BC 35 - AD 440 Trøndelag Meråker 

106581-1 Furnace Roman Iron Age Documented Radiological (C 14) AD 130-375 Trøndelag Meråker 

106606-2 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

106753-2 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

106753-3 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

106753-4 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

106764-1 Furnace Roman Iron Age Documented Radiological (C 14) BC 20 - AD 135 Trøndelag Stjørdal 

106889-1 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107027-4 Furnace Roman Iron Age Uncertain Unknown BC 45 - AD 85 Trøndelag Stjørdal 

107027-5 Furnace Roman Iron Age Uncertain Unknown BC 45 - AD 85 Trøndelag Stjørdal 

107027-3 Furnace Roman Iron Age Uncertain Unknown BC 45 - AD 85 Trøndelag Stjørdal 
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107031-2 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-4 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-5 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-6 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-7 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-3 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107031-1 Furnace Early Iron Age Uncertain Typological  Trøndelag Stjørdal 

107041-2 Furnace Early Iron Age Uncertain Typological  Trøndelag Snåsa 

107084-1 Furnace Roman Iron Age Documented Radiological (C 14) 50 +/- 110 e.Kr. Trøndelag Snåsa 

107366-1 Furnace Migration Period Uncertain Radiological (C 14) 1520 + / - 90 BP (Beta - 104764) Vestland Ullensvang 

108664-1 Furnace Early Iron Age Uncertain Unknown  Vestland Eidfjord 

108882-3 Furnace Early Iron Age Uncertain Unknown  Vestland Eidfjord 

109026-1 Furnace Early Iron Age Uncertain Unknown  Agder Vennesla 

110239-1 Furnace Early Iron Age Uncertain Radiological (C 14)  Vestland Eidfjord 

110544-2 Furnace Early Iron Age Likely Typological  Innlandet Ringebu 

111007-3 Furnace Early Iron Age Uncertain Typological  Innlandet Østre Toten 

111007-2 Furnace Early Iron Age Uncertain Typological  Innlandet Østre Toten 

111007-4 Furnace Early Iron Age Uncertain Typological  Innlandet Østre Toten 

111159-2 Furnace Early Iron Age Likely Other  Trøndelag Stjørdal 

112863-1 Furnace Roman Iron Age Likely Other  Trøndelag Orkland 

112908-1 Furnace Roman Iron Age Likely Other  Trøndelag Orkland 

113563-1 Furnace Early Iron Age Likely Other  Trøndelag Orkland 

113709-1 Furnace Early Iron Age Likely Other  Trøndelag Oppdal 

114081-1 Furnace Roman Iron Age Documented Radiological (C 14) AD 140-380 lab.ref T-10401 Trøndelag Rennebu 

114274-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

114282-1 Furnace Early Iron Age Likely Other  Trøndelag Rennebu 

115195-1 Furnace Early Iron Age Likely Other  Trøndelag Tydal 

115196-1 Furnace Early Iron Age Likely Typological  Trøndelag Tydal 
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121974-1 Furnace Early Iron Age Likely Other  Trøndelag Midtre Gauldal 

122332-1 Furnace Early Iron Age Documented Radiological (C 14) 380-540 Trøndelag Midtre Gauldal 

122333-4 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Midtre Gauldal 

122333-6 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Midtre Gauldal 

122333-7 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Midtre Gauldal 

122333-3 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Midtre Gauldal 

122333-5 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Midtre Gauldal 

122439-1 Furnace Early Iron Age Uncertain Unknown  Møre og Romsdal Molde 

127627-2 Furnace Roman Iron Age Likely Typological  Innlandet Øystre Slidre 

127627-1 Furnace Roman Iron Age Likely Typological  Innlandet Øystre Slidre 

140418-1 Furnace Merovingian Period Documented Radiological (C 14) 1295 +/-35 bp (AD675-775) (T-16692) Møre og Romsdal Surnadal 

141255-2 Furnace Early Iron Age Likely Other  Innlandet Løten 

141255-3 Furnace Early Iron Age Likely Other  Innlandet Løten 

158138-1 Furnace Early Iron Age Likely Typological  Vestfold og Telemark Seljord 

159683-2 Furnace Migration Period Documented Radiological (C 14)  Innlandet Løten 

172234-1 Furnace Roman Iron Age Likely Other  Trøndelag Melhus 

172237-3 Furnace Roman Iron Age Likely Other  Trøndelag Melhus 

177822-4 Furnace Roman Iron Age Uncertain Other  Trøndelag Rennebu 

177822-5 Furnace Roman Iron Age Uncertain Other  Trøndelag Rennebu 

178871-1 Furnace Early Iron Age Likely Typological  Innlandet Ringsaker 

211638-4 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211638-6 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211638-3 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211638-5 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211638-7 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211913-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211915-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 
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211919-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211923-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211926-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211927-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211928-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211941-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211951-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211954-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211960-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211966-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211970-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211971-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211972-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211976-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211980-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211984-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211985-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211986-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211987-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211989-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211992-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211994-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211996-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211998-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

211999-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

212001-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

213338-2 Furnace Migration Period Documented Radiological (C 14) 390-540 v.t. Agder Hægebostad 

213338-1 Furnace Roman Iron Age Documented Radiological (C 14) 240-395 v.t. Agder Hægebostad 
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217228-1 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Holtålen 

217238-1 Furnace Early Iron Age Likely Typological  Trøndelag Selbu 

217241-1 Furnace Early Iron Age Uncertain Other  Trøndelag Holtålen 

217250-1 Furnace Early Iron Age Likely Typological  Trøndelag Selbu 

217260-1 Furnace Early Iron Age Likely Unknown  Trøndelag Holtålen 

217261-1 Furnace Early Iron Age Documented Radiological (C 14)  Trøndelag Selbu 

217272-1 Furnace Early Iron Age Likely Unknown  Trøndelag Holtålen 

217275-1 Furnace Early Iron Age Likely Typological  Trøndelag Selbu 

218340-1 Furnace Early Iron Age Documented Radiological (C 14) 60-130 Trøndelag Midtre Gauldal 

218345-1 Furnace Early Iron Age Documented Radiological (C 14) 20-120 Trøndelag Midtre Gauldal 

218430-1 Furnace Early Iron Age Likely Typological  Trøndelag Midtre Gauldal 

218431-1 Furnace Early Iron Age Likely Typological  Trøndelag Midtre Gauldal 

221183-1 Furnace Early Iron Age Likely Typological  Vestfold og Telemark Tinn 

221419-1 Furnace Early Iron Age Likely Typological  Viken Nesbyen 

221656-1 Furnace Early Iron Age Likely Typological  Trøndelag Midtre Gauldal 

221656-3 Furnace Early Iron Age Likely Typological  Trøndelag Midtre Gauldal 

221656-2 Furnace Early Iron Age Likely Typological  Trøndelag Midtre Gauldal 

224975-1 Furnace Early Iron Age Documented Other  Trøndelag Rennebu 

225244-1 Furnace Roman Iron Age Likely Other  Trøndelag Rennebu 

229595-3 Furnace Early Iron Age Likely Typological  Innlandet Vestre Slidre 

229595-2 Furnace Early Iron Age Likely Typological  Innlandet Vestre Slidre 

231103-0 Furnace Early Iron Age Likely Typological  Trøndelag Holtålen 

232633-0 Furnace Early Iron Age Likely Typological  Vestland Ulvik 

247554-1 Furnace Early Iron Age Uncertain Typological  Innlandet Ringebu 

247554-2 Furnace Early Iron Age Uncertain Typological  Innlandet Ringebu 

249802-1 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 

249802-2 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 
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249802-3 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 

249807-1 Furnace Early Iron Age Likely Typological  Innlandet Gausdal 

249807-2 Furnace Early Iron Age Likely Typological  Innlandet Gausdal 

263241-1 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 

263241-3 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 

263241-2 Furnace Early Iron Age Likely Typological  Innlandet Lillehammer 
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Appendix I Classification of Viking Age furnaces by type 

Name 
Inner 
diameter Furnace type Date range Source 

Stavnes S32 30 Unknown AD 1000-1430 (Russ, 2012) 

Hovden S1 I 30 Stone box AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

 Hovden S1 II 30 No foundation AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

Hovden S1 III 40 Stone box AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

Hovden S2  NR No foundation AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

Hovden S3 35 Stone box AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

Hovden S4 30 Stone box AD 880-1405 (Kile-Vesik and Tsigaridas Glørstad, 2014) 

Sudndalen A165 50 Stone box AD 715-1395 (Johansson, 2012) 

Høksjøberget 121321 NR Unknown AD 1020-1260 (Kile-Vesik, 2014) 

Beito A100 40 Stone box AD 1042-1225 (Kile-Vesik, 2016a) 

Okshovd Vestre S10 40 Stone box AD 1035-1265 (Gundersen, 2012b) 

Okshovd Vestre S11 40 Stone box AD 1035-1265 (Gundersen, 2012b) 

Lille Rudi noID 32 Unknown AD 885-990 (Gundersen, 2012a) 

Varpe Bru A1270 25 No foundation AD 890-1030 (Mojaren Gran, 2015) 

Opdal A100 NR Unknown AD 885-1225 (Kile-Vesik, 2016b) 

Loftsgården Nordre R1 NR Unknown AD 1285-1395 (Skogsfjord, 2006) 

Gudbrandslie R6 S3004 40 No foundation AD 885-1030 (Mjærum, 2006b) 

Gudbrandslie R31 S1008 35 FLBF AD 715-1285 (Tveiten, 2008b) 

Gudbrandslie R31 S1013 c. 43 FLBF AD 715-1285 (Tveiten, 2008b) 

Gudbrandslie R31 S1014 c. 35 Stone box AD 715-1285 (Tveiten, 2008b) 

Gudbrandslie R31 S1017 c.45 Stone box AD 715-1285 (Tveiten, 2008b) 

Gudbrandslie R31 S1028 30 FLBF AD 715-1285 (Tveiten, 2008b) 

Gudbrandslie R36 S4023 34 Stone box AD 890-990 (Gundersen, 2008) 

Gudbrandslie R36 no ID NR Unknown AD 1040-1195 (Mjærum, 2006c) 

Gudbrandslie R48 S5003 c. 40 Stone box AD 1005-1035 (Tveiten, 2008a) 

Gudbrandslie R160 S2005 c. 30 Stone box AD 1025-1275 (Mjærum, 2006a) 

Gudbrandslie R160 S2027 c. 55 Stone box AD 670-785 (Mjærum, 2006a) 

Tørrisheisen S-8 35 Stone box AD 820-985 (Tveiten, 2008c) 

Tørrisheisen S-9 40 Stone box AD 870-980 (Tveiten, 2008c) 

Tørrisheisen S-10 c. 40 Stone box AD 1000-1165 (Tveiten, 2008c) 

Tørrisheisen S-13 75 Stone box AD 1000-1165 (Tveiten, 2008c) 

Sekshus 38 No foundation AD 1285-1630 (Larsen, 2018b) 

Li Søndre S18 23 Stone box AD 685-780 (Langvik Berge, 2011b) 

Li Søndre S22 40 Stone box AD 650-675 (Langvik Berge, 2011b) 

Li Søndre S23 NR Stone box AD 650-675 (Langvik Berge, 2011b) 

Bjeldbøle 1 30 Stone box AD 1130-1275 (Larsen, 2018a) 

Bjeldbøle 2 40 Unknown AD 1130-1275 (Larsen, 2018a) 

Beito A3967 38 Stone box AD 1215-1285 (Wenn, 2016a) 

Javnlie A107 50 Stone box AD 1020-1400 (Kile-Vesik, 2017a) 

Holm 200003 c. 70 Stone foundation AD 985-1040 (Engtrø and Sauvage, 2015) 

Håen 2 NR Stone foundation AD 885-1025 (Stenvik, 1988) 

Skistua/Vintervatn 30 Stone foundation AD 885-1025 Site visit 



Appendices 

 

| 518 |  
 

Farhovd S48/2 38 Stone box AD 975-1035 (Mjærum, 2004b) 

Skarsgard A101 NR Unknown AD 900-1275 (Kile-Vesik, 2017b) 

Gjevsjøen 107085-1 NR Unknown AD 685-885 Askeladden 

Storbekken II NR Stone foundation AD 980-1040 (Stenvik, 1989) 

Storbekken III NR Stone foundation AD 1020-1220 (Stenvik, 1989) 

Storbekken V NR Stone foundation AD 775-885 (Stenvik, 1989) 

Dokkfløy DR75 37 Stone box AD 583-937 (Larsen, 1991) 

Dokkfløy DR161 NR Unknown AD 712-1030 (Larsen, 1991) 

Dokkfløy DR224 c. 40 No foundation AD 672-989 (Larsen, 1991) 

Dokkfløy DR262 50 Stone foundation AD 717-1015 (Larsen, 1991) 

Dokkfløy DR187 33 Stone box AD 1023-1248 (Larsen, 1991) 

Dokkfløy DR208 37 Stone foundation AD 1254-1438 (Larsen, 1991) 

Dokkfløy DR226 c. 40 Stone box AD 1294-1411 (Larsen, 1991) 

Dokkfløy DR1a 35 Stone box AD 1053-1396 (Larsen, 1991) 

Dokkfløy DR1b 35 Stone box AD 1053-1396 (Larsen, 1991) 

Dokkfløy DR1c 35 Stone box AD 1053-1396 (Larsen, 1991) 

Dokkfløy DR1d 35 Stone box AD 1053-1396 (Larsen, 1991) 

Dokkfløy DR13a NR Stone box AD 1284-1410 (Larsen, 1991) 

Dokkfløy DR13b NR Stone box AD 1284-1410 (Larsen, 1991) 

Dokkfløy DR13c NR Stone box AD 1284-1410 (Larsen, 1991) 

Dokkfløy DR19a NR Stone box AD 1266-1411 (Larsen, 1991) 

Dokkfløy DR19b NR Stone box AD 1266-1411 (Larsen, 1991) 

Dokkfløy DR36a 35 Stone box AD 1186-1405 (Larsen, 1991) 

Dokkfløy DR36b NR Stone box AD 1186-1405 (Larsen, 1991) 

Dokkfløy DR36c 35 Stone box AD 1186-1405 (Larsen, 1991) 

Dokkfløy DR63a 33 Stone box AD 688-1036 (Larsen, 1991) 

Dokkfløy DR63b 40 Stone box AD 688-1036 (Larsen, 1991) 

Dokkfløy DR63c 40 Stone box AD 1045-1273 (Larsen, 1991) 

Dokkfløy DR69a 35 Stone box AD 1228-1434 (Larsen, 1991) 

Dokkfløy DR69b 35 Stone box AD 1187-1388 (Larsen, 1991) 

Dokkfløy DR69c 35 Stone box AD 1187-1388 (Larsen, 1991) 

Dokkfløy DR46a NR Stone box AD 1285-1462 (Larsen, 1991) 

Dokkfløy DR46b 40 Stone box AD 1285-1462 (Larsen, 1991) 

Dokkfløy DR59a 35 Stone box AD 1020-1258 (Larsen, 1991) 

Dokkfløy DR59b 43 Stone box AD 1050-1383 (Larsen, 1991) 

Dokkfløy DR59c 50 Stone box AD 1050-1383 (Larsen, 1991) 

Dokkfløy DR221a c. 30 No foundation AD 1045-1228 (Larsen, 1991) 

Dokkfløy DR221b 30 Stone box AD 1045-1228 (Larsen, 1991) 

Dokkfløy DR56a 37 No foundation AD 1053-1387 (Larsen, 1991) 

Dokkfløy DR56b 37 No foundation AD 1207-1620 (Larsen, 1991) 

Nystaul nr. 7 1A 45 FLBF AD 570-820 (Martens and Rosenqvist, 1988) 

Nystaul nr. 7 1B 40 FLBF AD 570-820 (Martens and Rosenqvist, 1988) 

Erlandsgard 5 40 Stone box AD 620-800 (Martens and Rosenqvist, 1988) 

Erlandsgard 6 40 Stone box AD 460-640 (Martens and Rosenqvist, 1988) 

Søndre Hovden 13 I 35 Stone box AD 650-920 (Martens and Rosenqvist, 1988) 

Søndre Hovden 13 II c. 30 Stone box AD 610-760 (Martens and Rosenqvist, 1988) 
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Søndre Hovden 14 70 Stone box AD 460-640 (Martens and Rosenqvist, 1988) 

Vestre Langhaugen 6 42 Stone box AD 620-950 (Martens and Rosenqvist, 1988) 

Varland nr. 4 90 Stone box AD 670-880 (Martens and Rosenqvist, 1988) 

Nystaul nr. 4 37 Stone box AD 950-1140 (Martens and Rosenqvist, 1988) 

Nystaul nr. 5 NR Unknown AD 820-1000 (Martens and Rosenqvist, 1988) 

Nystaul nr. 6 40 Stone box AD 820-950 (Martens and Rosenqvist, 1988) 

Skarbjåen nr. 7 30 Stone box AD 1060-1290 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 2 I 33 Stone box AD 930-1120 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 2 II 30 Stone box AD 930-1120 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 2 III NR Stone box AD 930-1120 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 3 I 53 Stone box AD 970-1180 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 3 II 43 Stone box AD 970-1180 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 3 III 44 Stone box AD 970-1180 (Martens and Rosenqvist, 1988) 

Erlandsgard nr. 3 IV 37 Stone box AD 890-1120 (Martens and Rosenqvist, 1988) 

Skarbjåen nr. 3 I c. 45 Stone box AD 920-1080 (Martens and Rosenqvist, 1988) 

Skarbjåen nr. 3 II c. 30 Stone box AD 920-1080 (Martens and Rosenqvist, 1988) 

Søndre Hovden 5 35 Stone box AD 890-1070 (Martens and Rosenqvist, 1988) 

Velurhaugen 3 35 Stone box AD 1180-1310 (Martens and Rosenqvist, 1988) 

Martinvika 1 NR Stone box AD 940-1080 (Martens and Rosenqvist, 1988) 

Homvassbekken nr. 5 I 45 Stone box AD 980-1180 (Martens and Rosenqvist, 1988) 

Homvassbekken nr. 5 II 45 Stone box AD 1020-1190 (Martens and Rosenqvist, 1988) 

Homvassbekken nr. 5 III NR Stone box AD 1020-1190 (Martens and Rosenqvist, 1988) 

Søndre Hovden 32 Stone box AD 1090-1260 (Martens and Rosenqvist, 1988) 

Gråfjell JFP. 1 I 35 Stone foundation AD 1044-1271 (Rundberget, 2007b) 

Gråfjell JFP. 1 II 30 Stone foundation AD 1021-1248 (Rundberget, 2007b) 

Gråfjell JFP. 1 III NR Unknown AD 1021-1248 (Rundberget, 2007b) 

Gråfjell JFP. 2 I 30 Unknown AD 1036-1296 (Rundberget, 2007b) 

Gråfjell JFP. 2 II 23 Unknown AD 1169-1290 (Rundberget, 2007b) 

Gråfjell JFP. 3I 35 Unknown AD 1170-1406 (Rundberget, 2007b) 

Gråfjell JFP. 3 II 38 Unknown AD 1027-1270 (Rundberget, 2007b) 

Gråfjell JFP. 3 III 42 Stone foundation AD 775-1148 (Rundberget, 2007b) 

Gråfjell JFP. 3 IV 46 Unknown AD 897-1151 (Rundberget, 2007b) 

Gråfjell JFP. 4 44 Stone foundation AD 995-1255 (Rundberget, 2007b) 

Gråfjell JFP. 5 I c. 30 Stone foundation AD 1027-1270 (Rundberget, 2007b) 

Gråfjell JFP. 5 II 30 Stone foundation AD 1027-1270 (Rundberget, 2007b) 

Gråfjell JFP. 5 III 30 Stone foundation AD 1037-1293 (Rundberget, 2007b) 

Gråfjell JFP. 5 IV 35 Stone foundation AD 1046-1393 (Rundberget, 2007b) 

Gråfjell JFP. 5 V 30 Stone foundation AD 984-1254 (Rundberget, 2007b) 

Gråfjell JFP. 5 VI 35 Stone foundation AD 984-1254 (Rundberget, 2007b) 

Gråfjell JFP. 6 I 27 Stone foundation AD 1037-1282 (Rundberget, 2007b) 

Gråfjell JFP. 6 II 30 Stone foundation AD 1037-1286 (Rundberget, 2007b) 

Gråfjell JFP. 7 33 Stone foundation AD 1050-1278 (Rundberget, 2007b) 

Gråfjell JFP. 8 I 40 Stone foundation AD 1044-1271 (Rundberget, 2007b) 

Gråfjell JFP. 8 II 38 Stone foundation AD 1160-1410 (Rundberget, 2007b) 

Gråfjell JFP. 8 III 25 Stone foundation AD 905-1258 (Rundberget, 2007b) 
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Gråfjell JFP. 9 I 33 Stone foundation AD 778-1215 (Rundberget, 2007b) 

Gråfjell JFP. 9 II 40 Stone foundation AD 1035-1280 (Rundberget, 2007b) 

Gråfjell JFP. 9 III 40 Stone foundation AD 907-1219 (Rundberget, 2007b) 

Gråfjell JFP. 9 IV 38 Stone foundation AD 1046-1393 (Rundberget, 2007b) 

Gråfjell JFP. 10 30 Stone foundation AD 780-1148 (Rundberget, 2007b) 

Gråfjell JFP. 11 I 30 Stone foundation AD 995-1258 (Rundberget, 2007b) 

Gråfjell JFP. 11 II 30 Stone foundation AD 1030-1297 (Rundberget, 2007b) 

Gråfjell JFP. 12 I 45 Stone foundation AD 1297-1431 (Rundberget, 2007b) 

Gråfjell JFP. 12 II 38 Stone foundation AD 990-1255 (Rundberget, 2007b) 

Gråfjell JFP. 12 III 34 Stone foundation AD 983-1222 (Rundberget, 2007b) 

Gråfjell JFP. 12 IV 32 No foundation AD 1025-1255 (Rundberget, 2007b) 

Gråfjell JFP. 12 V 50 No foundation AD 889-1210 (Rundberget, 2007b) 

Gråfjell JFP. 12 VI 60 Stone foundation AD 1031-1248 (Rundberget, 2007b) 

Gråfjell JFP. 13 I 20 Stone foundation AD 1164-1404 (Rundberget, 2007b) 

Gråfjell JFP. 13 II 35 Stone foundation AD 1155-1285 (Rundberget, 2007b) 

Gråfjell JFP. 14 I 38 Stone foundation AD 998-1261 (Rundberget, 2007b) 

Gråfjell JFP. 14 II 32 Stone foundation AD 1020-1271 (Rundberget, 2007b) 

Gråfjell JFP. 14 III 29 Stone foundation AD 987-1185 (Rundberget, 2007b) 

Gråfjell JFP. 15 I NR Stone foundation AD 1165-1398 (Rundberget, 2007b) 

Gråfjell JFP. 15 II 30 Stone foundation AD 1042-1284 (Rundberget, 2007b) 

Gråfjell JFP. 16 25 Stone foundation AD 1033-1264 (Rundberget, 2007b) 

Gråfjell JFP. 17 38 Stone foundation AD 1034-1276 (Rundberget, 2007b) 

Gråfjell JFP. 18 NR No foundation AD 562-876 (Rundberget, 2007b) 

Gråfjell JFP. 19 I 33 Stone foundation AD 1017-1184 (Rundberget, 2007b) 

Gråfjell JFP. 19 II 33 Stone foundation AD 1160-1295 (Rundberget, 2007b) 

Gråfjell JFP. 20 I 30 Stone foundation AD 1058-1405 (Rundberget, 2007b) 

Gråfjell JFP. 20 II 30 Stone foundation AD 1022-1189 (Rundberget, 2007b) 

Gråfjell JFP. 23 I 40 Stone foundation AD 1025-1275 (Rundberget, 2007b) 

Gråfjell JFP. 23 II 40 Stone foundation AD 1215-1410 (Rundberget, 2007b) 

Gråfjell JFP. 23 III 35 Stone foundation AD 1035-1285 (Rundberget, 2007b) 

Gråfjell JFP. 28 I 30 Stone foundation AD 1030-1281 (Rundberget, 2007b) 

Gråfjell JFP. 28 II 40 Stone foundation AD 1045-1381 (Rundberget, 2007b) 

Gråfjell JFP. 29 I 40 Stone foundation AD 893-1184 (Rundberget, 2007b) 

Gråfjell JFP. 29 II 30 Stone foundation AD 893-1184 (Rundberget, 2007b) 

Gråfjell JFP. 29 III 30 Stone foundation AD 1043-1286 (Rundberget, 2007b) 

Gråfjell JFP. 29 IV 27 Stone foundation AD 1015-1265 (Rundberget, 2007b) 

Gråfjell JFP. 30 I 35 Stone foundation AD 777-1157 (Rundberget, 2007b) 

Gråfjell JFP. 30 II NR No foundation AD 687-980 (Rundberget, 2007b) 

Gråfjell JFP. 30 III NR Stone foundation AD 771-1146 (Rundberget, 2007b) 

Gråfjell JFP. 30 IV 30 Stone foundation AD 1046-1294 (Rundberget, 2007b) 

Gråfjell JFP. 31 I 40 Stone foundation AD 971-1255 (Rundberget, 2007b) 

Gråfjell JFP. 31 II 40 Stone foundation AD 1050-1383 (Rundberget, 2007b) 

Gråfjell JFP. 32 I 35 Stone foundation AD 895-1218 (Rundberget, 2007b) 

Gråfjell JFP. 32 II 40 Stone foundation AD 1016-1252 (Rundberget, 2007b) 

Gråfjell JFP. 33 I 40 Stone foundation AD 995-1258 (Rundberget, 2007b) 

Gråfjell JFP. 33 II NR Stone foundation AD 1049-1395 (Rundberget, 2007b) 
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Gråfjell JFP. 34 II 30 Stone foundation AD 1190-1413 (Rundberget, 2007b) 

Gråfjell JFP. 34 III 35 No foundation AD 1040-1278 (Rundberget, 2007b) 

Gråfjell JFP. 34 IV 33 Stone foundation AD 1034-1276 (Rundberget, 2007b) 

Gråfjell JFP. 36 30 Stone foundation AD 1034-1279 (Rundberget, 2007b) 

Gråfjell JFP. 39 NR Stone foundation AD 900-1165 (Rundberget, 2007b) 

Rødsmoen R370a K10 24 No foundation AD 689-1020 (Narmo, 1997) 

Rødsmoen R370a K11 44 No foundation AD 645-890 (Narmo, 1997) 

Rødsmoen R370a K12 60 No foundation AD 1028-1245 (Narmo, 1997) 

Rødsmoen R370a K13b 46 No foundation AD 775-1012 (Narmo, 1997) 

Rødsmoen R434 K6 100 No foundation AD 428-641 (Narmo, 1997) 

Rødsmoen R456 K5B 80 Stone foundation AD 889-1203 (Narmo, 1997) 

Rødsmoen R305 K5 30 Stone foundation AD 1044-1271 (Narmo, 1997) 

Rødsmoen R305 K8 30 Unknown AD 1040-1270 (Narmo, 1997) 

Rødsmoen R695 K8 49 No foundation AD 890-1285 (Narmo, 1997) 

Rødsmoen R695 K12 NR No foundation AD 890-1285 (Narmo, 1997) 

Rødsmoen R17a K14 NR Stone foundation AD 901-1161 (Narmo, 1997) 

Rødsmoen R17a K20 66 Stone foundation AD 970-1219 (Narmo, 1997) 

Rødsmoen R17a K21 64 Stone foundation AD 970-1220 (Narmo, 1997) 

Røst Østgårdstrøen 5 60 FLBF AD 1165-1225 (Espelund, 2011a) 

Sandnesbekken 40 Unknown AD 1090-1250 (Espelund, 2011a) 

Håen 1 NR Stone foundation AD 625-820 (Espelund, 2013b) 
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Appendix J Reported slag composition for Viking Age and Merovingian period furnaces 

 

Furnace ID Furnace Date range Na2O MgO 
Al2O

3 
SiO2 P2O5 K2O CaO 

TiO

2 
MnO FeO BaO Method Source 

Stavenes S32 Møsvatn 
AD 1000-
1430 

0.7 0.6 6.9 19.2 0.1 1.2 1.3 2.0 0.1 57.5 0.0 ICP-AES (Russ, 2012) 

Hovden S1 Møsvatn 
AD 880-
1405 

0.5 0.7 6.8 20.7 0.1 1.2 1.3 0.4 5.1 58.8 0.1 

ICP-AES 
(Grandin and Englund, 2012b; Kile-
Vesik and Tsigaridas Glørstad, 2014) 

Hovden S2 
No 
foundation 

AD 880-
1405 

0.1 0.2 5.5 10.1 0.1 0.2 0.8 0.1 3.9 80.6 0.1 

Hovden S3 Møsvatn 
AD 880-
1405 

0.4 0.5 7.0 20.6 0.2 0.7 2.1 0.2 21.8 48.8 0.7 

Sudndalen A165 Møsvatn 
AD 715-
1395 

0.9 0.3 6.5 22.9 0.2 1.2 0.9 0.2 2.7 55.5 0.1 
ICP-AES 

(Grandin and Englund, 2012a; 
Johansson, 2012) 0.9 0.4 7.2 26.2 0.3 1.4 1.0 0.2 7.3 44.1 0.3 

Høksjøberget 
121321 

Hedmark 
AD 1020-
1260 

0.6 0.2 4.2 16.3 0.2 1.1 0.9 0.1 11.9 56.6 0.5 
ICP-AES 

(Ogenhall, Grandin and Englund, 
2013a; Kile-Vesik, 2014) 0.6 0.2 3.5 14.2 0.1 1.0 0.7 0.1 4.3 72.9 0.2 

Børstad A917 Østland 350-45 BC 

0.4 0.5 4.1 23.0 0.3 0.9 0.7 0.2 25.3 42.7 1.5 

SEM-EDS (Jouttijärvi, 2015b; Sæther, 2016) 

0.4 0.4 3.4 23.7 0.4 0.7 1.1 0.2 27.0 40.3 1.6 

0.4 0.5 4.1 24.6 0.4 0.8 1.5 0.2 27.0 37.3 1.3 

1.6 0.3 6.6 66.9 0.2 2.5 0.6 0.2 7.2 13.9 0.5 

0.4 0.5 3.6 24.7 0.4 0.8 1.7 0.2 22.4 42.2 1.2 

0.4 0.6 4.3 24.4 0.5 0.9 2.3 0.2 28.7 34.3 1.5 

0.4 0.4 3.7 25.2 0.5 0.8 1.5 0.2 28.3 35.1 1.8 

0.3 0.4 3.1 22.2 0.4 0.7 1.1 0.2 27.0 40.8 1.6 

0.6 0.6 4.9 30.9 0.5 1.0 1.4 0.3 23.6 33.0 1.1 

Englaug Østre 
A398 

Østland AD 325-690 

1.1 0.2 6.4 18.6 0.4 1.3 1.1 0.2 3.1 59.9 0.3 

SEM-EDS (Jouttijärvi, 2017; Martinsen, 2017) 0.4 0.2 5.9 18.0 0.5 0.9 0.8 0.1 2.8 67.7 0.3 

1.2 0.0 5.7 16.2 0.0 1.4 1.1 0.0 3.1 63.5 0.2 
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0.4 0.2 5.7 17.8 0.5 1.0 0.8 0.1 3.0 69.1 0.3 

1.1 0.2 5.9 18.8 0.4 1.0 0.9 0.1 2.3 61.8 0.3 

0.2 0.3 5.6 19.9 0.7 0.6 0.8 0.1 2.4 67.7 0.2 

Englaug Østre 
A408 

Østland AD 325-690 

0.5 0.2 3.9 13.5 0.3 0.3 1.4 0.3 1.8 69.6 0.0 

0.2 0.3 4.4 25.3 0.6 0.7 0.9 0.1 1.5 65.3 0.1 

0.6 0.0 4.2 16.1 0.2 0.6 0.9 0.2 2.0 66.5 0.3 

0.1 0.2 4.0 19.9 0.6 0.4 0.7 0.1 1.5 68.3 0.1 

0.8 0.0 4.6 19.0 0.1 0.9 1.0 0.2 1.9 63.8 0.1 

0.2 0.3 5.1 24.9 0.7 0.8 1.0 0.1 1.9 64.3 0.2 

Fagstad S1 Østland AD 60-678 

NR 0.6 4.9 21.7 7.1 1.0 1.9 0.2 13.3 48.8 0.2 

SEM-EDS (Espelund, 2006; Mjærum, 2006d)  
NR 0.6 4.9 23.0 6.7 0.9 1.8 0.2 12.6 48.7 0.2 

NR 0.5 6.8 21.6 2.4 0.8 0.9 0.2 12.6 54.1 0.3 

NR 0.4 2.0 8.5 4.2 0.5 0.9 0.1 2.0 81.0 0.1 

Beito A100 Møsvatn 
AD 1042-
1225 

0.9 0.7 8.6 26.0 0.3 1.1 2.1 0.2 4.6 60.8 0.3 ICP-AES & 
ICP-QMS 

(Ogenhall, Grandin and Englund, 
2013b; Kile-Vesik, 2016a) 0.8 0.7 9.0 19.9 0.3 0.8 1.8 0.2 5.9 64.2 0.4 

Okshovd vestre 
S10 

Møsvatn 
AD 1035-
1265 

1.0 1.1 6.8 27.5 0.4 1.8 2.6 0.3 0.9 56.2 0.1 
ICP-AES & 
ICP-QMS 

(Grandin, 2011a; Gundersen, 2012b) 
Okshovd vestre 
S11 

Møsvatn 
AD 1035-
1265 

0.9 0.9 6.9 22.6 0.5 1.5 2.6 0.2 0.7 60.2 0.1 

Lille Rudi Møsvatn 
AD 885-
990 

0.5 0.9 6.6 23.3 0.5 1.4 1.6 0.3 10.9 50.2 0.3 

ICP-AES & 
ICP-QMS 

(Grandin, 2011b; Gundersen, 2012a) 0.3 0.9 6.1 21.5 0.4 1.0 1.1 0.2 9.4 55.4 0.5 

0.5 0.9 6.1 21.7 0.5 1.3 1.6 0.3 12.3 52.7 0.3 

Holen S1 Østland 
400-385 
BC 

0.2 0.3 2.5 17.0 0.4 0.4 1.0 0.2 12.9 57.9 0.4 
XRF (Storrusten, 2009; Grandin, 2010a) 

NR 0.3 3.2 21.2 0.1 0.4 1.1 0.2 14.9 57.1 0.7 

Kristianslund 2 
S1 

Østland 395-370 BC 0.2 0.3 2.2 10.4 0.4 0.3 0.8 0.1 2.7 76.0 0.2 
ICP-AES & 
ICP-QMS 

(Grandin, 2010b; Langvik Berge, 2011a) 

Fjergen Trøndelag AD 115-500 

0.8 0.6 7.0 21.8 0.4 0.8 1.2 0.4 12.8 53.1 NR 

XRF (Espelund, 1996; Stenvik, 1996) 
NR 0.7 7.0 24.2 NR NR 0.5 0.5 9.8 53.7 NR 

NR 0.7 5.7 22.6 NR NR 0.4 0.5 7.0 60.5 NR 

NR 0.7 6.0 22.4 NR NR 0.3 0.5 7.8 59.9 NR 
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NR 0.5 5.4 20.3 NR NR NR 0.5 9.3 61.8 NR 

NR 1.2 8.9 32.9 NR NR 0.9 0.8 8.8 43.1 NR 

NR 0.7 7.0 25.1 NR NR 0.5 0.6 8.0 54.8 NR 

Eidsvoll Verk 
S449 

Østland 387-116 BC 

0.6 0.5 2.3 10.0 0.1 0.2 0.5 0.0 0.4 84.9 0.0 

SEM-EDS (Jouttijärvi, 2014; Sæther, 2015)  

0.7 0.6 2.4 9.4 0.2 0.1 0.8 0.0 0.6 84.8 0.0 

1.4 0.8 5.8 19.9 0.1 0.8 0.9 0.2 0.3 69.5 0.0 

0.7 0.5 1.2 6.1 0.1 0.1 0.3 0.0 0.4 90.2 0.0 

0.9 0.5 2.0 10.4 0.1 0.2 0.6 0.0 0.4 84.2 0.0 

0.7 0.5 2.1 8.7 0.3 0.1 0.4 0.0 0.5 86.4 0.0 

1.2 1.0 7.1 23.0 0.1 1.7 0.8 0.2 0.3 64.5 0.0 

0.8 0.7 3.4 12.6 0.1 0.3 0.9 0.1 0.5 80.4 0.0 

0.7 0.6 2.4 10.5 0.1 0.2 0.7 0.1 0.5 83.8 0.0 

0.6 0.5 1.0 6.6 0.2 0.1 0.3 0.0 0.6 89.8 0.1 

0.7 0.7 3.2 14.0 0.1 0.3 0.9 0.1 0.5 79.0 0.0 

1.0 0.9 4.7 20.0 0.3 0.8 1.4 0.1 0.5 70.0 0.0 

1.0 0.5 5.6 17.5 0.3 1.1 1.1 0.1 0.6 71.8 0.0 

1.0 0.7 4.6 15.0 0.2 0.9 0.7 0.1 0.4 75.7 0.0 

Storbekken II Trøndelag 2 
AD 980-
1040 

NR 0.6 6.7 28.9 0.1 0.9 1.3 0.4 1.7 58.4 NR XRF (Buchwald, 2005) 

Nystaul nr. 7 FLBF AD 570-820 NR 0.2 2.2 5.4 0.1 NR 0.9 NR 1.6 72.2 NR 

AAS (Martens and Rosenqvist, 1988) 

Erlandsgard 6 Møsvatn 
AD 460-
640 

NR 0.1 2.9 6.4 0.2 NR 0.3 NR 0.3 66.1 NR 

Hovden 13 I Møsvatn AD 650-920 
NR 0.3 2.9 7.0 0.2 NR 0.8 NR 0.2 66.4 NR 

NR 0.2 3.4 8.4 0.2 NR 0.6 NR 0.2 55.5 NR 

Hovden 13 II Møsvatn AD 610-760 NR 0.4 4.2 11.6 0.2 NR 1.5 NR 0.2 59.3 NR 

Vestre 
Langhaugen 6 

Møsvatn AD 620-950 
NR 0.9 4.4 12.2 0.3 NR 1.9 NR 0.5 50.4 NR 

NR 0.3 3.0 11.3 0.1 NR 0.9 NR 0.1 67.5 NR 
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Varland nr. 4 Møsvatn 
AD 670-
880 

NR 0.4 4.4 17.8 0.2 NR 1.4 NR 0.8 59.3 NR 

Nystaul nr. 4 Møsvatn 
AD 950-
1140 

NR 0.5 5.5 23.5 0.3 NR 1.7 NR 9.8 46.7 NR 

Nystaul nr. 6 Møsvatn 
AD 820-
950 

NR 0.3 4.5 9.2 0.2 NR 1.0 NR 0.9 65.9 NR 

Skarbjåen nr. 7 Møsvatn 
AD 1060-
1290 

NR 0.7 6.6 24.0 0.3 NR 1.3 NR 8.0 48.1 NR 

Erlandsgard nr. 
2 I 

Møsvatn 
AD 930-
1120 

NR 0.4 5.3 24.5 0.6 NR 1.1 NR 1.5 45.8 NR 

NR 0.4 5.6 28.0 0.4 NR 1.3 NR 1.5 48.8 NR 

Erlandsgard nr. 
3 I 

Møsvatn 
AD 970-
1180 

NR 0.7 9.9 50.0 0.3 NR 1.5 NR 0.9 26.4 NR 

NR 0.6 5.9 26.0 0.3 NR 1.5 NR 0.8 52.5 NR 

Erlandsgard nr. 
3 II 

Møsvatn 
AD 970-
1180 

NR 0.4 6.0 25.0 0.3 NR 1.3 NR 0.6 54.0 NR 

Martinvika 1 Møsvatn 
AD 940-
1080 

NR 0.4 5.3 10.0 0.3 NR 1.1 NR 0.2 65.2 NR 

Homvassbekken 
nr. 5 I 

Møsvatn 
AD 980-
1180 

NR 0.4 6.1 24.5 0.3 NR 1.4 NR 0.4 26.1 NR 

Søndre Hovden Møsvatn 
AD 1090-
1260 

NR 0.2 6.1 26.0 0.2 NR 0.9 NR 0.6 50.4 NR 

Gråfjell  JFP. 1 Hedmark 
AD 1021-
1271 

NR 0.0 1.9 14.9 1.4 0.7 1.1 0.1 13.4 65.6 NR 

ICP-AES & 
ICP-QMS 

(Espelund, 2003b, 2003a, 2004; 
Andersson et al., 2006; Rundberget, 
2007b)  

NR 0.0 3.0 20.3 1.4 0.8 1.4 0.2 12.2 59.9 NR 

NR 0.0 3.6 17.3 1.1 1.1 1.2 0.2 9.4 65.2 NR 

NR 0.0 1.7 14.7 1.4 1.0 1.3 0.1 9.0 70.0 NR 

NR 0.0 4.1 23.0 1.0 1.0 1.5 0.3 12.5 55.8 NR 

NR 0.0 3.5 18.3 1.3 0.6 1.0 0.2 7.1 66.8 NR 

Gråfjell JFP. 9 Hedmark 
AD 778-
1280 

NR 0.7 4.3 21.1 0.9 1.3 2.4 0.2 13.7 54.5 0.5 

NR 0.4 3.0 14.0 0.7 0.6 1.0 0.1 14.8 64.4 0.7 

NR 0.4 1.8 5.9 0.7 0.3 0.7 0.0 14.8 74.7 0.7 

NR 0.5 4.0 12.6 1.0 0.9 1.0 0.1 23.1 55.8 0.9 

Gråfjell JFP. 29 Hedmark 
AD 893-
1184 

0.4 0.3 4.7 14.1 0.2 0.7 0.8 0.1 16.5 59.1 0.7 

0.3 0.3 4.5 12.8 0.2 0.8 1.0 0.1 18.7 59.8 0.8 

GråfjellJFP. 33 I Hedmark 
AD 995-
1258 

0.3 0.4 4.6 25.0 2.3 1.3 1.0 0.2 5.9 60.3 0.2 
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Gråfjell JFP. 34 
II 

Hedmark 
AD 1190-
1413 

0.1 0.3 3.0 13.8 1.8 0.7 1.0 0.1 8.4 71.6 0.4 

Gråfjell JFP. 39 Hedmark 
AD 900-
1165 

NR 0.5 3.5 17.0 0.8 1.4 2.0 0.2 11.4 62.2 NR 

NR 0.4 6.4 20.2 1.0 1.2 1.4 0.3 18.2 50.2 NR 

NR 0.1 6.0 19.9 0.8 1.0 0.9 0.1 21.8 45.9 NR 

NR 0.5 5.5 18.3 3.3 1.9 2.5 0.2 5.7 62.0 NR 

NR 1.4 7.9 25.6 0.2 NR 2.1 0.4 4.8 56.5 NR 

Rødsmoen 
R370a K9 

No 
foundation 

AD 689-
1020 

NR 0.6 6.4 20.6 0.1 1.9 0.8 0.4 2.1 63.6 0.1 

XRF (Espelund, 2003a) 
Rødsmoen R695 
K8 

No 
foundation 

AD 890-
1285 

NR 0.4 0.2 26.0 0.2 0.0 0.5 NR 34.0 33.0 0.0 

Rødesmoen 
R695 K12 

No 
foundation 

AD 890-
1285 

NR 1.0 0.4 29.0 0.7 0.0 0.8 NR 24.0 44.0 0.0 

Røst 
Østgårdstrøen 

FLBF 
AD 1165-
1225 

NR 0.4 2.6 9.5 0.1 0.4 1.6 0.1 3.8 81.4 0.2 

XRF (Espelund, 2011a) 

NR 0.3 2.2 8.1 0.0 0.3 1.0 0.1 2.8 85.1 0.2 

NR 0.4 2.5 10.0 0.1 0.3 1.4 0.1 3.5 81.3 0.2 

NR 0.4 2.8 12.2 0.1 0.5 1.3 0.1 2.6 82.8 0.2 

NR 0.5 2.8 13.2 0.1 0.5 1.3 0.1 2.2 79.8 0.2 

NR 0.4 2.6 11.2 0.1 0.5 1.4 0.1 3.2 81.3 0.2 

NR 0.4 2.2 9.4 0.1 0.4 1.2 0.1 2.9 84.6 0.2 

Sandnesbekken Hedmark 
AD 1090-
1250 

NR 0.3 2.6 16.0 0.5 0.5 1.3 0.1 17.9 58.1 2.6 
XRF (Espelund, 2011a) 

NR 0.4 1.9 15.8 0.7 0.5 1.5 0.1 20.0 55.0 3.4 

Haug S104 Østland 
AD 265-
400 

0.2 0.0 2.9 21.3 0.7 0.5 0.8 0.2 26.9 33.2 3.2 ICP-AES & 
ICP-QMS 

(Eggen and Johansson, 2010; Grandin, 
2010c)  

Haug S105 Østland AD 620-655 0.2 0.1 3.3 19.9 0.5 0.5 1.0 0.2 19.5 43.9 2.6 

Heglesvollen Trøndelag 
103 BC - 
240 AD 

NR NR 5.6 24.8 NR NR 1.3 NR 4.0 47.2 NR 

XRF (Espelund, 1989) Vårhusvollen Trøndelag AD 75-250 NR NR 4.4 23.0 NR NR 1.0 NR 4.1 48.5 NR 

Tovmoen Trøndelag 
AD 350-
540 

NR NR 4.1 20.0 NR NR 0.9 NR 3.5 51.6 NR 

Storbekken I Trøndelag 
AD 350-
550 

NR 0.6 6.7 28.9 0.1 NR 1.3 0.4 1.7 58.4 NR XRF (Buchwald, 2005)  
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Kvien Østland 
AD 400-
435 

0.6 0.8 5.7 21.5 0.3 1.2 1.5 0.3 2.0 59.2 0.0 
ICP-AES & 
ICP-QMS 

 (Grandin, 2010d) 

Hausåker Østland 
540 BC-
385BC 

1.1 0.2 4.7 20.9 0.2 10.3 1.3 0.2 1.5 68.7 0.3 
ICP-AES & 
ICP-QMS 

 (Jouttijärvi, 2015a; Wenn, 2016b) 

 


