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Abstract 

 

This thesis presents the results of a two-pronged research methodology examining iron 

smelting in the Western Roman Empire. It combines exploration of epigraphic, literary and 

archaeological evidence into the contexts of iron production, with archaeometric analyses of a 

suite of debris and raw materials drawn from two sites of Roman period iron smelting in the 

Western Empire: Clatworthy in the southwest of the UK where smelting spanned the early 1st to 

late 2nd /early 3rd centuries, and Semlach-Eisner in the Carinthia region of Austria where ferrum 

Noricum was produced during the early 1st to early 4th centuries AD. 

By combining these two areas of research, variation in iron smelting at single sites over 

comparatively short periods of time was detected, and where evidence was sufficient, these 

were linked to fluctuations in the social, economic and other contexts. Sources of disruption 

most visible included the political upheaval of the mid-to-late 3rd century AD, and the change in 

administrative structure and increase in state oversight seen from the late 2nd century AD 

onwards. More localised fluctuations were discerned, though these remained difficult to resolve 

at both sites due to the limited Roman period archaeological evidence for the immediate 

regions.  

Exploring the context of production led to the development of a more pluralistic view of 

ownership and control of iron smelting in the Western Roman Empire, with private ownership 

and state taxation playing an important role. A review and synthesis of the available literary and 

archaeological evidence for ferrum Noricum and the archaeometric analyses of the Semlach-

Eisner site allowed this to be identified as a heterogeneous steely product produced in a slag-

tapping bloomery furnace, the production of which likely benefited from the manganese-

bearing ores present in the region. In addition, preliminary evidence of a trend towards 

cohesion in iron smelting across the Western Roman Empire was identified in the physical 

remains of smelting, raw material selection and smelting techniques.  
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1    INTRODUCTION 

1.1 Situating the Study 

The study of past technology is a recurrent preoccupation of archaeology: whilst not its ‘raison 

d’être’ as some might suggest (e.g. Dobres 2010, 103), it is key to a full understanding of the 

nature of many archaeological objects and to the activities of past people. Marx identified 

technology as strongly linked to society as early as the 19th century (MacKenzie 1996; Feenberg 

2010; Smith 2010), but since the 1970s the nature of technology and its relation to society has 

increasingly been subject to research and theorisation in a number of disciplines. Sociological, 

anthropological and archaeological researchers have all developed theories of the socially 

constructed nature of technology (cf. MacKenzie and Wajcman 1985 with Bourdieu 1977, 

Hodder 1986), and many of these approaches share notable similarities. They identify 

technology as an intrinsically social phenomenon (Lemonnier 1986, Latour 1991, Feenberg 

2010, 39), a product of social life and part of the construction of social life (Jasanoff 2004, 2), 

and establish technology as constructed collaboratively within groups, having multiple created 

and shared meanings and not existing separately from humans.  

This latter point is particularly emphasised by sociologists, where the rejection of technological 

determinism (e.g. in Bijker 2010) has been critical to establishing technology as a system or web 

of technical (see Gell 1988), social, organisational, economic and political aspects (Hughes 

1986). Critically, this theoretical structure establishes that technological processes can be 

different to each other depending on variation in other aspects of the system. Bijker’s (2010, 

66) term ‘socio-technological ensemble’ is particularly useful for conceptualising technology in 

this way, highlighting the complexity and interlocking nature of the different aspects which 

influence technological practice. It avoids falling into the trap of viewing technology as having a 

‘dual nature’ of social function and physical form (Faulkner et al. 2009; Kroes 2006) which can 

lead to a duality which is not analytically helpful (see Witmore 2007; Webmoor 2007; also see 

rejection of native vs. Roman, 2.1.2.2.2). It also avoids seeing technology as simply a ‘recipe’ 

(Dosi and Grazzi 2010, 173) of physical and cognitive acts. 

This conceptualisation of technology forms the background of this study, which is focussed on 

examining iron production in the Western Roman Empire. Taking this broad view of technology 

as a ‘socio-technological ensemble’ with all of the inter-related aspects that entails, means that 

a full understanding of technology requires examination not just of the physical processes but 

also of their contexts. Archaeological material from two sites where iron production occurred is 

analysed, but rather than dealing with the technologies employed at these sites in isolation, or 
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within their local settings only, a substantial study of the social, economic, ideological and 

political contexts of iron production in the Western Roman Empire is undertaken. This allows 

the study to tackle the ‘socio-technological ensemble’ of iron smelting during this period, rather 

than being limited to its isolated parts. 

Conventionally, the beginning of the Roman Empire is dated to 27BC, when the Roman senate 

gave Octavian the title Augustus and Imperium or ‘overarching power’ across the lands 

controlled by the Roman state. This had been immediately preceded by a period of expansion 

and civil war, and was immediately followed by continuing expansion of the Roman state until it 

reached its greatest extent in AD 117. It is during this period of continued expansion following 

the establishment of Imperium that the provinces of Britannia and Noricum, where the sites of 

interest are situated, came under Roman control, both becoming formalised provinces by the 

mid-1st century AD1 (Figure 1-1). The end of the Roman Empire in the west is traditionally given 

as AD 476, when the last Emperor in Rome was deposed. 

  

Figure 1-1 The Roman Empire at its greatest extent, c.117 AD, with Britannia (left) and Noricum 

(middle) indicated. CC BY-SA by Tataryn.  

This significant period of time, and substantial geographical range, could result in an 

overwhelming quantity of evidence, beyond that which could be examined within the time 

period of this research. In order to impose some boundaries on the research, the geographical 

region is therefore refined to that of the Western Empire. This is the area which in c.395AD 

became the ‘Western Roman Empire’ after the formal separation of the Empire into two halves 

                                                           
1 See section 6.2.2 for discussion 
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at the death of Theodosius I (Figure 1-2). Chronologically, the research is also restricted to c. 1st 

-4th centuries AD, with some limited reference to 5th century AD evidence where this is relevant.  

  

Figure 1-2 Western (red) and Eastern (purple) Roman Empires c.395 after the death of Theodosius, 

mapped over modern nation boundaries. CC BY-SA by Giorgi Balakhadza. 

Relying on Pliny’s assertion that ‘deposits of iron are formed everywhere’ (Nat.Hist. 34.41) 

some researchers have tended to see iron production in the Roman period as so ubiquitous that 

its procurement was ‘rarely problematic’ and therefore not of archaeological interest (e.g. 

Edmondson 1989, 84). The form and abundance of iron ores are discussed in 3.1, but like many 

literary works of the period (see 4.1, 4.3.1 and 4.4.1) Pliny’s words cannot be taken at face value 

and archaeological evidence for iron smelting must be examined to gain understanding of site 

distribution and location (see 4.4.2.1). Within the geographical and chronological borders 

identified above, plenty of analysis has been undertaken on iron production; early post-war 

researcher such as Coghlan’s (1956) and Forbes (1955) brought together archaeological 

evidence, and published studies of iron producing features and particularly furnaces have early 

dates in Anglophone literature (Penniman, 1958). However the study of debris, particularly 

utilising scientific analysis techniques, occurs slightly later, with the seminal work of Morton and 

Wingrove (1969) and the use of replica Roman furnaces to explore how iron was produced 

(Cleere 1970, 1971). During the period immediately following this, much of the study of pre-

modern iron production occurred in terms of its own internal logic: what chemical or physical 

processes produced the debris encountered archaeologically? This is highly valuable work, and 

a cornerstone to our understanding of the technical part of the socio-technological ensemble. 

However research in this area continues to develop and has started to incorporate the socio-
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economic context (e.g. Schrüfer-Kolb 2004; Charlton 2006) into in-depth analyses of iron 

production.  

Within this context, rather than simply situating the technical analysis within the socio-

economic context to further a full understanding, this study attempts to interrogate the 

ensemble model by assessing whether there is evidence for fluctuations in technology, in this 

case iron production, as a result of social, economic, political or ideological changes. The key 

word here is change; the limitations of archaeological evidence for iron production in the 

Roman period make establishing the factors influencing production during any one snap-shot in 

time difficult. However, the study of iron production at individual sites over a period of time 

potentially allows comparative changes to be identified on a localised level which could 

illuminate the influence of social and other factors. Where chronological data are sufficient, 

these could be linked to changes in the wider region. As a result, the emphasis of this study is 

on characterising iron production at individual sites and within the wider geographical region, 

with an eye to identifying and analysing changes in these aspects over time.  

1.2 Research Questions and Aims 

In order to tackle these aims a two-pronged approach is taken. The available evidence is 

examined in order to establish the contexts of iron production, discuss the current evidence for 

variation in iron smelting over time, and whether conditions for variation occurred. The 

archaeological evidence from two separate sites, derived from clearly stratified contexts 

covering a substantial period of occupation, is then analysed using scientific techniques to 

establish the possibility and extent of quantitative evidence for variation over time. This 

synthesis of traditional historical and archaeological research with archaeometry lies at the 

heart of this research, and it is by combining these two methods that it is possible to fully 

answer the research questions.  

In particular the following broad questions arise: 

1. What established evidence is there for changes in Roman iron production over the 

period of the Empire? 

What is the literary evidence for iron production, and what does this tell us about iron 

production during the Roman period? Are there judicial rulings, literary or epigraphic 

evidence which indicate changes in control or taxation? What archaeological evidence is 

available for sites of iron production in the Roman period, and do any of these show 

changes in the physical remains associated with iron smelting over the occupation 
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period of the site? Who were the people involved in iron production and do populations 

or communities associated with iron production show any change over time? How was 

the knowledge of smelting developed and communicated, did this have any religious 

associations, and did this change over time? 

2. Does iron production change in any measurable manner over time on individual sites? 

Do features such as furnaces and their use show any changes in shape or use over time? 

Is there any evidence for changes in the way that slag was extracted (or not) from the 

furnace? What processes were used on site? What raw materials were used, and do 

these change? Does the composition of the tap slag change and what are the major 

sources of variation affecting the tap slag? How consistent was smelting on the site, and 

how efficient? What sort of iron was produced and how much? Is there any evidence 

for religious or ritual activity associated with iron production? 

3. What causes these changes, and can they be linked to the social or economic context of 

production?  

Do changes in political control have any effect on iron production? Do changes in the 

economy, particularly inflation and devaluation in currency, affect production or raw 

material use? Are there any local problems such as raiding peoples, disease, or local civil 

war that can be linked to fluctuations in production? Can the disuse of the sites be 

linked to the broader context? 

The identification of fluctuation in iron production over time at a single site within the 

archaeological record is rare, in part due to the need for extensive analytical work and 

chronological control. Only substantial projects such as Charlton’s work (2006) on Crew’s 

material, Veldhuijzen’s (2005) and Iles (2010, 2014) excavations and analyses recover and 

analyse a full range of material from sites, though these are predominantly non-Roman and do 

not always examine diachronic variation. Iles (2010) retains an emphasis on examining variation, 

but between sites which in some cases are characterised from relatively small numbers of 

samples, and of those larger projects focussed on the Roman period the number of samples 

recovered from individual sites is either relatively small (Paynter 2007a), or without 

chronological resolution (Schrüfer-Kolb, 2004). It is only the larger projects like Charlton’s (2006; 

Charlton et al. 2010) which have analysed change over time at single sites. This study seeks to 

address this limitation, whilst using the data produced to answer the specific questions outlined 

here. 
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All of these researchers have built on Morton and Wingrove’s (1960) early work by producing 

chemical compositional analyses of tap slag data as the key entryway to understanding 

archaeological debris and technological process. Bulk chemistry of tap slag retains a record of 

the furnace charge, and when combined with microstructural studies inform understanding of 

reducing conditions and homogeneity within the furnace. The utility of this data for comparison 

with prior work is important, and ensures the relevancy of this work to the wider archaeometric 

community. Critically bulk compositions generated from homogenised samples offer more 

accurate analyses of the overall composition, which is key to understanding the technical 

aspects of the process, than focussed area analyses. Consequently bulk chemical compositional 

analyses will form a key aspect of this project. 

This study examines material from the Clatworthy site in modern-day Britain (Bray 2006), and 

the Semlach-Eisner site in modern-day Austria (Cech 2008; Cech 2014; Cech in press), the 1st 

century AD provinces of Britannia and Noricum. Prior to the incorporation of these two 

provinces the Roman Empire had numerous iron smelting regions (Figure 4-2), and whilst iron 

production in Britain likely fitted within this general pattern of iron production, in Noricum it is 

associated with a specific high quality, elite product referred to in literary material as ferrum 

Noricum. Consequently it is considered that the different consumption contexts of the iron 

produced at these two sites and their differing contexts mean that they are likely to have been 

affected by different socio-economic influences, and by studying two such different sites the 

chance of accessing socio-economic influence on iron production is increased. Both sites were 

excavated by archaeologists specialising in iron production sites, and both have carefully 

recorded stratification allowing relative chronologies and some absolute dates to be given. This 

archaeological material is uniquely placed to facilitate discussions of change over time, with at 

least a century of production represented at the British site and at least three centuries at the 

Austrian site.  

In order to answer the second research question and to maximise the information produced by 

the destructive analyses, the basis of analysis of each group of material was the characterisation 

of iron smelting on that site. This informed the site specific questions, which arose from the 

unique nature of the individual sites, particularly at Semlach-Eisner in Austria. This is the first 

site in the region associated with the production of ferrum Noricum to be examined in this 

manner and has the potential to answer a number of questions with regards to what ferrum 

Noricum was, why it was written about during the Roman period, and whether any specific raw 

material or production characteristics were responsible. Are there common features between 

the literary texts describing ferrum Noricum, archaeological analyses of iron material from the 

region, and the debris recovered from Semlach-Eisner? Information generated here may also be 
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beneficial to understanding the context of iron smelting at Clatworthy, which is hampered by 

the limited available evidence on the immediate region.  

1.1 Thesis Outline 

A discussion of methods used within the thesis is presented in Chapter 2. The theoretical 

context of the research is placed at the beginning, as it is critical to establish the paradigm of 

this research prior to engaging with the historical, archaeological or technological background 

of the subject matter. Following this, the analytical methods and their selection and refinement 

are discussed, along with sampling and data processing methods.  

A full exploration of the technological context of iron production in the Roman period is 

presented in Chapter 3. This covers in detail the process, how changes in raw materials 

influence the results, and introduces a generic outline of the processes, debris and features 

associated archaeologically with iron production. This is followed by an introduction to the 

analysis of debris associated with smelting, in particular tap slag, and how this has been 

published to date along with a critical analysis of the available models for calculating the 

efficiency and comparative raw material consumption of the smelting process from 

archaeological material. This chapter also introduces and discusses the published data which 

acts as a base-line for Roman period iron smelting, and which is utilised in later chapters for 

comparative purposes.  

Chapter 4 presents all of the evidence gathered to tackle question 1; what established evidence 

is there for changes in Roman iron production? This large chapter presents an extensive 

discussion of, and proposes a new model for, the ownership and control of iron mining and 

production sites. It includes an analysis of the extent of state and military ownership and use of 

iron, and a discussion of the data for knowledge exchange, which touches on concepts of 

experimentation and risk taking, and establishes our understanding of religious involvement or 

association with iron production. This chapter concludes with a summary of the archaeology of 

iron smelting in the Western Empire, and the evidence for associated settlements, trade, and 

fluctuations over time.  

Analysis of material from the British Clatworthy site is presented in Chapter 5, which begins with 

a discussion of the geological and archaeological context of the site and a thorough introduction 

to the archaeological remains recovered. This is followed by the analysis of each specific debris 

type and the arising interpretation, and an assessment of efficiency and raw material 

consumption at this site. This is brought together for the final section which presents a 

synthesis of evidence building an understanding of smelting as a whole on the site, and uses the 



32 
 

chaȋne opératoire structure to answer a number of the subsidiary questions on activity specific 

to this site. It is within this section that questions 2 and 3 are tackled specifically within the 

Clatworthy site. This structure is repeated in Chapter 6 with the material recovered from 

Semlach-Eisner in Austria, with the addition of further discussion specifically tackling the 

questions arising from the unique nature of ferrum Noricum, and the possible contribution of 

MnO abundance in ore to the smelting process on this site.  

Chapter 7 summarises the evidence presented in the previous chapters with respect to the 

research questions and the interpretive models developed, and compares the data from the 

two sites. In addition avenues of further research are also summarised. Background information 

on the analytical techniques, data tables, and supporting material are presented in the 

Appendices.  
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2    THEORETICAL AND METHODOLOGICAL FRAMEWORK 

In Chapter 1 the aims of this study were introduced; within this chapter specific theoretical 

frameworks, and the data gathering and processing methodologies are discussed in detail. 

2.1 Theoretical Framework 

2.1.1 Introduction 

The two-pronged approach outlined in Chapter 1 calls for archaeometric analyses, and the 

collection of primary epigraphic, literary and archaeological evidence as well as secondary 

historical and archaeological analyses. Consequently the project sits within both archaeometry 

and Roman studies, and major theoretical paradigms within both are outlined below.  

2.1.2 Context 

2.1.2.1 Archaeometry 

 Background 

Since the late 18th century scientists have undertaken chemical analysis of ancient objects both 

as footnotes to larger projects (Douglas 1785, 16) and as projects in their own right (Pearson 

1796). The application of this approach was limited by the destructive and time-consuming 

nature of the wet-chemical, assaying and optical microscopy techniques available at the time, 

but from the 1950s the boom in availability and accuracy of micro-analytical techniques and the 

parallel development of computers caused a rapid uptake in scientific analysis of archaeological 

material2. Today both the terms archaeometry and archaeological science are used, however 

due to its precedence (Pollard and Heron 2008) and ease of use, I use the former.  

 Theoretical discourse between archaeology and archaeometry  

During its early development in the 1950s-1970s the theoretical basis of archaeometry was 

rarely examined, but was contiguous with the scientific paradigm from which both the 

techniques and practitioners originated. This was largely in harmony with the theoretical basis 

of archaeology at that time, which whilst initially dominated by culture historical approaches 

had quickly adopted processualism3 (Flannery 1967; Binford 1968; Clarke 1973), which notably 

employed ideas of hypothesis testing and the scientific method. 

                                                           
2 See also Pollard 2013 for an outline of the development of the archaeometallurgy of copper alloys 
3 Initially referred to as the ‘New Archaeology’ 
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However by the end of the 1970s archaeological theory was shifting towards critiques of 

processualism such as behavioural archaeology (Schiffer 1976), and ‘post-processualism’ 

(Hodder, 1982, 1985; Shanks and Tilley, 1992; Renfrew, 1994; Matthew 1999). These 

movements rejected a number of suppositions underpinning processualism, including that 

archaeology was objectively gathering ‘data’ allowing the archaeologist to report ‘facts’ about 

the past, and that excavations were repeatable actions in a scientific sense. This relativistic 

approach also brought a growing awareness of the importance of the archaeology of individuals 

and specific social groups, and a recognition of the complexity and multivocality of much 

archaeology. 

This rejection of the scientific method occurred particularly within UK archaeology, and seems 

to have contributed to a rejection of archaeometric work by archaeologists at this time. 

Archaeometrists, whose backgrounds at this time were predominantly in the sciences, engaged 

slowly and in limited manners with the post-processual critiques, and consequently the ways in 

which they generated and expressed knowledge became divergent from archaeologists, a 

dichotomy substantial enough to be noted in national guidelines on some areas of 

archaeometry (English Heritage 2001). This culminated in discourse within the 1980s-1990s 

(e.g. Brookhaven round table, Olin 1981; Killick and Young 1997, and Dunnell’s 1993 paper, 

though the latter is not strictly post-processual) where archaeologists expressed views that the 

output of archaeometry was irrelevant to archaeology. The underlying assumption that 

archaeologists have the right to judge how sub-disciplines such as archaeometry express their 

knowledge, and that theoretical changes within archaeology must be followed by sub-

disciplines, was not challenged. Instead the criticism took up residence in the ideology of 

archaeometric/archaeological relations, and its repetition and validation by archaeometrists 

continued for a considerable time (e.g. Henderson 2000, 1). 

 Integration and adaption of archaeological theories in archaeometry  

Archaeometry is a thriving research area (see Marriner 2009) and needs to maintain forms of 

sub-disciplinary communication which derive from its scientific background, i.e. those which 

propagate analytical rigour, quality of research, and the development of the practice itself. 

Consequently a large proportion of published archaeometric material remains focussed on 

methodological development (e.g. Bishop et al. 1990; Craig et al. 2007) or the reporting of 

analytical data (Klein et al. 2004; Coustures et al. 2003; Crew and Charlton 2007). Whilst many 

of the latter include short summary sections discussing the immediate archaeological 

conclusions arising from the data (e.g. Hill et al. 2004), these are usually limited in scope. 

Although it could be argued that this avoidance of interpretation is a theoretical stance in itself, 
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the lack of critical or explicit publication on this suggests it is largely the result of an atheoretical 

approach.  

However from the 1990s an increasing number of archaeometric publications have 

incorporated ideas arising from post-processual critiques within their interpretation of the 

archaeometric evidence (e.g. Martinón-Torres and Rehren 2009; Charlton et al. 2010). Although 

earlier criticism by archaeologists such as Dunnell (1993) plays a part in this shift, much of the 

origin of this change is the shifting backgrounds of archaeometrists themselves. Whilst 

archaeometrists with educational backgrounds in the sciences still dominate, increasing 

numbers of practitioners working in archaeometry have degrees in archaeology. Consequently 

there is a greater awareness of the need to integrate archaeometric data with concepts such as 

the social, economic, religious and political context, negotiation and creation of identity, and 

agency in individuals and groups, in order to make data relevant and accessible to mainstream 

archaeologists. Thus in the last few decades archaeometrists have begun to engage with and 

utilise archaeological theories (e.g. Evolutionary theory, used by Charlton 2006; chaȋne 

opératoire used by Sillar and Tite 2000), and take greater control of establishing the wider 

archaeological meanings of archaeometric data. Perhaps most promisingly, archaeometrists 

themselves have started to actively contribute to the development of theoretical paradigms 

which aide the interpretation of archaeometric evidence (e.g. materiality; Jones 2004, Bray and 

Pollard 2005). Despite this, archaeometric engagement with the archaeology of specific groups 

(i.e. feminist and indigenous archaeologies) remains limited, perhaps a consequence of the 

limited gender (see Aitchison 2002 for statistics and discussion) and ethnic diversity (Aitchison 

and Rocks-Macqueen 2013, 10; Zeder 1997, 13; UCL Centre for Applied Archaeology 2012) 

within archaeological practice, particularly within higher level academic positions (Zeder 1997, 

50). 

This broad shift has contributed to a downplaying of the differences between archaeometry and 

more interpretive archaeologies (cf. Pollard and Bray 2007, 254 with Jones 2004), although the 

current lull in difficulties is perhaps more due to shifts in current archaeological theory. In 

recent years attitudes to archaeological theory in the UK have moved away from the anti-

science position of the 1990s (Martinón-Torres and Killick 2014) and have become more 

reflexive, and there is a growing understanding that rather than one dominant theory replacing 

another in a flurry of clashing publications (as with processualism/post-processualism), 

archaeology is a discipline which thrives on multivocality and plurality where competing and 

conflicting theories can coexist constructively. The backlash against the old dualities of 

science/humanities embodied by some archaeological theories at the moment (e.g. symmetrical 

archaeology, Witmore 2007, Webmoor 2007) highlights this, and there is an acceptance that 



36 
 

not all archaeological publications need to be of equal interest and accessibility to all 

archaeologists.  

 Summary 

The scientific basis of archaeometry is an integral part of the sub-discipline and, whilst 

theoretical paradigms have come and gone in the wider archaeological context, the tradition of 

data and method focussed publications remains an important one for maintaining the analytical 

rigour and development of the discipline itself. As a result of the shifting background of 

archaeometrists, and criticism by mainstream archaeologists, a slowly growing number of 

archaeometrists are both utilising and contributing to the development of theoretical 

paradigms focussed on the value and meaning of objects, their materiality, and the 

technological processes which constructed them. As a result of this and the growing reflexive, 

plural nature of archaeological theory at the current time, there is considerable space for this 

project to include not just significant data and process analysis, but to engage with and utilise 

theoretical paradigms to interpret the archaeometric in ways now becoming more common in 

archaeometry.  

2.1.2.2 The study of Roman period remains 

 Background 

The Roman period has been a subject of study for hundreds of years and it still carries strong 

resonance for many western cultures. In Western Europe the Roman “past has not passed but 

still has action” (Witmore 2007, 556) within the modern world, and consequently there is a 

strong link between the socio-political context of individual archaeologists and many past (and 

present) analyses of the Roman period. As early as the Renaissance the rediscovery of Roman 

period literature, particularly on government and law, contributed substantially to the view of 

the Roman state as bringing ‘civilisation’ to ‘barbarians’ (framed by Pliny the Elder as a divine 

directive, Nat.Hist. 3.39), as did the classic text by Tacitus (Agr., 21) describing the introduction 

of Roman culture to Britain (see Hingley 2000). It has been argued that, as a result of this, as 

early as the 16th century the Roman Empire was used as a moral model for English colonial 

expansion (Armitage 2000, 49-59). The association between British and Roman Imperial culture 

continued into the 19th and early 20th century with comparisons between Britain in India, and 

Rome in Britain (Haverfield 1906, 190; Hingley 2008).  

It is at this time that the first use of a term that would come to dominate analyses of the period 

occurred; initially in German analysis of literature and archaeology as ‘Romanisirung’ 

(Mommsen 1885) to “explicitly address the cultural conversion of the Britons to a Roman way of 
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life” (Hingley 2008, 436), the term ‘Romanisation’ was later adopted by Haverfield (1915) and 

his peers. The term became entangled with Imperial discourse in the Edwardian and later 

periods, and Hingley (2000, 2008) argues that it was attractive due to its echoing of familiar 

Imperial relationship between coloniser and colonised, the stress on British Imperial structures 

at the time, the value of the Roman model as a moral justification for colonisation, and the 

value of the Roman period as a national origin for the British Empire: essentially, that 

‘Romanisation’ “says more about 19th -century perceptions of European colonial culture and 

government than it does about the Roman world” (Webster 2001, 214). It has been suggested 

that modern ideas of the Roman Empire continue to be strongly influenced by Western 

imperialism (Gardner 2013, 5; Hingley 2005). 

 Dominance of ‘Romanisation’  

The archaeological material from both sites examined in this project is securely dated to the 

period immediately following the conquest of the respective regions, and into the two to three 

centuries subsequent that. Consequently much of the secondary literature dealing with 

evidence from this period is strongly influenced by the ideas of ‘change’ following Roman 

invasion and in a majority of cases relies on the concept of ‘Romanisation’ to frame this. The 

focus of this project, on change in the material record over this period of time, could easily be 

framed within this paradigm. However as discussed the study of the Roman period has been 

entangled in subjectivities, and ‘Romanisation’ is embedded within them. It has become the 

only theory of any popularity, and the term has become so ubiquitous that it is often used 

without a critique of its applicability or even a clear statement of its meaning (e.g. Mullen 2007, 

Adams 2009, Ponting 2002, Zarrow 2006, Murphy et al. 2013). It is hard to find any discussion of 

changes in material culture during the early Roman period of provinces such as Britain which 

does not mention ‘Romanisation’, even in discussions of iron production (Gassiot 2008, 29). 

Consequently it remains something of a shorthand for “the impact of cultural, social and 

environmental change following the Roman conquest” (Redfern et al. 2012, 1249) in a way 

which lumps it together, sometimes explicitly (e.g. by Mullen 2007), with later approaches such 

‘creolisation’ (used by Webster 2001) and ‘becoming Roman’ (used by Woolf 1997) – all 

arguably different and explicitly ‘post-Romanisation’ approaches.  

This approach is misleading, because ‘Romanisation’ is not a neutral concept, and it has a strong 

history of use in a specific manner: to describe a process by which the pre-Romans were “given 

a civilisation” (Haverfield 1923, 11). The very word presupposes a unidirectional process of 

turning something ‘Roman’. To use the word ‘Romanisation’ “in its weakest sense, as a 



38 
 

convenient denomination covering events involved in the creation of a Roman [state], with no 

cultural implications taken for granted” (Terrenato 1998, 20) is naïve.  

The process which ‘Romanisation’ is used to describe and most importantly explain are the 

changes in the archaeological record of Western Europe between the pre-Roman and Roman 

periods; it is a model of cultural change or acculturation. However as Webster (2001) discusses, 

this type of model for intercultural contact privileges the invader/coloniser and their culture. 

Whilst earlier assumptions that Roman culture was inherently superior and naturally desirable 

have been challenged (at least in Anglophone literature; see Reece 1980, 1988 and Mattingley 

2006 for resistance and in the latter partisanship and resilience of ‘native’ culture; Millett 1990 

for emulation, Woolf 1998 for aesthetic and practical reasons for adoption), this model still 

assumes that adoption will occur, either by force or choice. It presupposes a unidirectional 

movement of culture from coloniser to passive colonised, and efforts to introduce colonised 

agency through ‘native’ resistance (Reece 1980, 1988; Keay 1992; Mattingley 2006), ‘degrees of 

Roman-ness’ (Revell 2009) or active adoption within socially and politically competitive 

hierarchies (see Millett 1990; Woolf 1998) only strengthens the polarisation between ‘native’ 

and ‘Roman’ culture and people. This is simplistic considering ‘Roman’ material was often 

introduced to border provinces from other parts of the Empire, not Italy or Rome itself (Pundt 

2012, 13). It emphasises the importance of elites, where Roman acculturation is most clearly 

evidenced and top-down, elite-driven models of cultural change, it rarely tackles the reason for 

low adoption amongst non-elites, and it gives no space for bottom-up cultural changes or active 

engagement by non-elites. It confuses expressions of ethnicity in material culture for ethnic 

identity itself, and mistakes ‘Roman’ identity for an ethnic identity, which it is not. Even 

Mattingley’s (2006) work, which recognises this and rejects ‘Romanisation’ in favour of a 

nominally multicultural society, defaults to presenting a strongly polarised view of opposed 

‘native’ and ‘Roman’ identities. 

 Alternatives to ‘Romanisation’  

Accepting these critiques, what model do we use to talk about, and most importantly explain, 

the cultural change occurring in conquered provinces? The critiques presented above are 

predominantly influenced by postcolonialism, which has its origin in reinterpretation of the 

modern world within a rejection of the European domination of historical narratives, and this 

has given Roman archaeology a construct within which to understand native resistance, 

multiple identities and the subjective representation of natives in Roman literature. This 

approach has clear links to identity theories (see Hingley 2005, Pitts 2007) which emphasise the 

complexity of identities held by colonised peoples and colonisers, and the potential for 
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confusing and sometimes contradictory identities expressed by any one person or group 

(Mattingly 2011). However as Gardner has identified (2013, 4), these approaches have not fully 

explored important areas such as gender, self-identity or the experience of cultural change by 

contemporary peoples.  

One of the few firmly post-Romanisation approaches is Webster’s (2001) ‘creolisation’ model 

which describes explicitly the concept of Roman period material culture as the expression of an 

ongoing negotiation between cultures based on concepts of power, identity and community. 

Webster describes this as producing a hybrid culture which was not just part-Roman, part-

‘native’, but wholly new and possessing its own value and identity. In part she expands on the 

idea of ‘hybrid’ culture (see Collingwood 1932, 92) but she also utilises some ideas developed 

from identity theories to emphasise the complexity of identities. Critiques of this model identify 

the potential for over-emphasising choice and flexibility of expression in a society where 

Imperial control and coloniser identity could be asserted with violence (Gardner 2013, 6).  

More recently theories dealing with globalisation have influenced Roman archaeology 

(Mattingly 2011, Pitts 2008, Hingley 2005), but globalisation itself is a wide mix of approaches 

drawn from a variety of theoretical backgrounds dealing with changes in spatial connectivity 

and as Gardner (2013, 6) identifies, some of these are of questionable applicability to Roman 

archaeology. Hingley’s (2005) application of Roman culture through the lens of globalisation 

remains the most accessible large study of its kind, balancing ‘Roman’ culture as a widespread 

elite phenomenon whilst accepting that the majority of the Empire’s peoples expressed a far 

more heterogeneous mix of identities. It is in this middle ground between the top-down elite 

focussed approaches of ‘Romanisation’, and those of the post-Romanisation discussions of 

complex identity such as ‘creolisation’, where the globalisation approach is strongest. In 

addition, the focus of globalisation approaches on exchange of goods and the spread of 

consumerism (Pitts 2008) is also of particular relevance to this study, with the position of the 

two sites within the immediate post-invasion period and the focus on the high volume 

production of a traded commodity (also see Ratliffe 2011). However despite these relevancies, 

there is no clear published model which uses globalisation as an analytical method to approach 

the Roman period as a specific world, and there remain distinct structural differences between 

the modern world from which globalisation was developed and the Roman, as well as a lack of 

clarity (see Gardner 2013, 8-9) which may preclude its firm application. 

Consequently globalisation offers a potentially appropriate framework for the analysis of sites 

within this study, without further theoretical development the approach lacks a confident 

applicability to the Roman period. Therefore the study of Roman material presented in the 
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following chapters draws primarily from post-colonialism and the ‘creolisation’ model outlined 

by Webster (2001), moderated by an understanding of the potential restriction of expression 

caused by violence and material limitations, and drawing on discourse on colonial perspectives 

in ancient and modern texts to facilitate their use as source material. The ‘Romanisation’ 

paradigm and its emphasis on elite activity and cultural homogenisation is rejected, but elite 

peoples, organisations and units with political power remain of importance as parts of the 

wider, more heterogeneous Roman world. 

2.1.2.3 Summary 

The study of the Roman period has been, and still remains, influenced by the Roman period’s 

strong cultural resonance for many Western European countries. In particular, the concept of 

Rome as a civilising force was adopted as a moral template for colonising countries such as 

Britain. Whilst the concept of ‘Romanisation’ originates from this time, and was originally a term 

used to describe the transmission of superior Roman culture and life ways to native societies, it 

has since come to be used in a much more diluted sense, though it retains much of the ‘Roman 

versus native’ duality despite efforts to use it as a neutered shorthand for ‘change following the 

Roman conquest’. ‘Romanisation’ has been the dominant model for examining change, though 

in recent years post-colonial theory and post-processual critiques have contributed to the 

formation of alternative approaches including Webster’s ‘creolisation’. The strong criticism of 

‘Romanisation’ makes using this paradigm to explain cultural change during the Early Empire 

inappropriate and an alternative model is used within this project, however the term’s 

persistence in archaeological and historical literature means that such works will need to be 

carefully examined for persistence of the underlying assumptions.  

2.1.3 Framework for Analysis of the Semlach-Eisner and Clatworthy 

Material 

2.1.3.1 Broad Theoretical Framework 

The post-positivist perspective that the researchers' own contexts influences their findings is 

being increasingly accepted in archaeometry (e.g. in Iles 2010, 88), and my own background in 

classical archaeology and archaeometry has strongly informed the direction of the research 

questions, particularly the overall aim to not only understand the technological processes used 

on the two sites but also to try and access the wider context of those processes. The theoretical 

context of the work therefore needs to provide a suitable framework for the synthesis of both 

archaeometric and archaeological evidence, and one which avoids the polarisation between 

‘Roman’ and ‘native’.  
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Within this context and considering the discussion above, the chaȋne opératoire approach as it 

has been used in archaeometry (e.g. by Sillar and Tite 2000) has been adopted as a broad 

paradigm within which the analysis of the study site material is situated. Chaȋne opératoire is an 

approach focussed on reconstructing the organisation of a technological system, concentrated 

on the actions or ‘gestures’ required to fulfil a need (Sellet 1993, 106). It has been simplified to 

a ‘series of technological operations which transforms a raw material into a usable product’ 

(Cresswell 1990, 46), i.e. a series of processes which people choose to apply to subjects, but 

chaȋne opératoire as an approach is more than this. Its strength lies in its ability to effectively 

link rigorous archaeometric methods with a strong anthropological theory. By recognising that 

technological practices are socially produced, and choices within the process informed by social, 

cultural, ideological etc. factors, it enables us to access expression of identity and social 

construction through the examination of evidence of technological processes. It offers a 

practical model for accessing ideas of the technological ensemble discussed in 1.1.  

Chaȋne opératoire is one of the few theoretical approaches which explicitly promotes a 

dialectical relationship between archaeometric and archaeological data, and forms a structure 

within which polarity in aspects of archaeology can be rejected. Within this approach I accept 

the post-processual assertion that there is no ‘true’ past which can be represented objectively 

but is, and needs to be, represented by the researcher (Shanks 2007, 491). Accepting this, the 

aim of this project is to build a consistent body of evidence and as clear an understanding of the 

subjective origin of that evidence as possible, in order to construct a model of the activity on 

Clatworthy and Semlach-Eisner.  

2.1.3.2 Model Building and its Limitations 

Though often unrecognised, model-building is at the core of much archaeological and 

archaeometric work. The archaeological record as a ‘sample’ of the original material is 

understood within archaeology, but the outcome of this is that any description, view or other 

interpretation of the past built on that evidence is an abstraction or ‘ideal’ in the sociological 

form (Wilson 1996, 8) which acts as a proxy for the unobtainable ‘real’ people of the past which 

we cannot now know. In archaeometric terms the model represents the best hypothesis that 

can be drawn from the available data, and is a summary which is both uncertain and subject to 

change with new data. The implication of this is that the model is not real – a particularly 

important aspect for building a picture of the Roman period iron smelter – and does not 

truthfully represent any individual worker or site, but a ‘best-fit’ average of the available 

evidence. Accepting that model building underpins much archaeological work allows us to be 

more explicit about the nature of this approach. 
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Construction of models from archaeological evidence in this way has been criticised for 

“stripping the past of disorder” to create a model of the past which is “evacuated of [its] 

specificity” (Witmore 2007, 548). In part the lack of specificity is related to the resolution of the 

available data, as factors within the model below the resolution of the evidence are not 

detectable. Within this project divisions are present within the data (geographically by site) and 

have been inserted into the data during excavation and initial processing (chronologically by 

strata and then phase). These simplifications are a requisite part of managing the data for 

practical use, but as a result differences in smelting process used in different parts of the site 

and in time periods smaller than the phase divisions will not be visible. This lack of specificity, 

and the lack of ability to discern the actions of individuals within the model used for this 

research, cannot be avoided if such large quantities of material and data are to be analysed and 

brought together in synthesis.  

2.1.3.3 Incorporating Chaȋne Opératoire and Concepts from Roman Studies 

Whilst the value and use of data-focussed papers has been discussed above, this form of 

investigation rarely offers conclusions which are engaging for archaeologists, whose work 

ultimately focuses on people and their lived experiences. In order to maximise the data 

produced by this study, as well as the usefulness of the results, the archaeometric analyses and 

the conclusions presented are fully contextualised within the established archaeological and 

historical knowledge of the site and region. This strategy allows for both thorough 

archaeometric analysis, and for the production of results of relevance to an audience beyond 

archaeometrists. 

The chaȋne opératoire emphasis on producer choice needs to be tempered by a greater 

understanding of the constraints, derived from the physical characteristics of raw material and 

environment, for this method to be most effective in examining iron smelting processes (3.2.6). 

Charlton’s (2006, 125) discussion of constraint arising from slag chemistry offers a good basis 

for including this aspect within the chaȋne opératoire approach. However care will be taken in 

combining ideas of constraint and choice to avoid creating duality within the discussion; the two 

are interrelated aspects of the overall environment of production, not opposites.  

As discussed above, Webster’s application of ‘creolisation’ to the Roman period offers distinct 

benefits for framing the analysis of cultural changes following Roman conquest. However my 

acceptance of this theory is situated within the plural nature of current archaeological theory, 

and whilst the underlying assumptions of ‘Romanisation’ are inappropriate, much of the recent 

work coming out of this approach remains important for our understanding of routes and 

motivations of cultural change, i.e. emulation, aesthetic value, strategic use of culture, etc. The 
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products of analysis using the chaȋne opératoire approach are therefore framed within the 

‘creolisation’ model to underline the interconnected and multidirectional nature of cultural 

exchange, and the plurality of motivation for use, reuse and recreation of cultural material with 

a variety of meanings, both established and ambiguous. Thus material traditionally identified as 

‘Roman’ cannot be assumed to have had that meaning to those who used or created it. 

Fundamentally within the model-making structure of my approach I accept that whilst we may 

identify certain values or meanings associated with material culture on the basis of the available 

evidence, this remains a ‘summary’ of its use, and the potential for ambiguity remains, though it 

may be lost in the reduction process that accompanies model-building.  

2.1.4 Summary 

This project is broadly situated within an approach which argues against duality within 

archaeology and for an explicit recognition of the complexity and entanglement of past social 

processes. Rather than focus on the transmission of culture from one group to another as seen 

in ‘Romanisation’, it recognises that the way cultures change in contact with each other is a 

complex, multidirectional process of use, reuse and recreation. It also recognises the inherent 

subjectivity of the pasts that we present as archaeologists. This approach meshes well with the 

model-making approach of archaeometry, which I have adopted explicitly within this project. 

This approach allows me to synthesise multiple forms of evidence, archaeometric, 

archaeological and epigraphic, in order to provide the density of information necessary to fully 

characterise the area of interest. 

The examination of technological processes within this project is adopted from the chaȋne 

opératoire approach, and adapted specifically for iron smelting processes with the addition of 

concepts of constraint arising from physical aspects of materials and process chemistry. 

Adopting a customised chaȋne opératoire approach, which offers an analytically rigorous 

methodology within a strong interpretive framework ideal for technological process analysis, 

within a concept of cultural change drawn from ‘creolisation’ allows the synthesis of data from a 

broad range of contexts. Whilst the model-building approach necessary to achieve this with 

such large quantities of data involves some limitations in resolution, the result is meaningful in 

both archaeometric and broader archaeological perspectives. 
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2.2 Analytical Method Trajectory 

In order to establish the context of the data presented and interpreted within later chapters, 

and to justify their pertinence, analytical methodologies are discussed within this section and 

measures of data quality and reliability are presented.  

2.2.1 Selection of Materials 

Excavation at both sites had halted at the point at which samples for this project were made 

available. As discussed in Chapter 3, analysis of the smelting process benefits from examination 

not just of tap slag but of a range of associated material including furnace wall, ores, fuel and 

any potential metallic iron. However whilst this material was recovered from both sites, the 

paucity in the apparent survival and collection of some of this material, particularly at the 

Clatworthy site, contributed to the relevance of tap slag as the basis of the project. Within this 

category of debris, tap slag was preferentially selected due to its origin within the furnace 

during a period of smelting (3.2.2) and the following assumption that its chemical composition 

and structure was therefore informative of the conditions within the furnace at the time. Whilst 

other forms of slag (furnace, amorphous, smithing) were collected to provide supplementary 

information, tap slag offers the most morphologically distinct and representative evidence of 

the smelting process and formed the focus of analysis.  

Drawing inspiration from Iles (2010) and Charlton (2006), the focus of archaeometric data 

collection was on analysing the chemical composition of all the available tap slag, alongside a 

campaign of selective phase analysis via optical microscopy and EPMA-EDS. At both sites the 

available material outstripped the shipping capabilities and analytical time available to this 

project, and consequently selection of material was aimed at typical samples which represented 

the wider assemblage. The aim of this campaign was to create a large dataset of chemical 

compositions which could be used to characterise the iron smelting processes undertaken on 

the sites and their parameters, and within the information gained from supporting material, to 

identify the social processes and choices through the chaȋne opératoire. Providing the successful 

generation of suitable data for both sites and all periods of occupation, comparison of 

processes etc. between chronological periods and between sites was intended. 

As such the analysis of tap slag from chronologically distinct contexts was privileged, although 

as almost all tap slag from both sites was buried after repositioning from the initial tapping 

point, this offers only a terminus ante quem for the smelting event which produced the slag. 

The lack of a system of fine classification for the morphology of tap slag is discussed in Chapter 

3.3, but as a consequence of this and the differing smelting approaches at each site, the 
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material from each site is dealt with as a distinct unit and no attempt to homogenise it into a 

single classification is made.  

Considering the position of the sites and the limited accessibility of both storage facilities, 

limited trips to sample the retained material were possible. Consequently a pilot study focussed 

on the UK was undertaken first, before analysis of that site was expanded and work on the 

Austrian material began. After this had been undertaken and any arising problems or additional 

considerations addressed, full sampling of both the UK and the Austrian site was undertaken, 

however both sites are presented here as complete case studies. All of the material selected 

from both sites was directly related to iron smelting, and exclusively Roman and immediately 

post-Roman in date. At both sites an effort to take specimens of all available tap slag, ore and 

furnace lining was made, and although collection focussed on firmly stratified material from 

contexts with known date ranges, some additional material was therefore collected from the 

archaeological spoil tip and the Roman period waste dump on the Semlach-Eisner site. The 

resulting assemblages were a limited sampling of the material on site, but represented a 

thorough selection of iron production material across contexts and debris types within the 

constraints of the PhD framework. 

2.2.2 Bulk Composition Analysis Techniques 

The aim of the analysis is to extract the maximum amount of information from the sample, 

analysing a full range of elements/oxides down to trace levels where these are relevant to the 

questions introduced in 1.2. Due to the importance of the FeO and SiO2 values to 

understandings of process and efficiency low accuracy errors for these major oxides were 

desirable, in addition to low errors for trace oxides such as barium. In order to fulfil these 

requirements, in addition to low cost and a reduced need for non-destructive sampling with 

respect to the majority of the material, X-ray fluorescence (XRF) analysis was selected.  

A full discussion of the theory of XRF analysis and the relevant analytical equipment is 

undertaken in Appendix 1.1, but several points are of importance for its practical application. 

The fundamental basis of the technique is the irradiation of elements at the surface of the 

sample with x-rays, causing the fluorescence of x-rays by the sample with energies 

characteristic of the element from which they originated. These can be counted by a detector, 

and these counts used to calculate the relative proportions of one element against another. In 

order for these calculations to be effective the geometry between sample, beam and detector 

must be known; thus XRF is at its most accurate when the sample surface is entirely flat. The 

incident x-ray beam has a relatively large diameter, irradiating a substantial area of the sample 

surface, and whilst this prevents the analysis of fine features it, along with careful sample 
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preparation, does offer some guard against sample heterogeneity. Due to these factors and 

others discussed in Appendix 1.1.3, the low energy of fluoresced x-rays from low atomic 

number elements means that light elements are difficult to detect; functionally elements lighter 

than sodium are beyond accurate detection for most instruments and lower accuracies can be 

expected for analyses of sodium. Direct measurement of oxygen is not possible, and is instead 

calculated by stoichiometry, which although allows only one oxidation state for each element, 

remains an effective method and suitable for this study. The inability of XRF to detect carbon 

and nitrogen is problematic for geological applications, but due to the limited quantity of such 

material within this study, and the availability of supplementary techniques (XRD, microscopy), 

this presents little problem for this study.  

Samples analysed by XRF were first milled to a homogenised powder to counteract the 

heterogeneous composition and internal phase structure of many of the samples, then 

combined with wax and pressed into pellets: an in depth discussion of pellet preparation for 

XRF is given in Appendix 1.5.1. All samples were exposed to the same preparation techniques, 

except for ceramic samples which were milled in agate equipment to prevent contamination.  

2.2.2.1 ED-XRF 

Initial analysis was undertaken with the Institute of Archaeology’s X-Lab Pro 2000 polarised 

energy-dispersive X-ray spectroscopy ((p)ED-XRF) on standard reference materials, using a 

custom evaluation methodology (‘slag_fun’, see Veldhuijzen 2003). A full discussion of the ED-

XRF technique can be found in Appendix 1.1.4.2. For quantitative analyses occurring over time it 

is imperative that the accuracy and precision of the analytical machinery be checked regularly in 

order that drift in the quality of results can be identified. Whilst the basic approach is to include 

one certified reference material (CRM) in every analytical cycle, the lack of a single CRM with a 

good chemical compositional match to the archaeological material required the use of three 

CRMs. In addition repeated analysis of a larger group of up to twelve CRMs was used to produce 

a comprehensive understanding of the behaviour of the machine.  

A full analysis of precision and accuracy errors is presented in Appendix 2.3, but to summarise 

this work indicated that the (p)ED-XRF produced highly replicable measurements within and 

between cycles of analysis, with precision errors of below 1% for most major and minor oxides, 

and 5% for most trace oxides. However accuracy errors for SiO2 were rarely below 10%, even at 

substantial abundances, with difficulty achieving accurate detection of MgO or TiO2 at all, and 

errors for CaO were never below 20%. Errors for FeO were rarely below 10% and showed 

considerable fluctuation. A number of manual correction factors were calculated and applied, 
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but none resulted in clear improvement in accuracy errors, suggesting that a more complex 

underlying problem affected the (p)ED-XRF.  

2.2.2.2 pXRF 

Following this the Institute of Archaeology’s Innov-X Systems Delta pXRF, a hand-held portable 

XRF system, was assessed for suitability as an alternative. A full discussion of pXRF is available in 

Appendix 1.1.4.3, but importantly the pXRF has lower accuracy for trace elements and light 

elements and, due to the lack of vacuum in the x-ray source-sample-detector path, cannot 

detect the presence of sodium. CRMs were analysed, with major and minor elements analysed 

with the factory provided 'mining-plus two-beam' method, and trace elements with the three 

beam soils method. Full details can be seen in Appendix 2.5. 

Precision figures were predominantly acceptable, with the RSD in many cases falling around or 

below 10%, however accuracy errors rarely fell below 10% for any of the measured 

oxides/elements, and there were notably high detection limits for a number of the trace 

elements. The lack of consistent and accurate barium measurement, even at high trace levels, 

presented a significant roadblock to using pXRF on iron production material, as this element is 

often relied on in discussions of ore origin and use in iron production. In addition, the pXRF data 

showed erratic analytical figures across the suite of elements when analysing mid-high FeO 

content materials, which argued against attempting to correct the data manually. As a 

consequence of these issues, whilst the present software and calibrations allow qualitative 

examination of low-mid FeO material, without the development of specific calibrations and/or 

the use of third-party software for converting spectra to quantitative values (i.e. as 

Heginbotham et al. 2011 do) this instrument is unlikely to produce quantitative data suitable for 

wider comparison and not just ‘internally consistent’. 

2.2.2.3 WD-XRF 

Whilst a machine of this kind was not available in the Institute, Dr. Martinón-Torres was able to 

arrange access to a WD-XRF at the University of Freiburg Department Of Geosciences thanks to 

the kindness of Prof. Vincent Serneels. Over a week the same CRMs as analysed with the ED-XRF 

and pXRF analyses were used to assess the precision and accuracy of the WD-XRF, a Philips 

PW2400 sequential model, further details of which can be found in Appendix 1.1.4.1  

Precision errors for the WD-XRF measurements of the standard materials were acceptable, 

being below 1% for major and most minor oxides, and even below 10% for the light oxide Na2O. 

Trace element precision errors were higher, dropping to below 10% where estimated 

abundances were above c.200ppm. Whilst higher precision would be desirable, these levels of 
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error were acceptable, and the below 1% precision errors associated with SiO2 and FeO were 

reassuring.  

Examination of the accuracy errors revealed low accuracy errors for the major oxides FeO and 

SiO2, the major components of the archaeological material. Major and minor oxide accuracy 

was high across the board, with errors around 5%. There was a disappointing tendency to 

slightly higher errors approaching 10% in measurements of Al2O3 and TiO2, and a manual 

correction factor was used to correct for the latter (Appendix 2.4.2). Measurements of the trace 

oxide Co3O4 showed poor accuracy, indicating that Co3O4 measurements should be excluded 

from discussion.  

2.2.2.4 Summary 

Whilst the (p)ED-XRF produced the most highly replicable measurements, and the pXRF 

maintained surprisingly low precision errors for trace elements (<5%), the WD-XRF maintained 

substantially lower accuracy errors even for high FeO content samples. Consequently the WD-

XRF was the primary bulk analytical technique used within this project, with precision errors 

c.1% and accuracy errors c.5% (10% for Al2O3 and TiO2) for major and minor oxides, and c.15% 

for trace oxides.  

Due to lab equipment failure a number of ceramic samples from the Clatworthy study site could 

not be processed into pellets until after the WD-XRF analysis had taken place, and had to be 

analysed with the (p)ED-XRF using the factory Turbo_quant method. For these data a correction 

factor was developed (Appendix 2.3.3), but accuracy errors of 5-10% and precision errors of 1-

2% were recorded. The detection limits for Na2O and MgO appear to be above 1wt%, and 

therefore due to their low abundance within the ceramic material these oxides cannot be 

reported with any confidence. In addition the trace oxides BaO and SrO are likely indicative 

only, with an accuracy error of c.10-30%.  

2.2.3 Phase Identification 

2.2.3.1 Polished Sample Techniques 

The optical microscope remains one of the most useful, easily applied and accessible 

instruments for examining the microstructure of specimens, and has the potential to resolve 

features down to about 250nm in size. Polished blocks of select slag, ceramic and ore samples 

produced as per the protocol laid out in Appendix 1.5.2 were examined via vertical illumination 

in order to identify the phases present, their size, abundance and distribution, and to assess the 

presence and degree of any corrosion to the slag samples.  
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A JEOL 8600 Superprobe electron-probe microanalyser (EPMA) fitted with a back-scatter 

electron (BSE) and secondary electron (SE) detector for imaging, and energy-dispersive 

spectrometer (EDS) for compositional analysis was utilised for phase analysis (Appendix 1.2), 

particularly for exploration of possible substitution of iron by manganese, e.g. in olivines, or by 

titanium, e.g. in magnetite. The JEOL 8600 probe was fitted with a functioning beam stabiliser 

which maintained the current of the electron beam, resulting in a higher accuracy within, and 

reliability and precision between, analyses than available SEM machines. Whilst EPMAs are 

usually associated with the use of a wave-length dispersive spectrometer (WDS)4  the significant 

time requirements for this detector, in addition to the reliance on the older controlling software 

of this particularly machine, made it most suitable for analysis of specified points rather than 

the exploratory work undertaken here. However the underlying machinery, particularly the 

presence of a beam-stabiliser, distinguished this equipment from scanning electron 

microscopes (SEMs), and consequently the term ‘EPMA-EDS’ is used here to clearly denote the 

technique, although it remains a relatively unusual acronym.  

For analysis the electron beam of the JEOL was set to 20.0kV, and the beam current stabilised at 

5.0 x10-8. Oxford Instruments INCA software was used to interface with the EDS, utilizing a 

deadtime of between 26 and 34%. Due to the limitations of detection (see Appendix 1.1.4.2) 

oxygen was calculated by stoichiometry and the results, in both atomic and compound weight 

percent, normalised to 100% to facilitate comparability. Accuracy and precision of the JEOL 

8600 were examined using the USGS geostandards BCR-2, BIR-1 and BHVO-2.  

Analytical precision was good, with relative standard deviation (RSD) reported at below 2.5% for 

major elements and below 7% for minor elements, rising where levels approached detection 

limits (c.0.4wt %). There was consistent mild overestimation in TiO2 and underestimation of 

Al2O3, but accuracy errors were <3.5% for major and minor oxides and <10% for TiO2. 

Analysed areas were between 0.25mm2-1mm2, the limits of the analytical machinery, and in all 

cases data from both spot and areas analysed tabulated within this project are derived from at 

least three analyses of the same feature/region. The term ‘bd’ is used to indicate data where 

values were below detection limits for all of these analyses, and ‘trace’ to indicate where at 

least one, but not all, analyses detected an oxide at a measureable abundance. 

  

                                                           
4 See Appendix 1.1 for further discussion of EDS v WDS detectors 
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2.2.3.2 Powdered Sample Techniques 

Initially powdered ore samples were laboratory roasted as per the protocol below, and their 

loss of mass calculated in order to identify the presence of hydroxides or carbonates on the 

assumption that hydroxides would be transformed below 550°C and carbonates between 550°C 

and 950°C, broadly following the approach utilised by Charlton (2006): 

1) IMS wash porcelain crucibles, heat to 1000°C for an hour 

2) Remove porcelain crucibles and lids, weigh crucibles, heat again 1000°C for an hour 

3) Repeat stage 2 until weighed mass is steady to +/- 0.01g 

4) Add c.10g + ore and weigh total mass of crucible + ore 

5) Return to furnace, heat up to 550°C, then maintain temperature for one hour  

6) Weigh total mass of crucible + ore 

7) Return to furnace, heat up to 950°C, then one hour  

8) Weigh total mass of crucible + ore. 

Full data from this protocol are reported in Appendix 2.7. 

Later re-examination of this analysis in line with some exploration of XRD (below) indicated that 

the temperature stages chosen were inappropriate, and consequently the roasting protocol had 

identified only the presence hydroxides and carbonates together, rather than individually 

(Appendix 2.7.3). No evidence for the production of magnetite during laboratory roasting, 

unfavourable for XRF analysis, was found and it is also considered unlikely to have formed 

during open-bed roasting prior to smelting (Appendix 2.7.4).  

During the final stages of the project an x-ray diffraction spectrometer (XRD) became available 

at the UCL Institute of Archaeology, and a number of ore samples from both sites, as well as the 

single clay sample from the Semlach-Eisner site, were selected for examination. The machine 

was a Rigaku MiniFlex 600 X-ray diffractometer, a powder-diffractometer (Appendix 1.3). The 

requirements to change the detector to deal with iron-rich samples limited the available 

analytical time, and consequently not all the ore samples could be analysed by XRD. A selection 

of seven samples were made and extensive repetitions of analyses were not undertaken. This 

selection was made according to the following criteria: i) both sites were represented; ii) 

material identified as roasted prior to deposition and material identified as unroasted were 

analysed; iii) optimal chronological representation was sought; iv) material containing gangue 

minerals and material without were analysed.  

Full results are presented in Appendix 2.2, but no appropriate CRMs were available and 

consequently analytical accuracy and precision cannot be estimated. Only the primary two 
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minerals were firmly identified in these samples, and difficulties were encountered with the 

automatic identification function and peak matching, particularly with the clay sample due to 

sample preparation issues (Appendix 1.3.2). The technique was therefore used in a semi-

quantitative manner to identify the proportions of the primary two minerals within the samples. 

No evidence was found to indicate that the XRD peaks could be used to identify the difference 

between oxides derived from geological sources and those created through thermal 

dehydration of hydroxides.  

2.2.4 Statistical and Graphical Techniques 

Identifying patterns within the chemical composition of the smelting debris is key to recognising 

differences in activities, either between sites, between time periods on individual sites, or 

potentially within specific time periods. The presence/absence and abundance of particular 

oxides can be indicative of fluctuations in raw material use (3.3.1), or in relative success of the 

smelt (3.3.3), but bulk chemical compositional analyses such as those discussed in 2.2.2 often 

produce very large datasets composed of many oxides. This makes it difficult to identify 

patterns and interpret the relationships between oxides using conventional graphs, and 

consequently difficult to discuss with any clarity the underlying patterns in smelting activity. 

Consequently statistical techniques which précis the variation or reduce the amount of variables 

within the dataset whilst maintaining the variation were utilised within this project. Whilst the 

practical aspects of applying the techniques are discussed in detail below, the mathematical 

details are not covered; these can be found in Baxter (2003) and Shennan (1997). 

2.2.4.1 Basic Statistical Approaches 

Within this project the use of the term ‘average’ refers exclusively to the mean value. 

Coefficient of variation (CV) is used to calculate dispersion, as this does not depend on the 

variable’s unit of measurement, and allows ppm data to be compared with that in measured in 

wt%. For comparison CV was converted to a percentage, known as the relative standard 

deviation (RSD) (where σ is the standard deviation and is the mean): 

𝑅𝑆𝐷 =  
𝜎

 𝑥 100 

Prior to correlation calculations quick assessments of the normality of data were undertaken 

with the Kolmogorov-Smirnov test, though the Shapiro-Wilk test was used for data with low 

sample numbers. Normal data were then subject to the Pearson correlation, and non-normal 

data to Spearman’s correlation test. As the direction of correlation was not assumed, two-tailed 

tests were used. To compare the oxide behaviour of two different types of material (i.e. two 

different slag subtypes) the independent t-test was used on data with a normal distribution. 
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2.2.4.2 Phase and Ternary Diagrams 

Ternary diagrams are a type of chart used to display quantitative compositional data with 

respect to three axis instead of the common two. Usually compositions are normalised to 

contain only those compounds or elements included on the axis. Ternary diagrams therefore 

assume a closed system within the furnace (Thomas 2000, 83), which the continual 

introductions of ore and fuel disturb, and are consequently a simplification or summary 

representation.  

 

Figure 2-1 Partial representation of FeO- SiO2- Al2O3 system for iron smelting slag (from Charlton 2006, 

147; after Levin et al. 1964, 241)  

Phase diagrams are a form of diagram which contain information on the type of 

thermodynamically distinct phases present at any specific composition at equilibrium. They 

were first introduced to the analysis of archaeological slag by Morton and Wingrove (1969), in a 

ternary diagram form, in order to estimate the melting points of samples. Today the most 

commonly used in iron smelting slag analyses is Figure 2-1. Here only a selection of the 

thermodynamic information has been plotted, with the fine lines express specific temperatures, 

and the thick lines represent major phase transitions; where multiple major lines intersect 

multiple phases can coexist in equilibrium, a condition assumed within phase diagrams. 

However whilst Kresten et al. (1996) have suggested that the long residence time and high 

temperatures of smelting furnaces could produce equilibrium conditions, this is by no means 

certain and the potentially heterogeneously conditions of the furnace may not be in 
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equilibrium. Consequently whilst it is relatively common to plot bloomery smelting 

compositional data on top of phase diagrams (e.g. Charlton et al. 2010, 363), care must be 

taken in interpretation.  

2.2.4.3 Principal Component Analysis (PCA) 

Principal component analysis is a mathematical procedure that converts a set of correlated 

variables into a smaller set of variables which are linearly uncorrelated. The products of this 

procedure are usually referred to as ‘components’; the number of components is always equal 

to or less than the original variables in the input data, and in many cases the majority of the 

variation in the original data can be expressed in just two or three new components. PCA is 

therefore often used as an exploratory statistical technique in order to analyse and understand 

large datasets. It is almost exclusively used by archaeologists as a way of reducing the number 

of variables in a dataset (commonly chemical compositional data), until simple relationships 

within the data are visible. This can facilitate the identification and interpretation of ‘groups’ 

within the dataset. Whilst PCA was not originally designed to achieve grouping in data, recent 

examination of PCA (Ding and He 2004) indicates that there is strong statistical justification for 

the use of PCA in this way, although defined and separated groups cannot be expected. A full 

discussion of PCA can be found in Appendix 3.3, but it is important to note that PCA is sensitive 

to the presence of outliers and within this project, is only used after initial data assessment with 

bivariate graphs and summary statistics.  

Within this project PCA is applied to tap slag compositional data as an explorative technique, 

and relies both on archaeological understanding of the relative importance of the oxides and 

the accuracy of the analytical data. The creation of synthetic components by PCA allows the 

possible identification of underlying latent variables which cannot be directly measured. In the 

simplest archaeological model these new components might be identifiable as the raw 

materials ore, fuel and technical ceramic, or in a more complex model duration of smelt, 

temperature, and CO partial pressure might contribute to the PCA components. 

Variables with consistently high correlations (>0.9) e.g. FeO were considered for exclusion from 

analysis as they provide little additional information not already expressed in the behaviour of 

the other variables, particularly considering the closed nature of the datasets used here and the 

underlying mechanics of the bloomery process (Appendix 3.3.2). Each dataset was examined 

separately, and the results of PCA can be seen in 5.4.4.3.3 and 6.4.4.3.2. 
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2.3 Summary 

Within this chapter the theoretical framework for the study has been introduced, with specific 

attention to the current debates. This includes the engagement between archaeometric 

analysis and interpretive and traditional analyses of archaeological material (2.1.2.1), and the 

importance of the development of theoretical approaches that draw on the strengths of both 

areas of the discipline. This has created an environment in which this project can combine 

archaeometric work with the analysis of established archaeological material in order to answer 

the questions outlined in 1.2. However this approach and the nature of the period in question 

requires interpretive reflection, and this has also been discussed (2.1.2.2). The model-building 

theoretical framework outlined in 2.1.3 arises out of this work and the need to synthesise 

multiple forms of evidence, drawing on the chaȋne opératoire approach and accepting the multi-

directional nature of cultural change within the colonial period under investigation. The 

scientific analytical techniques - WD-XRF, (p)ED-XRF, XRD, EPMA-EDS, laboratory roasting and 

microscopy - used to analyse archaeological debris from the two sites in this project are 

thoroughly discussed, and their relative accuracy, precision and limitations outlined. Together 

this presents the background in which the large quantities of evidence of multiple types 

presented in Chapters 4, 5 and 6 are gathered and analysed, in order to approach the questions 

in 1.2 in a way that is meaningful in both archaeometric and broader archaeological 

perspectives. 
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3    TECHNOLOGICAL CONTEXT 

In this section the bloomery iron smelting process and its implications for iron smelting in the 

Western Roman Empire is discussed, along with comparative data from analyses of debris 

associated with that process. The alternate two-stage process, in which a high-carbon (c.2-

4wt%) iron was produced and then decarburised to a more workable lower-carbon iron, used in 

in late medieval Europe and earlier Indo-China, is not discussed here in-depth as there is no 

clear evidence that it was used in the Western Roman Empire (4.4.2.3.4) this process.  

3.1  Iron in the Environment 

Iron is a common element in the Earth’s crust and is commonly found in compounds with 

sulphur, oxygen and other anions. Its minerals are often found in close association with SiO2, 

CaCO3, phosphorous, titanium and sulphur compounds (Rapp 2009). Minerals containing 

sufficient iron to be economically extracted were abundant across the Western Empire, and the 

most commonly available and potentially exploited during the Roman period were: 

 Hematite [where the iron is present as α- Fe2O3]; 

 Goethite [FeO(OH)]; 

 Magnetite [Fe3O4 (more accurately written FeO.Fe2O3)]; 

 Siderite [FeCO3]. 

Minerals composed of intimate mixtures of hydroxides, oxides and non-stoichiometric excess 

water are also known. These are commonly referred to as limonite, and are best visualised as a 

poorly crystalline or amorphous goethite (Goss 1987, 437). Laterites, types of soil which can be 

rich in iron, can also be exploited, however they form most commonly in hot and wet areas 

outside the geographical area of the Western Roman Empire, and are not relevant to this study.  

Minerals exploited for iron smelting are known as ores, and these can be broadly divided into 

three groups on the basis of their occurrence; subsurface deposits such as bedded ores which 

are frequently dense and hard; the weathered and enriched ores which are found where 

subsurface ores outcrop on the surface (i.e. gossan hat), and hydroxide ores which form where 

iron-bearing water is exposed to oxidising conditions on the surface (i.e. bog ores). These can be 

found in a diversity of geological contexts and environmental conditions, making iron ore more 

readily accessible than its social precursors, copper and tin ores, and leading to multiple regions 

of iron production across the Western Empire (Figure 4-2). Bog ore in particular can occur in a 

wide variety of settings, allowing iron production away from the major bedded ore outcrops 

known today and potentially in more accessible or small scale contexts. The specific nature of 
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the ores used at the sites analysed within this project are discussed in the relevant sections 

(5.1.2; 6.1.3.2), though reference to relevant ores is made below. 

3.2  The Bloomery Process 

The principle behind iron smelting is the reduction of oxidised iron to metallic iron (i.e. ore to 

metal) by exposing it to high temperatures and reducing conditions. As the archaeological 

remains of the process are limited to debris and occasional heavily damaged smelting 

installations (4.4.2.3), our understanding of the practical aspects of this owes much to 

experimental work (e.g. Tylecote and Merkel 1985; Tholander 1986; Crew 1991; Nørbach 1997; 

Saunder and Williams 2002). 

3.2.1 Reduction 

To create the extreme conditions necessary, a very pure carbon fuel source such as charcoal is 

burnt within an insulating enclosure, the furnace. As ore is added more fuel is also introduced, 

and together these are referred to as the ‘charge’. Air is introduced near the bottom of the 

furnace, either by artificial means such as bellows, or by ‘natural’ methods based on the 

chimney or Bernoulli effects. Full combustion of the charcoal in front of the air inlet produces a 

significant amount of energy (393 MJ), mostly in the form of heat: 

𝐶 +  𝑂2 =  𝐶𝑂2 

This forms a ‘hot-spot’ just in front of the air inlet which is the highest temperature point in the 

furnace. However where the oxygen from this blast is exhausted, but temperatures are high, 

carbon dioxide in high temperature contact with charcoal produces carbon monoxide by 

absorbing heat (166 MJ) : 

𝐶 + 𝐶𝑂2 = 2𝐶𝑂 

The force from the air inlet pushes this carbon monoxide gas through the furnace and up into 

the region above the hot-spot. Additional carbon monoxide is also formed above the air inlet 

where charcoal within the charge begins to combust with any available oxygen, but does so 

incompletely. The gas throughout the furnace stack, excluding the immediate area of the air 

inlet and ‘hot-spot’, is thus almost entirely composed of carbon monoxide and nitrogen. The 

rising hot gasses can also combust on exposure to oxygen at the opening of the stack, 

contributing to high temperatures. The consumption of fuel by the air inlet blast, and by the 

conversion of carbon to carbon monoxide in the presence of carbon dioxide at high 

temperatures, results in overall consumption of charcoal mass. This causes voids to occur, into 
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which the ‘charge’ above drops, introducing new charcoal, and slowly fuel and ore move down 

the stack.  

The top of the bloomery furnace can be at a high enough temperature that any non-chemically 

bound moisture is driven off almost immediately. After this point the carbon-monoxide rich 

gases rising from the combustion zone, and growing temperatures as the charge moves down 

the stack, have the potential to reduce iron oxide in ore fragments to solid metallic iron: 

𝐹𝑒2𝑂3 +  3𝐶𝑂 → 3𝐹𝑒 + 3𝐶𝑂2 

However, functionally, this reaction is likely to be a stepped process where carbon monoxide 

gradually reduces the iron (III) oxide to iron: 

3𝐹𝑒2𝑂3 +  𝐶𝑂 → 2𝐹𝑒3𝑂4 + 𝐶𝑂2 

𝐹𝑒3𝑂4 +  𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2 

𝐹𝑒𝑂 +  𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2 

This is sometimes referred to as an indirect reduction, but this terminology is not used here to 

avoid confusion. At high temperatures it is also possible for the iron oxides to react with solid 

carbon (i.e. charcoal, sometimes known as direct reduction) thus: 

2𝐹𝑒2𝑂3 + 3𝐶 → 4 𝐹𝑒 + 2𝐶𝑂2 

or 

𝐹𝑒𝑂 + 𝐶 = 𝐹𝑒 + 𝐶𝑂 

This can occur at any point within the stack where temperatures are high enough, mostly likely 

near or within the ‘hot spot’. However there is a significant difference between solid state 

reduction with carbon, and reduction with carbon monoxide gas, in that whilst the former 

results in an overall net production in heat, the latter absorbs heat from the furnace (Bugayev 

and Konovalov 1971, 63). It is important to note that the bloomery furnace is highly 

heterogeneous in terms of both temperature and concentration of CO within the atmosphere, 

and whilst the hottest part is immediately in front of the air inlet(s) other regions are potentially 

at lower temperatures. Metallic iron, with a melting point of 1538 °C therefore typically remains 

a solid within the smelting furnace.  
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3.2.2 Slag Formation 

The simple chemistry introduced above belies the complexity, and in some cases, the lack of 

certainty of the mechanism by which the ore fragments are reduced to the mass or ‘bloom’ of 

metallic iron which forms just below hottest part of the furnace. Whilst there are no clear 

descriptions, literary or visual, of the smelting process in the Roman period, the archaeological 

evidence (4.4.2.3.1) indicates that in almost all cases smelting utilised ores which were 

composed of both iron oxide and unwanted ‘gangue’ minerals such as quartz. Additionally it is 

clear that smelting during the Roman period produced quantities of waste material referred to 

as ‘slag’, typically a hard dense black substance composed predominantly of iron oxides and 

silicates. The external morphology of the majority of slag indicates that it was liquid and 

produced in relatively large quantities during smelting, but as discussed in the following section, 

there are several potential stages and conditions in which liquid slag may be first formed.  

Slag is primarily composed of iron silicates formed from iron oxide and silica, which upon 

cooling form the mineral fayalite (Fe2SiO4). Slag formation therefore likely occurs after the first 

initial reduction of iron oxides. From the blast furnace process (see Bugayev and Konovalev 

1971, 63) we can extrapolate that the formation of slag in the bloomery process and its 

presence in contact with the forming metallic iron bloom at the base of the furnace protects the 

metal from the powerful oxidising conditions of the air blast. The presence of liquid slag may 

also play an important part in the transport of the solid particles of metallic iron through the 

stack and their sintering into the final bloom mass. The ability of slag to contain higher levels of 

iron as Fe2+ than would be strictly balanced, depending on the furnace conditions, means that 

it may also act as an intermediate storage buffer for iron compounds in the process of reduction 

(Killick and Gordon, 1989). Consequently the formation of slag not only allows the removal of 

gangue minerals from the iron, but is an integral part of bloomery iron production. Whilst there 

are compositional fluctuations (see 3.3.2), and some gangue minerals may partially substitute 

for FeO within the slag, high levels of FeO facilitate a low melting point mixture with the gangue 

mineral oxides (Al2O3 and SiO2, Figure 3-1) and are critical to the formation of liquid slag, 

bloomery slag is almost always rich in FeO.  

Several phase diagrams are available for modelling the melting temperatures and phases of 

slag. The anorthite-FeO- SiO2 phase diagram was the first to be used in studies of archaeological 

slag (Morton and Wingrove 1969) and remains popular (Bachmann 1982; Serneels 1993). For 

high-CaO slag a CaO-FeO- SiO2 diagram can be used (Reimann and Sperl, 1979), however for 

slag where the Al2O3 content is significantly higher than the CaO content the Al2O3-FeO- SiO2 

diagram below is most appropriate (Thomas 2000, 83).  
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Figure 3-1 Partial representation of FeO- SiO2- Al2O3 system for iron smelting slag (from Charlton 2006, 

147; after Levin et al. 1964, 241)  

As can be seen pure fayalite has a melting point of around 1200°C, but the overall melting 

temperature of slag is often reduced to c.1000-1100°C by the presence of other compounds, 

predominantly composed of SiO2 in combination with other minor gangue oxides such as CaO 

and K2O. Whether this slag initially forms as liquid droplets, or as a friable, partially sintered 

mass varies from case to case, however it is unlikely that it typically conglomerates to any 

significant mass above the hot zone, as such a mass would likely prevent the full penetration of 

reducing gasses and potentially slow or suffocate the furnace. The production of slag is likely an 

ongoing localised process from relatively high in the furnace stack, depending on the 

temperature and carbon monoxide proportion and pressure of any individual smelt, slowly 

leading to the accumulation of a mass at the base of the furnace. This creation of slag also 

contributes to the movement of the charge down the stack, as more areas open up for charge 

to drop down, and probably creates a slow compaction of the charge as it moves down towards 

the hot zone. As long as the air flow and fuel presence remains continuous, the combustion 

should continue at a steady rate and the charge should continue to drop at the same rate. 

Changes in combustion would likely be visible to producers as changes in the rate of charge 

drop, and would potentially indicate changes in the rate of reduction of oxides.  

The formation of slag masses at the base of the furnace can eventually grow to disrupt the air 

intake openings and eventually fill the available space, bringing the smelt to a halt. The 
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morphology of excavated remains suggests that furnaces were built specifically to allow slag 

either to drip down into a pit (‘slag pit’ form) or bowl (‘bowl furnace’) (see Ackerman et al 

1999), or to facilitate the brief opening of holes in the furnace wall from which slag could run 

out as a liquid (‘slag tapping’ form).  

The majority of the excavated furnace remains recovered indicate that the very high 

temperatures reached within the furnace can penetrate the furnace walls to a significant depth, 

sometimes leading to extensive vitrification and damage to the furnace ceramic. This erosion of 

the furnace ceramic leads to clay and temper melting into the slag during the smelt, introducing 

additional SiO2 as well as other clay oxides. Consequently the composition of the furnace lining 

can potentially have a strong impact on the composition of the slag, particularly the SiO2: Al2O3 

ratio. Although the proportion of furnace wall lost depends on the type of clay and temper used 

and the furnace conditions, some authors suggest that up to 30wt% of the slag may be 

composed of material which originated in the furnace wall (Fulford and Allen 1992; Paynter 

2006, 272). This may result in the loss of further FeO to the slag through chemical combination 

with the SiO2, but it could also facilitate the formation of a fluid slag where high purity ores with 

little of their own SiO2 are being smelted (e.g. Chesters Villa, Fulford and Allen 1992, 197).  

The burning of fuel within the furnace also introduces fuel ash into the slag, though likely only 

contributing a maximum of 5wt% or less of the slag (Crew 2000, 46; Thomas and Young 1999b). 

The composition of the fuel ash tends to be dominated either by CaO or K2O, depending on the 

species, whilst the trace oxides relate to the local conditions. Evidence suggests that fuel ash on 

its own does not form a liquid slag within 1300-1500°C (Coda et al. 2004, 95), indicating that it 

likely dissolves into the liquid slag rather than forming its own slag and being incorporated. 

When molten, the slag is likely composed of an intimate mixture of compounds, but as it cools 

and solidifies those with the highest melting points crystallise out into distinct phases. The size 

and shape of the individual phases relates to the conditions under which they solidified; a slow 

solidification allows large phases to grow, and exposure to a cold surface causes phases to grow 

outwards from that chilling point. The phases are commonly described as fayalite (Fe2SiO4), 

wüstite (FeO), and an amorphous glassy matrix of variable composition (usually dominated by 

silicates, aluminium, and calcium compounds). However the chemistry tends to be more 

complex, with the presence of additional elements and phases such as magnetite, a more 

oxidised form of iron oxide than wüstite, and hercynite, an iron-bearing aluminium spinel. 

Additionally some elements, most notably manganese and titanium, substitute for iron within 

compounds such as fayalite and magnetite respectively rather than entering only the glassy 

matrix. Consequently within this project the terms olivine and spinel are used as generic terms 
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to refer to fayalite and magnetite respectively unless their chemical composition has been 

confirmed using analytical techniques. 

3.2.3 Charge Composition 

3.2.3.1 Ores and Fuels 

Whilst it is technically possible within the bloomery furnace to decompose both hydroxides and 

carbonates to oxides prior to reduction, this presents an additional energy requirement. It also 

necessitates an additional reaction stage, which needs to occur early in the passage of the 

charge, complicating management of the smelting process. In order to avoid this, hydroxide and 

carbonate ores can be roasted prior to smelting by heating small pieces in shallow beds of 

burning fuel c. 400-800°C (Pleiner 2000a, 107): 

Hydroxides: 2 𝐹𝑒𝑂(𝑂𝐻) → 𝐹𝑒2𝑂3 + 𝐻2𝑂 

Carbonates: 2 𝐹𝑒𝐶𝑂3  →   𝐹𝑒2𝑂3 +  𝐶𝑂2 +  𝐶𝑂 

Goethite (hydroxide) and hematite (oxide) crystallise in different structural systems, 

orthorhombic and trigonal respectively, and the change between these systems results in a net 

loss of volume, leading to the formation of cracks and pores within ore grains (Goss 1987, 438) 

on the nanoscale. The loss of water, carbon di/monoxide and any sulphur present also create 

cracks and pores, and whilst together these microstructural changes are unlikely to be visible to 

the naked eye (de Faria and Lopes 2007, 119), they make it easier for the smelter to break the 

ore pieces into smaller fragments prior to charging. They also increase the surface area of the 

ore fragments and allowing the reducing gasses within the furnace to penetrate into the pieces 

(Tylecote et al. 1971) more easily. Roasting may not have always been this thorough during the 

Roman period, as cues may have been taken from the colour change of goethite from brown-

yellow to red, which occurs at relatively low temperatures c.260-280°C (de Faria and Lopes 

2007, 117). However even at these temperatures roasting can be effective, as water is 

separated from the iron and segregated into microscopic pores within the mineral crystals 

(Pomiés et al. 1999, 279). It is likely that roasting during the Roman period was a heterogeneous 

operation producing ore fragments with varying compositions, but a general reduced 

hydroxides/carbonate content. 

Both before and after roasting, ores were likely subjected to additional processing usually 

referred to as beneficiation or ore dressing. After initial mining ores were often crushed, sorted 

and washed, the latter clearing some of the dust associated with ore processing which can 

prevent accurate identification of gangue mineral presence. This comminution allows the larger 

pieces of unwanted material or gangue to be removed as tailings, frequently dominated by 
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quartz. This type of activity has been undertaken since the beginning of extractive metallurgy, 

and is likely to have taken place in the majority of Roman period contexts (Schrüfer-Kolb 

1999b), where the ore was then broken down to around 1-2cm in diameter (Schrüfer-Kolb 

2004) for charging. The size of both ore and charcoal affects the temperature and operation of 

the furnace. Small pieces drop quickly down the chimney, pack densely, and have little space 

between them for the penetration of the combustion gases, which may lead to an overall 

reduction of temperature. This affect is amplified if the charge contains a high fraction of very 

fine or powdered charcoal ‘fines’, which can also lead to clumping or blocking within the 

furnace. This contributes to the perception that charcoal could not have been profitably 

transported over any substantial distance, as it is easily broken and the smaller pieces and dust 

may have been discarded. Small particles of ore are also thought to have detrimental effects, 

dropping down through the furnace too quickly for full reduction to occur and leading to ‘short-

circuiting’ (Tylecote et al. 1971) of the furnace. In experimental work the answer to these 

problems is to crush ore and sometimes charcoal to appropriate sizes, and to sieve charcoal to 

remove the fines prior to use, but there remains no good archaeological evidence for the 

composition of a bloomery charge from any period.  

3.2.3.2 Fluxes 

Alongside iron-ore and fuel, additional material referred to as ‘flux’ could be added to the 

furnace during the smelt in order to alter the process or product in some way perceived as 

beneficial. Lime is one modern flux which is used to reduce the amount of FeO lost to the slag; 

lime contributes mostly CaO which substitutes for FeO in silicate compounds, thus allowing the 

production of a liquid slag with a lower loss of FeO to the slag and, due to the presence of CaO 

compounds such as pyroxenes, a lower melting temperature and viscosity (Charlton et al. 2012, 

2282). However the use of flux prior to the modern period tends to be culturally specific and is 

not clearly demonstrated during the Roman period; even where limestone heaps have been 

recovered on Roman iron smelting sites (Whitwell RC, Schrüfer-Kolb 2004, 71) analysis of 

associated slag shows no elevation in CaO levels to support the use of a CaO-based flux.  

Other compounds are able to substitute for FeO in the formation of slag phases, in particular 

MnO. The behaviour of MnO, an ore gangue mineral oxide often found in intimate mixture with 

iron oxides in Western European deposits, within the bloomery furnace and its role within the 

reduction of iron has not been established (3.2.5). As MnO can substitute for iron within 

fayalite, it has the potential to improve yield by freeing up iron oxides for reduction. However 

this only occurs where MnO presence in the charge does not compromise FeO abundance 

within the ore, i.e. where MnO is added in addition to iron ores and not instead of. Identifying 

the use of manganese fluxes is difficult, but as Iles (2014) demonstrates with African iron 
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smelting debris, possible. There is no clear evidence that MnO-bearing material was added as a 

flux during Roman period iron smelting, however this may be an artefact of the limited 

archaeological evidence and the challenge of identifying this activity. It is also worth noting that 

some ores can be considered ‘self-fluxing’, as their gangue minerals contain oxides such as 

those discussed here which can have beneficial effects on smelting. 

3.2.4 Penalty elements 

The term ‘penalty element’ refers to elements or compounds that enter the metallic iron and 

result in physical characteristics which are not desirable. In bloomery smelting this is 

predominantly sulphur and phosphorous. Sulphur dioxide within ore or other raw materials in 

contact with carbon is reduced to free sulphur within the furnace, which reacts with iron to 

form ferrous sulphide, a compound readily soluble in metallic iron. This causes brittleness and 

cracking, or ‘hot shortness’, in iron during high temperature smithing. This is particularly 

problematic for the bloomery system which relies on hot-working of the bloom to force out 

entrapped slag during the first stage of purification. Consequently the sulphur present in most 

coal was a major preventative factor in its use as a fuel for smelting prior to the blast furnace.  

The presence of phosphorous is less negative, as it can add desirable effects such as increased 

hardness and strength comparable to medium-carbon steel (Rostoker and Bronson, 1990), and 

can as also reduce the melting temperature. It has been suggested that phosphorous-irons 

were preferentially used during the Iron Age in Southern Britain (Craddock 1995; Ehrenreich 

1985, 75-81). However phosphorous causes ‘cold shortening’ or brittleness at low 

temperatures, and high enough concentrations can render iron unusable, which is problematic 

for the exploitation of bog ores which can contain high levels of phosphorous which is not 

removed by roasting. Slag inclusions in iron produced in the bloomery furnace frequently 

contain phosphorous, one of the key chemical characteristics that distinguish it from iron 

produced in the blast furnace (Dilman and L'Héritier 2007, 1813). Tylecote (1987, 52) has 

estimated that up to a quarter of the available phosphorous in an ore entered the bloom during 

the bloomery process, the rest being lost to the slag or driven off as a gas, but the extent to 

which phosphorous partitions to slag, bloom or gas during bloomery smelting fundamentally 

depends on the operating parameters. However high phosphorous abundance in raw materials 

is likely to have been linked to phosphoric iron production in many cases. 

Of less relevance to Roman period iron smelting is aluminium, the presence of which tends to 

affect the slag rather than the iron. It increases the viscosity of the slag, prolonging the time 

taken for the charge to move through the furnace and impeding the tapping process. Although 
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it may enter through the ores, particularly in the case of laterites, it is more likely to derive from 

the clay of the furnace if high temperatures cause significant melting of the lining.  

3.2.5 Iron Bloom Formation 

The mechanism by which the iron particles form a coherent mass at the base of the furnace 

remains uncertain (Charlton 2006, 91). Iron can be reduced by both carbon monoxide and solid 

carbon, allowing metallic iron to form in rims where ore grains are in direct contact with 

charcoal, as well as in rims where slag masses are exposed to reducing gasses (Gordon 1997, 

16). There is also evidence that ore grains can melt into slag (Gordon 1997, 12) and be reduced 

to iron from there. The complexity and multiplicity of iron reduction pathways can be seen in 

the discussion of laterite and magnetite ores by Killick and Gordon (1989), summarised in Figure 

3-2 and Figure 3-3 which are based on their micrographic examination of ore particles 

entrapped within bloomery slag: 

 

Figure 3-2 Mechanisms of reduction of laterite and bloom formation (information from Killick and 

Gordon 1989) 

As they point out, the presence of different pathways arises from differences in the iron content 

of the ores, the amount of charcoal used, the carbon monoxide availability and the furnace 

temperatures (Killick and Gordon, 1989). Without such serendipitous discoveries, discussions of 

the reduction pathways for ores, particularly those commonly used during the Roman period, 

lack a good evidence base.  
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Figure 3-3 Mechanisms of reduction of magnetite and bloom formation (information from Killick and 

Gordon 1989) 

There is also evidence that droplets of high-carbon liquid iron form within bloomery conditions. 

The presence of carbon monoxide in the furnace can lead to the absorption of carbon into iron 

(carburisation) around 1000°C (Elliott and Bond, 1959):  

3𝐹𝑒 + 2𝐶𝑂 =  𝐹𝑒3𝐶 + 𝐶𝑂2 

This iron carbide is then soluble in iron, creating an alloy with a lower melting point than pure 

iron. As the carbon content of the iron increases the melting temperature is significantly 

decreased, to the point where a liquid iron alloy is formed. This could play an important part in 

the mechanism of bloom formation; at one end of the spectrum cast iron could be the primary 

initial iron product of reduction in the upper areas of the stack, passing down to be oxidised as 

it crosses the path of the oxidising air blast (Cleere 1981, 124) or possibly decarburised by the 

slag (Pleiner 2000a), whilst at the other end cast iron may be produced only rarely, and when 

present act as a transport and sintering agent for the dominant solid iron particles before 

joining the bloom mass where diffusion results in the carbon diluting within the pure iron 

particles. Experimental evidence indicates that during the smelt the bloom typically forms just 

below the air inlets.  
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The extent to which either liquid cast-iron or solid iron particles dominate the initial reduction 

product likely relates to the ore and the furnace conditions of each smelt. However it is clear 

that, within the bloomery process, liquid cast iron itself was not the intended product; the high 

levels of carbon found within cast irons (typically 2-5wt%) produce a brittleness which makes 

cast iron impossible to work unless the knowledge and skill to decarburise it is available. 

However, relatively low levels of carbon (typically <c.0.7wt%) can be beneficial in iron, 

increasing the hardness and consequently the ability for the metal to hold a sharp edge. Whilst 

it is generally thought that Roman period smelters would have struggled to estimate or control 

such a low carbon content (Craddock 1995, 238), experimental work shows that fluctuations in 

carbon content in this range can be related to the volume of air forced into the furnace and the 

ratio of ore to charcoal within the charge (Saunder and Williams 2002; Tylecote et al. 1971). The 

fuel:ore ratio also affects the temperature possible, as does the force of the draught. Within a 

‘natural’ draught furnace control is limited to the un/blocking of air inlet points near to the base 

of the furnace, but with forced draught more control may have been possible, though the 

labour requirements are likely to have been significant. Thus not only is the production of low 

carbon iron or ‘steel’ technically possible within the bloomery furnace, it is also possible to 

produce it intentionally. However the need to create a highly reducing atmosphere to achieve 

carbon alloying of the iron probably increases the risk of producing insufficient slag to transport 

and sinter the metallic iron particles (Paynter 2006, 273), making the production of steel more 

difficult and potentially more likely to fail. There is also the possibility that excessively strong 

reducing conditions will allow large numbers of cast iron particles to survive to the lower stages 

of the furnace, resulting in the bloom forming from a conglomerate of cast iron and potentially 

being regarded as unworkable waste. These factors contribute to the higher risk associated with 

carbon-alloyed iron production in the bloomery furnace (Rehren et al. 2007). 

It has been suggested that MnO within the ore and slag creates an environment which 

facilitates the uptake of carbon into the iron allowing easier creation of steel (Grandin & 

Hjärthner 2008, 74; Charlton 2006, 106; Tylecote 1962, 191; Crew and Charlton 2007; 

Hauptmann 2007, 235; Iles 2010, 230) and there is some indication that MnO within ore is 

empirically advantageous (Saunder 2013, 73). MnO within the slag may also reduce the viscosity 

of the slag, improving the separation of slag from iron (Todd and Charles 1978) and 

consequently reducing the chance of a furnace ‘freezing’ at low temperatures (Hauptmann 

2007) e.g. after tapping. MnO reactions within the slag may be exothermic, increasing the 

temperature of the furnace (Stobbe et al. 1999; Crew et al. 2011) and provide a buffer 

preventing reoxidation of iron during fluctuating conditions (Iles 2014, 439). In addition the 

presence of MnO may also lower the CO partial pressure necessary to reduce wüstite within 
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slag into iron (Heimann et al. 2001), which has led to some suggestion that MnO may facilitate 

lower fuel:ore ratios (see Iles 2014, 439 discussing Crew and Charlton 2007). In addition there 

are, as Iles (2014, 439) covers very thoroughly, a number of recent studies which suggest that 

MnO may have other properties which are beneficial to slag formation and furnace operation, 

though further research is necessary to codify these. The mechanisms behind these changes, 

particular in the case of possible improvement in carburisation, have not been clearly 

established. Truffaut (2008) has proposed that MnO is reduced to Mn3C directly, beginning at 

the relatively low temperature of 1105°C in the presence of FeO, allowing the formation of a 

mixed liquid iron and manganese carbide (Fe, Mn)C at a relatively low temperature before some 

of the manganese then moves to the slag. However this remains theoretical, as neither 

archaeological nor experimental evidence is available to support this model. In any case, MnO is 

not necessary to produce steel within a bloomery furnace (Pleiner 1966 referred to in Straube 

2000), and consequently Roman period steel production is unlikely to have been limited to 

manganese-rich ore.  

The presence of manganese also raises the question of whether bloomery smelting of iron ore 

containing manganese could have produced iron with some metallic manganese content, a 

beneficial alloying element used in modern steel. However there is little actual evidence for the 

reduction of MnO and the entrance of manganese into metallic iron during bloomery smelting 

in the Roman period, as this reaction requires exceptionally reducing conditions beyond those 

thought to regularly occur within the bloomery furnace (Iles 2010, 329). Whilst it can occur 

within a bloomery furnace, the quantity of manganese reduced is very low, and has only been 

found at detectable levels in iron from blast furnaces (Bodsworth & Bell, 1972), even then only 

in hundredths to tenths of a percent (see Starley 1999; Rostocker and Bronson 1990). 

Considering the heterogeneous nature of the bloomery furnace, localised manganese reduction 

might occur (Iles 2014, 439), but overall there is little chance of significant manganese entering 

the metallic iron during bloomery smelting, and it is unlikely that MnO-bearing ores or raw 

materials were utilised specifically to create Mn-alloyed iron during the Roman period. 

3.2.6  Processes and Variables 

The physical requirements of smelting are limited to the furnace, ore and fuel, though the use 

of forced air adds requirements for bellows and connecting pipes (tuyères), and flux may be 

added. The remains left behind by the process can be relatively sparse, with the furnace itself 

prone to poor survival, and the archaeological record dominated by the various types of slag 

and occasionally bloom fragments (see 4.4.2).  
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As discussed above, temperature and redox conditions within the furnace are critical to the 

outcome of the smelt, but these variables are not under the direct control of the smelter. They 

can only be affected indirectly, by altering variables external to the furnace, such as the amount 

of air entering the furnace and the fuel:ore ratio (Figure 3-4). The presence and viscosity of the 

slag are also important variables within the furnace, but again they cannot be directly controlled 

by the smelter and are only be influenced by control of the external variables.  

 

Figure 3-4 Simplified summary of variable interaction in smelting  

The processes performed during iron smelting, and the resulting debris and installations 

produced, can be summarised visually (Figure 3-5) for a hypothetical ideal situation, illustrating 

a substantial part of the chaȋne opératoire. However the limitations of generalisation mean that 

the qualitative and quantitative importance of the raw materials, the type of procurement 

employed (trade/exchange or direct), or an understanding of the role of the production 

processes to the people undertaking them are neglected. It is only within the site-specific 

analyses (5.4, 6.4) that sufficient evidence is available to approach these aspects. 

  



69 
 

 

Figure 3-5 Schematic representation of smelting and associated activities, with associated debris and 

features produced 

3.3 Analysis of Smelting Debris 

Ideally analyses of smelting sites would focus on the product itself, bloomery iron, however 

excavated sites commonly yield no bloom material. Additionally the limited iron bloom 

fragments that survive are often arguably not morphologically or chemically typical of the 

intended product (4.4.2.3.4). However other remains, from furnace walls to ore samples to slag 

pieces, are more commonly represented. As a result one of the most important and growing 

areas of research into iron production is the chemical and microstructural analysis of debris 

associated with past iron smelting. Whilst chemical analyses of slag date back to at least the late 

19th century, it is Morton and Wingrove’s seminal 1969 analysis that showed that a combination 

of new analytical techniques and current industrial knowledge applied to historic slag could 

shed light on the production processes. Since then there have been a number of important PhD 

theses (e.g. Cleere 1981; Fells 1983; Thomas 2000; Charlton 2006; Schrüfer-Kolb 2004) and 

papers (Allen 1998; Blakelock 2005; Chirikure and Paynter 2002; Fulford and Allen 1992; 

Paynter 2006, 2007) which have examined both the microstructure and the bulk chemical 

compositions of Roman period slag samples, and used this information to comment on the 

smelting activities at particularly sites. As a consequence of these factors, and the nature of the 

remains from the study sites, this thesis focusses specifically on the analyses of smelting debris, 

particularly slag, and iron bloom material is presented only where it is informative to the main 

investigation (4.4.2.3.4, 6.4.5). 
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Different stages of the smelt and differing techniques lead to the production of slag with varying 

morphology and potentially varying chemical contribution from the raw materials (ore, furnace 

lining, and fuel ash). Slag can be broadly classified by the processes by which it was formed (as 

McDonnell 1986 and Serneels 1993 do), e.g. smithing, tapping etc. However within the 

technological context discussed here it is tap slag which is of most interest, as this forms within 

the furnace during the reduction of iron, and thus is most likely to facilitate an understanding of 

the conditions within a furnace during a successful smelt. Additionally this slag is the most 

abundant and has the most easily identifiable morphological characteristics, exhibiting a ‘flow’ 

texture similar to dripping wax or lava. These aspects make tap slag one of the most commonly 

analysed and informative types of debris available from iron smelting sites. Attempts have been 

made to classify tap slag based on mineralogy (Morton and Wingrove 1982), or mineralogy and 

morphology (Sperl 1980). However both of these characteristics are the result of a multitude of 

factors including the type of furnace, conditions, ores, production processes and action of the 

smelters, and the creation of classifications beyond the broad definition of ‘tap slag’ has not 

generated informative distinctions applicable beyond individual sites. 

3.3.1 Oxides in Raw Materials and Slag 

Analysis has led to the composition of Roman period slag being described as “site specific” 

(Fulford and Allen 1992, 195). However more accurately speaking this pattern is the result of 

the highly localised origin5 of the raw materials which contribute to the slag, and to a less 

understood extent the differences in technology used between sites and periods of production. 

Analysis of the composition of slag samples generates information on the composition of raw 

materials entering the furnace, as well as conditions within the furnace, as does analysis of the 

microstructure of slag. There has been significant focus on understanding the routes by which 

individual oxides enter the slag, and one of the most informative summaries can be found in 

Charlton (2006, 127): 

Table 3-1 Charlton’s (2010, 355) origins of oxides in tap slag  

 Na2O MgO  Al2O3 SiO2 P2O5 K2O CaO TiO2 V2O5 MnO SrO BaO 

Ore/gangue • • • • •   • • • • • 

Furnace 

Lining  • • •  •  •     

Fuel Ash •    • • •    •  

 

                                                           
5 See Paynter’s 2007a discussion of ‘regional’ variation in Roman period iron smelting debris from the UK 
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FeO enters from the ore, and as discussed in 3.2 partitions into both the metallic bloom and the 

slag. K2O, Na2O, CaO and MgO enter only the slag, but this is not true of all other oxides; both 

P2O5 and SO3 are likely to be partially lost to outgoing gasses, and both can also be reduced and 

enter the iron (see 3.2.4). SiO2 in slag originates from both the ore and, critically, the lining of 

the furnace as discussed in 3.3.2, but in bloomery production the conditions for reduction of 

silicon into the metal are rarely found (Starley 1999, 128) and SiO2 only enters the slag. Al2O3 

can be both a gangue mineral in the ore and present in the furnace lining, though the latter is 

more common, and similarly it is assumed to enter only the slag (3.2.4). As discussed in 3.2.5 

manganese originates in the ore in almost all cases and is a beneficial alloying metal with iron, 

but again under bloomery conditions does not enter the bloom but remains within the tap slag 

entirely. Other metals such as copper, nickel, chromium and cobalt may also enter the iron 

(Starley 1999, 1128), but these are only found as trace oxides within the raw materials used in 

the Roman period so their impact on the metal is very limited.  

3.3.2 Comparative Analyses of Tap Slag 

Anglophone literature provides a limited number of analyses of Roman period tap slag from the 

Western Empire, beyond the large number derived from the UK. In order to provide a coherent 

dataset the choice was made to limit the gathering of comparative data to UK sites, though a 

fuller comparison of Europe-wide slag analyses would be beneficial. 145 individual pieces of tap 

slag from 44 sites whose date ranges included the Roman period (Appendix 4.2) were 

transcribed, though in many cases only data for major and minor oxides were published and 

analytic techniques precluded the accurate reporting of light oxides such as Na2O, or low 

abundance oxides such as SO3 and V2O5. The full data used here, normalised and with iron 

expressed as FeO, can be seen in Appendix 4.2, but summary statistics are presented below 

(Table 3-2). 

Paynter’s (2006, 2007a) papers remain the most substantial collection of published analyses, 

and consequently the regional groupings adopted there (2007a) are utilised here, with the 

addition of a separate grouping for the Welsh sites. However the number of samples from each 

region is not equal, and the Forest of Dean/Bristol Mendips region accounts for 32% of all the 

data, followed by Wales which accounts for 31%. East Yorkshire and Norfolk Lower Greensand 

regions were very poorly represented, together accounting for only 4% of samples. The 

dominance of the Forest of Dean and Welsh regions is in part related to specific sites in those 

regions from which multiple pieces of slag were analysed, particularly Bryn y Castell (12%), 

Chesters Villa (13%), and Usk (11%). 23% of the data are drawn from SEM-EDS/-EDAX analyses 

of small (typically no more than 2.5mm2) areas of small samples, and as a whole the dataset was 
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likely produced by almost as many different analytical machines as there are individual sites. 

Consequently it should be taken as broadly indicative of the range and variation within Roman 

period iron smelting, with little significance assigned to minor chemical differences.  

Table 3-2 Summary statistics for comparative tap slag analyses 

Samples Na2O 
(wt%) 

MgO 
(wt%) 

Al2O3 
(wt%) 

SiO2 
(wt%) 

P2O5 
(wt%) 

SO3 
(wt%) 

K2O 
(wt%) 

CaO 
(wt%) 

V2O5 
(wt%) 

TiO2 
(wt%) 

MnO 
(wt%) 

FeO 
(wt%) 

Values 50 144 145 145 145 40 144 145 19 145 145 145 

No Values 95 1 0 0 0 105 1 0 126 0 0 0 

Mean 0.34 0.92 4.57 22.35 0.66 0.34 0.94 2.06 0.06 0.27 0.99 67.04 

Median 0.28 0.81 4.12 23.09 0.45 0.30 0.90 1.59 0.04 0.23 0.30 66.91 

Min .01 .17 .48 8.37 .05 0.00 .02 .17 0.00 .03 .04 37.29 

Max 1.35 3.00 12.20 36.08 2.46 .87 2.33 15.30 .20 1.11 11.02 84.89 

 

The range of FeO values across the whole dataset is substantial (37.29-84.89wt%). Even 

assuming that all SiO2 in the slag is combined with iron in fayalite, around two thirds of the slag 

samples have more FeO present within the slag than is necessary to combine with all the SiO2 

and produce the required liquid slag. It could be argued that, whilst slag is a necessary part of 

the production of iron, the quantity of iron 'wasted' into the slag should be kept to a minimum 

in order that the majority be reduced to metallic iron bloom. Within this context FeO 

abundance in slag above that necessary to combine with the SiO2 and produce a fluid slag is 

considered 'wasted' iron which could have been converted to bloom iron were the 

producers/production processes better. Authors of early analyses of slag (Morton and Wingrove 

1969; Tylecote 1986) followed this argument to conclude that medieval bloomery smelting was 

predominantly more efficient than Roman period smelting due to the leaner slag of the 

medieval period, though this pattern was not substantiated by Fells (1983). 

However this model is problematic because it ignores variation in the ceramic furnace wall 

contribution to the composition of the slag. A high contribution of furnace wall, which is 

primarily composed of SiO2, melting into a high FeO slag at high temperatures would result in 

the final production of a slag with a much lower FeO content, as the previously abundant FeO 

was diluted with SiO2 from the furnace wall. This would produce a lean, low-FeO slag and a false 

impression of high metallic iron yield. However countering this problem of interpretation is not 

simple, as estimating the quantity of furnace wall lost to slag during any one smelt is difficult, 

and to do so with fragmentary archaeological remains potentially exposed to multiple smelts is 

liable to be inaccurate.  
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In addition to supposing that producers of the Roman period were aware of the relative iron 

content of their slag, this model also assumes that it is worthwhile for producers to attempt to 

produce lower FeO content slag, which has not been established. The high reducing conditions 

necessary to liberate the maximum quantity of iron necessarily require higher quantities of fuel 

and potentially higher blowing rates, which are additional investments in raw materials and 

energy. Where rich ores are plentiful, and potentially where fuels are expensive and/or difficult 

to obtain, it may be more desirable overall not to pursue such high reducing conditions, and to 

compromise the loss of iron to the slag to save fuel. Additionally there is some argument that a 

slag with a high abundance of FeO might be actively preferred by smelters (Espelund, 1991; 

Photos-Jones 1998; Saunder 2013) as it facilitates the easy separation of slag and metallic iron, 

and as Iles (2014, 437) states, a higher yield is of no use if the metal is substandard. Some 

authors (Killick 2014) also suggest that FeO abundance is almost entirely a result of iron 

abundance in the ore, with rich ores producing iron-rich slags and lean ores lean slags. 

Judgements of smelting ‘success’ based on FeO abundance are therefore potentially flawed and 

of limited benefit.  

 

Figure 3-6 Ternary phase diagram SiO2-FeO(+MnO)- Al2O3 with Charlton’s (2010) optima, with 
comparative analyses illustrated 
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An alternative understanding of smelting ‘success’ can be derived from the use of phase 

diagrams as Charlton (2006) and Charlton et al. (2010) have done (Figure 3-6). The comparative 

data are plotted here on a ternary phase diagram of components SiO2, Al2O3 and FeO, where 

MnO is also added to FeO as per Charlton’s method, under the assumption that manganese 

substitutes for iron within fayalite phases in the slag. Charlton identified two “basins” of 

“thermochemical attraction” (2010, 357) where a minimum amount of energy is required to 

create a liquid slag, proposing that these two points represent the most effective adaptions to 

environmental factors. ‘Optimum 1’ is a lower-FeO region with a higher potential yield of 

metallic iron, but situated in a compositional region with a high temperature curve surrounding 

it, whilst ‘optimum 2’ is a higher-FeO region with lower yield but less steep temperature 

gradients surrounding it. ‘Optimum 2’ therefore represents less risk of failure of the smelt if 

compositions fluctuated but temperatures did not increase, therefore requiring less exacting 

control of the smelt than ‘optimum 1’ and potentially being easier to achieve. 

 

Figure 3-7 Close-up of Figure 3-6 illustrating analyses from single sites  

As can be seen in Figure 3-6, the majority of comparative data plots across the fayalite and 

wüstite regions, near to ‘optimum 2’. The few that plot near to ‘optimum 1’ may be anomalous; 

they contain substantially higher CaO and, if this was combined with MnO and FeO as per Iles’ 

method (2010) based on calcium substituting for iron within silicate compounds, would plot 

within the fayalite region. Whilst the majority of comparative data plots near, none plot on 
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‘optimum 2’, instead spreading out across the fayalite and wüstite regions, indicating melting 

points of c.1200-1300°C. This and the lack of regional patterning to the data would seem to 

indicate a variety of approaches in Britannia, with a tendency towards higher iron loss, lower 

risk/difficulty, and lower energy and labour required, though no definitive pattern is clear. 

Figure 3-7 gives some indication that smelting at individual sites varied less, and in some cases 

may have tended towards a lower iron loss (e.g. Chesters Villa), but equally some slag 

compositions from single sites show almost as much variation as those from the UK in general 

(e.g. Usk). This evidence appears to suggest that the approach of smelters at any one site in 

Britannia may have been specific to that site and potentially to that particular point in time, 

though it is worth noting that slag at some sites is drawn from multiple contexts spanning 

hundreds of years.  

 

Figure 3-8 Al2O3 vs SiO2 for comparative data illustrated by region  

Beyond the discussion of efficiency, the presence of excess FeO also has other effects on the 

slag chemistry. In particular excess FeO effectively dilutes the other oxides present in the slag, 

contributing to the negative correlation between FeO and almost all other major and minor 

oxides in the tap slag. The exception to this negative correlation are SO3 and P2O5, which are 

positively correlated with FeO within the comparative data. Unlike other oxides which partition 
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to the slag, these two can be reduced and enter the metallic iron, and are also prone to being 

driven off as gasses during the smelting process. A positive correlation between these oxides 

and FeO may reflect a link between higher reducing conditions, which can reduce a greater 

proportion of iron and lead to lower FeO, and a greater loss of SO3 and P2O5 to gas.  

The origin of SiO2 and Al2O3 in both the ore and furnace lining has led to their use by some 

authors as indicators of variation in ore selection, preparation and furnace operations (Charlton 

et al. 2010, 355), and ratios of the oxides are often discussed (Buchwald’s ‘F-value’ 2005; Allen 

1998). Charlton et al. (2010, 356) assume a constant ratio of SiO2: Al2O3 between ore and slag in 

order to examine variation in ores, but this is not borne out experimentally (Senn et al. 2009, 7) 

as furnace lining represents a substantial source of Al2O3 and potentially a substantial 

contribution to tap slag composition (Table 3-3). Considering this, the dominance of high purity 

ores on the study sites and substantial furnace lining contributions, F-Values are not used in this 

thesis.  

 

Figure 3-9 CaO vs K2O for comparative tap slag analyses  

Visualisation of the SiO2 and Al2O3 content in the comparative data (Figure 3-8) indicates some 

grouping by region, likely a reflection of consistency in regional clay compositions, but a 

relatively high dispersal of samples across many of the other regions. In terms of minor oxides, 

the relative proportions of CaO to K2O are likely indicative of the type of fuel used, and regional 

reliance on particular fuel sources or species may explain the regional groupings seen in Figure 

3-9. This figure also illustrates the notably high levels of CaO found in some of the Wealden slag, 
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which suggests that CaO is entering from an additional route other than fuel ash. Whilst this 

could be indicative of fluxing, the lack of supporting evidence at this time and the position of 

the ores in the regional limestone and chalk geology suggests that this is more likely to be the 

result of CaO entering with the ore as a gangue mineral. 

Region-specific behaviour can also be seen in TiO2 and Al2O3 abundances (see Figure 3-10), 

where slag samples from Midlands Jurassic and Wealden sites can be identified by their high 

Al2O3 and TiO2 content. Again this reflects localised variation in raw materials, in this case likely 

a combination of ceramic furnace material and ores. 

 

Figure 3-10 TiO2 (wt%) vs Al2O3 (wt%) for comparative tap slag analyses  

Differences are visible between the slag analyses from the three sites which contributed the 

most analyses to the dataset. In part this is a result of the much lower levels of compositional 

variation in the raw materials local to each site, resulting in most slag samples being similar in 

composition to others from the same site (see Figure 3-11). However there is some evidence 

that the patterns of fluctuation at each specific site differ between sites. In Figure 3-12 we can 

see that whilst the P2O5 content of slag from Chesters Villa and Usk shows little variation, 

remaining static whilst FeO content varies substantially, the P2O5 content of the Bryn y Castell 

slag varies substantially whilst the FeO content remains high and relatively static. These 

variations suggest that meaningful differences between processes at different sites can be 

visible in the chemical composition of slag samples, as has been surmised by researchers such 
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as Charlton (2006) and Paynter (2007a). This provides critical support for the approach taken 

within this project, however as I propose in Chapter 1 and 2.1, understanding the causal factors 

behind these differences requires the contextualisation of variation in the tap slag samples 

within the whole production system, including the both the local environment and the socio-

economic context.  

 

Figure 3-11 TiO2 (wt%) vs Al2O3 (wt%) for comparative data by site 

 

Figure 3-12 FeO (wt%) vs P2O5 (wt%) for comparative data by site 

Overall the majority of variation within the comparative data from the UK as a whole likely 

reflects variation in local raw materials, and the broad regional classification used by Paynter 

(2007a) remains useful in illustrating that. The presence of potential variation in major and 
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minor oxides with respect to individual sites is promising, though the complexity of these 

patterns suggests that a full understanding of the local environmental and socio-economic 

contexts will be necessarily to untangle the origins of these differences. Whilst almost all of 

these comparative analyses lack trace oxide data, it is likely that analysing these would allow a 

clearer understanding of the differences between raw material sources, and should be a key 

part of future analyses. 

3.3.3 Models for Quantifying Smelting Success 

3.3.3.1 Utilising modern ideas of efficiency to quantify iron smelting success  

Ideally analyses of smelting sites include some estimation of how effective smelting was, and 

how much iron was produced with respect to ore. However excavated sites commonly yield no 

bloom material, and what has been recovered is arguably not typical of the intended product 

(4.4.2.3.4), so it is not possible to talk directly about success by analysing or referring to the 

product of the smelting process. As a result research into efficiency and success in bloomery 

iron smelting is focussed on analysis of the debris, which although was not the intentional 

product of the craftworkers labour, is the only archaeological material characteristic of the 

production process. However simple measurements of effectiveness, such as the proportion of 

iron in tap slag, do not give reliable indicators of success or efficiency (3.3.2), and more complex 

models are required.  

Modern measures of process 'success' are based on assessing how much of the desired product 

has been produced for a certain quantity of raw materials consumed. This is often expressed as 

the efficiency (E), the ratio of p/r: the amount of a product, p, produced per quantity of 

resources, r, consumed. In archaeological research E is often expressed as a percentage (Crew 

2000, 47; Thomas and Young 1999), sometimes referred to as the yield: the quantity of iron 

liberated out of the available iron present in the system. E is often used as a proxy to discuss a 

more embedded concept of efficiency which might be described as the extent to which the 

desired final iron bloom (B) is achieved with minimum expenditure of resources. This is 

sometimes used as a reference point upon which to judge the 'success' of a smelt in terms of 

economically identifiable resources (see Charlton 2006 for discussion).  

These forms of assessing past technologies are fundamentally based on modern, capitalist 

theoretical structures, where the success of a technological process is assessed only in terms of 

invested resources to which value is assigned based on monetary equivalence. Even within this 

context, this model is slightly misleading as it gives the illusion that 100% efficiency might ever 

be possible; as discussed earlier, the bloomery system requires a substantial loss of iron from 

ore into the slag to facilitate the formation of the bloom. Loss of iron is not only unavoidable, 
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but actually desirable for this technology. Additionally there is the possibility that the intentional 

production of particular forms of iron, specifically steels, might result in less iron produced 

overall and consequently lower nominal efficiency even though the process might be as 

effective as possible for the intended product. Both these aspects are limitations to this 

approach which require the model to be carefully positioned within the archaeological context 

to avoid inappropriate interpretation.  

There are also a number of complex, culture-specific acts which encourage caution in the 

application of this model, in particular assigning value (economic or cultural) to raw materials 

and balancing this against the value of the product. It is conceivable that socio-cultural systems 

placed value on resources that were not wholly commensurate with their market value, 

complicating any attempt to undertake a capitalist assessment of efficiency. Where the socio-

cultural cost of failure to produce a certain quantity of product is high, for example where 

civilian exchanges have been agreed or leveraged with socio-cultural capital, in military settings 

where rank is at risk, or in situations of unequal power such as slavery where bodily integrity 

may be at risk, resource cost may be depreciated in the eye of the producer when compared to 

the cost of failure. This is at the heart of Charlton’s (2006, 146-8) interpretation of the ‘optima’ 

introduced in 3.3.2, where he aligns the higher flexibility, lower failure risk and lower efficiency 

‘optimum 2’ with a low demand, low resource-cost environment or one where competition is 

low, and ‘optimum 1’ with a high demand, high cost environment or when both demand and 

competition is high. Thus he proposes the use of phase diagrams as a way of identifying and 

discussing socially mediated constraint within iron smelting (see also Charlton et al. 2010), not 

as a result of a conscious decision by the smelter, but due to the evolutionary tendency of 

systems towards optimal conditions.  

The problem with examining optima in this way is that they are several steps, and several 

assumptions, removed from the activities of producers. Phase diagrams are based on conditions 

in equilibrium, which arguably furnaces, with their known heterogeneity, are not. In a slag-

tapping furnace the slag must be at a high enough temperature that it flows freely, and this 

implies that temperatures within the furnace are uniformly above the temperatures indicated in 

Figure 3-6, by at least 100°C, and consequently suggesting that the phase diagrams may not be 

particularly informative about the operating temperatures (Killick 2014). Criticism has also been 

levelled at their utility for distinguishing choice within smelting operations (Young et al. 2012), 

but they remain a useful indicator of ‘risk’ associated with smelting technologies (as originally 

proposed by Charlton, 2006) and can be used to facilitate the distinguishing of technologies 

(e.g. Humphris et al. 2009). Whilst these criticisms, and the restrictions laid out by Charlton, 

limit application phase diagrams therefore offer a useful tool for contextualising efficiency 
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discussions, and potentially enabling discussions of socially mediated choice within the 

application of smelting technology. However assessing whether producers got a “return for 

their efforts” (Charlton et al. 2010, 365) remains difficult, as our understanding of ‘efforts’ 

expended in iron smelting are limited. In particular considering the lack of clear mining evidence 

at many smelting sites, how far producers had to travel and/or the cost of obtaining ores is not 

known. With the limited survival of furnaces we also frequently lack understanding of how 

much energy or effort was expended in forcing air into the furnace, and in many cases we 

operate on restricted evidence when judging the availability or cost of fuels. 

Considering these complexities the term ‘efficiency’ is used within this project to describe 

specifically the calculated ratio of product to resources based on analyses of the debris, and 

does not imply a judgement on cost and effort. Instead the term ‘effectiveness’ is used to better 

describe the assessment of how successfully a particular objective was achieved, to the best of 

our knowledge of the social and economic context. Evidence for this is drawn from across the 

smelting ensemble, in addition to the calculated efficiency, and attempts to make the 

assumptions involved explicit. Considering effectiveness in this way also allows us to remove 

some of the entangled ideas of cost and effort which we cannot rigorously access with the 

available evidence. 

3.3.3.2 Mass balance and efficiency calculation methods 

There are a number of methods used to calculate efficiency, based on the assumption that the 

smelting process is a closed chemical system. Whilst these commonly rely on chemical 

composition data for one or more of the raw materials, in addition to the tap slag composition, 

it is only in the last two decades that the contribution of fuel ash and ceramic has been 

accepted as of potential importance to slag compositions (Fulford and Allen 1992, Crew 2000, 

Paynter 2006).  

Methods have been proposed by: 

1) Thomas and Young (1999b), who used a graphical method optimised for high purity 

goethite/hematite ores with low trace element concentration. Although this method is 

quite intensive, it takes into account the three main contributing materials (ore, furnace 

wall, fuel ash) and facilitates thorough mapping of all possible material balances. 

2) Serneels (1993, 17-19), who used a system of equations for calculating both the yield 

and the contribution of ore and furnace lining based on SiO2, Al2O3 and FeO 

concentrations 

3) Joosten et al. (1998 130-1), who used a calculation based on differences in relative 

abundance of oxides between ore and slag to estimate an 'enrichment factor', which 
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they then used to calculate the iron yield. This method does not allow for furnace lining 

contributions, and assumes Al2O3 and SiO2 in the slag originate only in the ore gangue 

minerals. 

4) Crew (2000; usefully explained by Charlton, 2006), who used an intensive iterative 

graphical method which involves repeatedly guessing at the proportions of the raw 

materials. 

The mathematical models underpinning the methods listed here are fundamentally the same, 

though not all publications make this clear:  

𝐸𝐹 =  
𝐶𝑁

𝑠𝑙𝑎𝑔

𝑥 𝐶𝑁
𝑜𝑟𝑒 +  𝑦 𝐶𝑁

𝑙𝑖𝑛𝑖𝑛𝑔
+  𝑧 𝐶𝑁

𝑓𝑢𝑒𝑙 𝑎𝑠ℎ
6 

Where EF (Ef in Crew 2000, confusingly E in Thomas and Young 1999b) is the degree of 

enrichment (or 'enrichment factor') of any element/oxide (excluding iron) occurring as a result 

of the removal of iron to produce the concentration observed in the slag; C represents the 

concentration of a particular element or oxide (excluding iron) in each material as annotated; 

and x, y and z represent the proportion of each of each material as annotated entering the slag 

(expressed as M, P and C by Charlton, 2006), and 'N' is any oxide present in the system 

(excluding FeO).  

The differences between the methods listed above derive from two major points: whether all 

three materials (ore, lining, fuel ash) are included in the equation; and how this equation is used 

to generate x, y and z, the fundamental unknowns upon which the efficiency/mass-balance 

calculation is based. Considering the established contribution of both furnace lining and fuel ash 

to tap slag, an optimal model takes all three of these materials into account, as in the equation 

above. Models 2 and 3, which are really the base models on which the later models 1 and 4 are 

built, are therefore not explored further here.  

 Model 1: Thomas and Young (1999b) 

This model involves graphing EF against values of x (at 2% graduations) for each of the oxides, 

and then varying the value of z iteratively until a graph is produced where the oxides lines meet. 

Setting up the necessary calculations for Model 1 is more time consuming than Model 4, as it 

requires the equation presented above to be calculated for each oxide, and the use of an 

additional equation based on Thomas and Young (1999b, 158): 

                                                           
6 Derived from Joosten et al (1998), Charlton (2006, Eq 5.11), Thomas and Young (1999b, p157) and Crew 
(2000, though no explicit equations are given). 
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𝐶𝐹𝑒𝑂
𝑠𝑙𝑎𝑔

= 𝐸𝐹 ( 𝐶𝐹𝑒𝑂
𝑠𝑦𝑠𝑡𝑒𝑚

−  𝐶𝐹𝑒𝑂
𝑏𝑙𝑜𝑜𝑚 ) 

to derive the following equation to calculate EF, x y and x for FeO: 

𝐸𝐹 =  
( 𝐶𝐹𝑒𝑂

𝑠𝑙𝑎𝑔
−  1 )

𝑥 𝐶𝐹𝑒𝑂
𝑜𝑟𝑒 +  𝑦 𝐶𝐹𝑒𝑂

𝑙𝑖𝑛𝑖𝑛𝑔
+  𝑧 𝐶𝐹𝑒𝑂

𝑓𝑢𝑒𝑙 𝑎𝑠ℎ
−  1

 

This allows a FeO line to be plotted on the graph with the other oxides, strengthening the 

power of the method. The inclusion of P2O5 in Thomas and Young’s method is odd, and whilst 

the authors suggest it may be partitioning into the bloom it is also possible that it may be driven 

off during smelting; in either case, its inclusion in the method is not beneficial and in practice is 

best excluded.  

Comparing the earlier examples published by Thomas and Young (1999a, 1999b) with later data 

in Thomas’ PhD thesis (2000) it is clear that this method, like any attempting to perform a mass 

balance, is highly susceptible to unrepresentative samples arising from limited sampling. 

However Thomas’ PhD thesis (2000) illustrate the clear graphs which can result from high 

quality data (Figure 3-13), and the ease with which ore contribution levels can be identified by 

recognising the point where the individual oxide lines intersect. 

 

Figure 3-13 Example of Thomas-Young method graph for major/minor oxides Thomas 2000, fig 11.3, 

p248). 

The model itself is robust and explicit, and the requirement for the analyst to alter just one 

variable makes it easy for the iterative process to be conducted consistently. Whilst the set-up 

of the graphs is labour intensive, the ore contribution % is easily identified by the intersection 



84 
 

point of the individual oxide lines, and alteration of the variables produces significant changes in 

line plots making it relatively easy to select the optimal solution.  

 Model 4: Crew (2000) 

The graph produced with this method is a line plot of the three materials, the analysed slag data 

and a slag value calculated by the analyst based on arbitrary selections of x, y and z, all 

normalised to the analysed slag data and plotted on a log scale. The set up for model 4 is 

relatively simple, and Crew publishes both data and example graphs for this method (2000). 

However the author only gives examples of graphs illustrating optimal mass balances (2000, 40) 

which have proved difficult to replicate with the published data, and there are no published 

examples of non-optimal balances with which to compare. The graphing method utilised by 

Crew, normalising all materials to the slag and plotting the log values, is an informative 

illustration of the different contributions made by the various raw materials. However the 

practical application of the method, which requires the analyst to select two of the three 

variables (say x and z) and then iteratively adjust these until the calculated slag composition 

matches the known slag composition, is clumsy and requires even more personal judgment 

than model 1. For example compare the following two graphs of the data published by Crew 

(2000, Table 1, cf. Fig 4) utilising his method, each with very different ore contributions but with 

notably similar line plots: 

 

Figure 3-14 Crew's (2000, Table 1) data plotted as per his method, and using the published material 

contributions 
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Figure 3-15 Crew's (2000, Table 1) data plotted as per his method, using arbitrarily lower ore 

contributions - note that it might be argued that the fit here is better.  

Comparison of the above two graphs (Figure 3-14 84.9wt% ore and Figure 3-15 75wt% ore) with 

the below graph (Figure 3-16 60wt% ore) demonstrates that substantial changes in the material 

contributions produce only small perceivable changes to the graphs on which the analyst is 

relying, reducing the precision with which contributions can be estimated. Consequently it is 

difficult to be confident in both the practical application of the model, and the accurate 

selection of the optimal material contributions. Additionally the inclusion of Fe and P seems odd 

when the fundamental mathematical model presupposes a closed system; we know Fe and P 

leave the system during smelting. Thus a good match between mean slag and calculated slag 

lines at Fe, as seen in the graphs above, is surely indicative that the variables are incorrect, as 

there should be a poor match as iron is taken out of the system during smelting. Overall the 

practical application of the method is difficult, and produces estimates of EF in which it is 

difficult to maintain analytical confidence.  
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Figure 3-16 Crew's (2000, Table 1) data plotted as per his method, using arbitrarily lower ore 

contributions (here 60wt%).  

 Problems associated with raw material compositions 

The importance of the representativeness of the raw material compositions used to perform 

mass balance calculations in either method cannot be over-emphasised, as ore contributes a 

substantial amount (c.80wt%) to final tap slag compositions (Crew 2000, Thomas and Young 

1999b). Ore is rarely recovered archaeologically, and where it is, questions arise about why it 

was deposited and whether this occurred intentionally. Each site must be assessed individually, 

with ore pieces examined carefully and their likely representativeness assessed, and 

supplementary data from ores in the region explored for potential relevance.  

Whilst fuel ash is thought to contribute only c.5wt% % (Thomas and Young 1999b, Crew 2000; 

Paynter 2006, 285), it is also important not to underestimate the role of this raw material in tap 

slag composition, particularly as it can be a primary source of CaO and K2O oxides and through 

these oxides can make a notable contribution to the composition of the resulting slag (Paynter 

2006, 272). In particular experimental work has indicated that in some smelts fuel ash 

contributions can dominate the chemical signature of slag (Blakelock et al. 2009), suggesting 

that accurately estimating fuel ash compositions is important to mass balance calculation. 

To illustrate, Thomas and Young’s (1999b) model is used below (Figure 3-17) with a set of 

archaeological data from Roman period archaeological material from Semlach-Eisner in Austria 

(6.4.7). Contrast the excellent intersection of lines produced using fuel ash data carefully 

selected to match the region, height above sea-level and known species distribution on this site 

in Austria (6.1.3.3) seen in Figure 3-17 (left) with the poor fit seen when using analyses of 

charcoal from the UK (right). Whilst the poor fit affects the minor oxides in particular, there is 

0.001

0.01

0.1

1

10

100

Si Ti Al Zr Na K Rb Mg Ca Sr Ba Y V Mn Fe Ni Cu Zn Pb P As

Mean slag

Ore

Ceramic

Fuel ash

Calc slag

Ore 60 wt%, Fuel ash 3 wt%



87 
 

some effect on some of the major oxides and an overall negative effect on the confidence with 

which a solution can be selected.  

 

Figure 3-17 Mass balance modelling graph using Method 1 and data from Phase 7 Semlach-Eisner 

(Chapter 6). Left: using carefully selected fuel -ash data, right: using Crew’s (2000) UK charcoal  

Ideally these models require the composition of the charcoal directly associated with smelting, 

but archaeological recovery of charcoal is still rare and the potential for minerals to be leached 

in the burial environment is not fully understood. One solution adopted by researchers is the 

use of analyses of modern charcoal, or of modern trees from the 'area' of the smelting sites. 

However modern charcoal is a poor source of data for compositions of ancient fuels in Western 

Europe, as the vast majority of commercially available charcoal in Europe is imported from 

outside the EU. The selection of wood from the area of an excavation site, and its processing to 

ash and analysis, as undertaken by Thomas and Young (1999b) and Charlton (2006; 200) is also 

problematic, as the representativeness of this for species and conditions thousands of years ago 

has not been established. The solution used here is to identify the species present on the sites, 

from archaeological and environmental evidence, and to use fuel ash compositions derived 

from modern analyses of those species (Appendix 4.1).  

3.3.3.3 Discussion 

Both the methods discussed here require a high number of chemical analyses for each material, 

and a strong confidence that the analyses used in the calculations are representative of the raw 

materials. In particular the significant contribution of the ore oxides to the slag composition 

means that any error in the analytical data for the ore has a substantial effect, and ore data 

must be highly representative and accurate. As has been discussed, the set up for model 1 is 

more time consuming, but has the advantage of requiring the analyst to alter only one variable 

where model 4 requires two. Both methods supply the analyst with graphs from which a 'best 

fit' or optimal solution has to be judged by eye, but model 1 produces less graphs with a much 

clearer difference between good and poor fits. On balance model 1 is considered superior and 

used in the analysis of material at Semlach-Eisner and Clatworthy.  
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The necessity of sacrificing FeO to the formation of slag (3.2.2) results in fundamental 

‘inefficiency’ within the system. Roman period iron smelting is often assumed to be c.30-40wt% 

(Thomas and Young 1999a). However whilst mass balance calculations have been applied to a 

variety of archaeological evidence, from turn of the millennia Africa (Severin et al. 2011) to 

medieval Europe (Crew 2000; Serneels 1993), efficiency figures for Roman period Western 

European sites are not common. Comparative data from multiple periods of Western Europe 

are given in Table 3-3, though considering the limited data some of these draw from and their 

methodologies, they should be considered only broadly indicative. They indicate substantial 

variation in efficiency in Roman period iron smelting, from c.40-80%. However understanding 

the extent to which these numbers represent a real improvement or loss when compared to 

other sites requires situating the sites within their known context of production, both 

chronologically and geographically. Comparing efficiency figures between sites runs the risk of 

ignoring the economic and social value of raw materials and specific produced, energy 

resources and socially embedded attitudes to risk which might lead producers to less ‘efficient’ 

processes, but these issues are rarely tackled explicitly in published research.  
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4 OWNERSHIP, CONTROL, LABOUR AND COMMUNITY IN IRON 

PRODUCTION 

4.1 Introduction 

Within this project the emphasis is on the period of the Western Roman Empire, which is taken 

broadly to be the period from the ascension of Augustus in 27 BC to the abdication of Romulus 

Augustus in AD 476. Evidence from the earlier Republican period is only referred to where 

particularly relevant. Evidence from periods prior to Roman control are not discussed, even 

where this falls within the broad time period.  

Due to the fluctuating meaning and qualifications for citizenship, ethnic, social and political 

statuses, where possible the term ‘Roman’ is not used to refer to ethnicity or material culture. 

The terms ‘Early Empire’ are used to refer to the period from the beginning of the Empire 

through to the end of the Severan dynasty in AD 235, and the term 'Late Empire' to refer to the 

period following until AD 476. These divisions are simplistic, but they express a broad difference 

between the two periods resulting from significant changes in state governance, administration 

and religion, military and social structures, and social and economic freedoms which are 

discussed in greater detail below. 

Within this chapter extensive use is made of juristic, epigraphic, and literary sources to support 

the archaeological evidence. The approach used here follows that of more recent authors 

(Burford 1972; Cuomo 2007, 5), in accepting the subjective nature of literary texts. These were 

almost exclusively written by elite men who strongly identified with, or who were wholly 

resident in, the state administrative or military centres, and who had little direct contact with 

craft activities. Caution is also employed in interpreting juristic texts such as the Codex 

Theodosianus (CT) and Codex Justinianus (CJ), as it is not established that the laws described 

were ever enforced, or enforceable; the small number of state administrators compared to the 

size of population cannot have facilitated efficient law enforcement (Hopkins 1980). Caution is 

also employed in the interpretation of epigraphic evidence, particularly the absence of 

epigraphic evidence, as it is understood that whilst the epigraphic habit7 was well established 

within Italy and Rome by the 1st century AD, it may not have existed in many provinces prior to 

conquest, was uneven in uptake, and was likely never ubiquitous across the Empire.  

                                                           
7 See Macmullen 1982, Meyer 1990 and Woolf 1996 for discussions of ‘epigraphic habits’ 
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4.2 Control and Ownership of Iron Production 

The type and extent of state or military control of iron production has received little attention, 

although Hirt (2010) has extensively reproduced the available evidence for raw material 

extraction during the Imperial period. Sufficient evidence survives to indicate that Roman 

administration of mines and quarries varied significantly between resources, though there has 

been limited analysis of iron production specifically. Within this thesis, the framework of control 

and production is key to contextualising production at both study sites, and is particularly of 

interest due to the potentially elite nature of ferrum Noricum, the type of iron which may have 

been produced on the Semlach-Eisner study site (6.2.4). Due to the limited nature of available 

evidence, the discussion below draws on supporting evidence from non-ferrous extraction 

where specifically relevant, particularly the 2nd century AD Vipasca tablets (Humphrey et al. 

1998, 179-82; Elkington 2001).  

4.2.1 State use of Iron 

Evidence of state use of iron could give important background information on the necessity for 

state control over the production of raw iron. However whilst we know that outfitting each 

soldier with the standard equipment of the Roman military required substantial iron (Bray 

2010), and that the military employed the ‘necessary’ craftsmen well into the 4th century AD 

(Vegetius II, 11), the method by which the state procured that iron during the Early Empire has 

not been established. It has been suggested that regular sword and armour production was 

undertaken within the army (MacMullen 1960 25-6), as we know tile and brick production could 

be (4.2.5.3), e.g. in the fabricae of legionary fortresses such as Caerleon (Young 2014, 220; 

James 1988). However the production of swords during, and immediately prior to, specific 

campaigns in the Early Empire appears to have been undertaken by civilian smiths in cities or 

areas close to the start of the campaign (see Dio 69.12, Tac. Hist. 2.82 and others as discussed 

by MacMullen 1960, 26), and paid for by the military. It is likely that the military had substantial 

effect on iron production (Cleere 1975), creating periods of high demand for iron in the 

immediate run-up to military campaigns, with periods of up to a year or more occurring where 

iron production could potentially have been particularly profitable.  

During the Late Empire there appear to have been centralised fabricae (CT 10.22.2) or “arms 

factories” (Pharr et al. 2001, 288; James 1988) in major cities such as Constantinople and 

Antioch, which employed civilians in the production of equipment such as decorated helmets 

(CT 10.22.1) for the military. Evidence of a collegia fabricae (RIB 156) possibly composed of 

military men in the late 1st /early 2nd century AD may suggest that these later centralised 

workshops had their origin in the Early Empire collegia which would later become hereditary (CT 
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22, 10), but this is not certain. Legislation from the late 4th century AD (CT 10.22.2) indicates 

that at least some of the fabricae worked in iron, however this reference is difficult to 

understand as it refers to liquescat ferri, ‘iron that melts’, and a fuller and more expert 

examination of the Latin is necessary. 

The fabricae appear to have been of some size, and each had a number of staff and a chief 

(primicerium) (CT 10.22.3) who was assigned by the magistro officiorum (Master of Officers). 

The position of chief was extremely valuable; after just two years of service the occupant was 

given high rank and (potentially temporary) retirement from public duties (CT 10.22.3). This 

suggests that the organisation was administered by military officers, which ties well with the 

strong state control of workers forbidding their escape (CT 10.22.4), establishing jobs as 

hereditary (NT 6), and in some cases legislating what goods were produced (CT 10.22.1). It is 

possible that these facilities, whilst based on the private collegia of the Early Empire, grew into 

being as a result of the switch from cash to in-kind taxation during the Late Empire. The cluster 

of edicts relating to supply and funding of the military, dated to the AD 360s and 370s, may 

suggest that it was at this time that the direct control of arms and armour production by the 

state took off. The state may have relied solely on taxation in-kind to supply the fabricae, or 

purchased additional iron in times of high production; if the latter, then the high level of 

centralisation is likely to have caused fluctuations in the market value of iron in direct relation to 

increased state demand for weapon and armour production. 

4.2.2 Basic Ownership Structures 

4.2.2.1 State Ownership 

Mines and mining land could be owned by the state, the Emperor (as his personal property, 

administered separately to the state), by municipal councils, or by private individuals or 

companies. During the late Republican period, mining land within newly conquered territories 

could fall into private or state ownership, but by the Imperial period state ownership is more 

visible in the literary record. Identifying state owned mines is problematic, but the presence of 

military personnel on or near the site may be a good indicator, as the military were de facto on 

state business, and private individuals including the Emperor appear to have been prohibited 

from employing them (see Hirt’s discussion, 2010 93-6). 

Direct state control, e.g. the administration of individual mines by state officials and the 

recovery of all products for the state is rarely clear, and leasing out of a mine as a whole or in 

parts appears far more visible within the epigraphic record. One key source of evidence for 

piecemeal leasing are the Vipasca tablets, 2nd century AD bronze tablets detailing laws covering 

the Vipasca mines and settlements. Whilst some authors proposed that Vipasca was imperially 
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owned (Edmondson 1987, 37), Hirt’s (2011, 66) analysis of the legal terminology has lead him to 

argue that it was state owned. At Vipasca, a large area encompassing numerous pits or shafts 

and one or more settlements appointed with a school, bath and forum, the tablets indicate that 

state officials were in charge of selling and managing the leases on individual pits or shafts to 

coloni from the settlement. These contractors were then required to work their leases 

continuously, paying half their ore to the state in addition to the purchase price of the lease. 

The procurator oversaw seizure of mines from those who broke the local laws, as well as the 

building and maintenance of site-wide features such as drainage. The main thrust of the 

procurator’s job appears to have been ensuring that exploitation, and consequently revenue for 

the fiscus, was as near continuous as possible.  

In contrast, Polybius (6.17) indicates that the state could sell the rights to whole mines to 

private contractors (publicani, or societas) who paid a lump sum for the right to run and profit 

from the mines for a set number of years (Richardson 1976, 137), a practice which continued 

into the Early Empire (Strabo 12.3.40; Pliny Nat.Hist. 34.78; 34.49). Hirt (2010, 45 &277) 

develops Domergue’s (1983, 146) ideas to propose that the model of leasing chosen for any one 

state mine was a direct product of the local geology, and I would judge also a direct product of 

the state’s desire to engage with the risk of mining. Leasing whole sites was likely an effective 

method of handling rare metals where ores were relatively poor and extraction could be pricey, 

particularly if we consider that the leasing contractor paid upfront and effectively took the risk 

as well as the administrative burden, whilst leasing out individual shafts on land with 

established rich outcroppings which could be compartmentalised allowed the state to extract 

the maximum profit and ensure production was continuous. Thus the exploitation model 

employed by the state had little to do with the size of the mine (contra Jones 1976), as even 

substantial mines might be leased whole (see Pliny Nat.Hist.34.49), and more to do with the 

nature of the mineralisation.  

How long the state maintained ownership of mines is not evidenced; judicial documents 

indicate that the state continued to own mines from which it generated revenue into the 3rd 

century AD (Hirt 2010, 91-2) but as profitability decreased it is likely that administrative costs 

outweighed revenue, and sale to private individuals may have occurred. This factor may be 

behind the movement of silver mines from state control to private ownership during the early 

1st century AD mentioned by Strabo (III.2.10). State ownership of mines is clearly demonstrated 

to continue into the Late Empire as judicial documents (CT 15.8.2) and the practice of 

condemnatio ad metallum indicates.  



95 
 

Little evidence specific to state owned iron mines has been recovered, and whilst there is 

indication of the presence of a promagister ferrariarum in Arelate in the late 1st century AD, 

interpreted by Hirt (2010, 284) as indicative of the presence of a societas ferrariarum leasing 

iron mines on a super-provincial level within the area of Gaul, this is an interpretation of an 

incomplete inscription (CIL XII 671). However Durman (1997, 6) maintains that the mines of 

north-eastern Bosnia were state owned, and Hirt’s (2011) iron mine administration model (see 

4.2.4.2) is built on the assumption of extensive state ownership in the Danube and Gallic 

provinces. Further data is needed to clarify this issue, though state ownership was likely 

influenced by local abundances and economic risk.  

4.2.2.2 Imperial Ownership 

Imperial ownership was distinct from state ownership, at least during the Early Empire when 

the Emperor and Imperial family were legally separate entities to the Roman state. Whilst many 

authors assume that the Emperor owned a substantial proportion of all of the mines within the 

Empire proportional to their value (e.g. Edmondson 1989, 97), and literary texts make it clear 

that he could become the owner of mines when they were seized from their private owners 

(Suetonius Tiberius, Tacitus Annals), clear evidence of Imperial ownership is rare. The presence 

of epigraphy referring to Imperial freedmen at a site is likely insufficient evidence of imperial 

ownership, as these men could hold a variety of jobs (Hirt 2010, 93). Hirt (2010, 81) discusses at 

length the meaning of the names of Emperors on ingots and ingot moulds recovered from 

Western Provinces8, but concludes that on balance only two from Moesia Superior (IMS IV 135-

6) which refer to metallo Caesaris Aug can be taken as clear indications that the producing 

mines were Imperially owned. Despite common opinion (Elkington 2001, 62) other mentions of 

the Emperor on ingots can only be firmly translated as indications that the Emperor owned the 

metal itself. 

Cleere and Crossley (1995) have proposed that the Weald iron producing region in the UK might 

have been owned by the Emperor, in a similar manner to an Imperial estate, but this remains 

unsubstantiated. The administrative model proposed by Alföldy (1970) and expanded by 

Dušanić (1977, 2004) also proposes extensive Imperial control of mines in demarcated 

territories, and whilst this complex discussion is expanded below (4.2.4.1), the evidence remains 

slim.  

  

                                                           
8 Relatively common finds, see Hirt’s (2011, 101) list, also RIB 2404.4, 2404.5, 2404.24. 
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4.2.2.3 Private and Municipal Ownership 

Traditionally it has been thought that all mines, many of which were owned by private 

individuals during the Republican period, came under state or imperial control by the Early 

Empire (Rathbone 1996, 315). This long-standing view appears to be based on Seutonius’ 

reference (Tib. 49.2) to Tiberius confiscating mines in some of the provinces and removing old 

privileges from civitates and individuals including ius metallorum ac vectigalium (right to mines 

and taxes arising from them). Tacitus’s reference to seizure of mines has been taken as 

corroboration (Ann. 6.19) of this interpretation. However as with all literary works with political 

context, there is a question of whether these incidents were included not for historical 

reference, but because they allowed the author to make negative implications about past 

emperors. In this case, there is also substantial epigraphic evidence clearly contradicting 

Suetonius (see Hirt 2010, 85), indicating that municipalities continued to receive taxes from 

mines throughout the 1st century AD and later. There is also juristic evidence that private 

ownership continued to be a relevant topic of debate into the 2nd and early 3rd centuries AD 

(Ulpian Dig. 24.3.7.13-14). This is in line with our understanding of Roman property law, where 

the owners right extended to the soil below the property (Ulpian Dig. 8.4.13.1, 39.2.26; Crook 

1984, 161) and meant that even the state could not extract mineral resources without the land 

owner’s permission (from quarries, Ulpian Dig.8.4.13.1, 18.1.77). 

However, as with all other ownership, there is no established estimation of the extent of private 

ownership of mines; Hirt’s (2011) analysis of mining is one of the largest and most thorough but 

its natural reliance on epigraphy gives the impression that few privately-owned mines existed. 

The names of private individuals (Elkington 2001, 62; RIB 2403), socium (RIB 2404.6-.8) and 

municipalities (L’Hour 1987)9 on ingots causes similar problems of interpretation as the 

Emperor’s name. Rather than confirming private ownership of the mines, they can be taken as 

evidence only of private ownership of the metal (Hirt 2001, 358f), though it is possible that they 

could also indicate ownership of the smelting furnaces used to produce the metal. Laws during 

the Late Empire appear to have been tailored towards encourage production, as edicts indicate 

that private individuals could exploit minerals on state owned lands as long as the state owned 

production was not impacted (CT 10.19.3, 4 and 12 and CT 10.19.13, all mid-4th to late 4th 

century AD). Edicts also indicate that someone exploiting saxorum (a vein of stone) might follow 

this into privately held land as long as a tenth of the value of the mineral extracted was paid to 

the landowner, and a tenth to the Imperial fisc (AD 382, CT 10.19.10). The reference confirms 

that private exploitation of mineral resources continued into the later Empire, and the state 

                                                           
9 14 ingots from a shipwreck dating to the 3rd or 4th centuries AD, which have the tribal names of 
Brigantes or Iceni marked on them. 
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may even have preferred private ownership over the burden of running its own mines 

(Edmondson 1989, 98). 

Evidence specifically describing private or municipal ownership of iron mines is contested: 

epigraphic evidence from Lyon dated to AD 226 may indicate that a woman of senatorial rank 

owned ferrariae (CIL XIII 1811) but it includes the term vectigal which has contested 

implications (4.2.4.3). There is also epigraphic evidence for a iudex arcae ferrar(iarum) (CIL XIII 

1576, 1577) prior to AD 238 who may have managed the revenues from iron mining in Gaul for 

the Council of Three Gauls, but this interpretation is also uncertain (see Hirt 2010, 89 note 193).  

4.2.3 Management in Rome 

Cuvigny (1996, 145) has suggested that the payment of monthly wages to free workers at the 

quarry of Mons Claudianus may be evidence of payment “for all free workers in the metalla of 

the Empire” through a single bureau in Rome, following Fant’s (1993) idea of a single Imperial 

bureau controlling trade and production of Imperial marble. Dušanić (1989) also hypothesised a 

similar centralised authority for Imperial mines, a tabularium attached to the bureau of the a 

rationibus in order to supply the mint at Rome and which also managed the forcible relocation 

of mine workers (4.2.5.1). Statius’ (1st century AD, Silv. 3.3.87) writing included the revenues of 

mines within the responsibilities of the a rationibus and partially supports this, but there is no 

evidence that the mining officials attested to in provincial epigraphy were appointed from this 

office. Whilst the idea of a mining bureaux is attractive, there is no evidence to support it and 

instead it is likely that Hirt’s (2011, 344) suggestion that relevant personnel were distributed 

throughout the Palatine bureaux is accurate.  

Sources such as the Vipasca tablets show that the Emperor was directly involved in the 

administrative aspects of mines where required, likely one of the many banal aspects of 

Imperial rule, but in general oversight of mines within a particular province was initially a part of 

the provincial financial or patrimonial procurator’s job (Hirt 2010, 359). This likely included 

management of the state mines and their leases, and probably included taxation schemes which 

specifically targeted mineral exploitation. It is only in the mid to late 2nd century AD that 

procuratores explicitly in charge of mines are established10, probably as part of the slow 

evolution of provincial administration. These positions were probably created on an as-needed 

basis when the administrative burden of the mines became too much for inclusion in the 

regular financial procurator’s work, and they likely answered both to the provincial 

                                                           
10 E.g. the procurator metallorum et praediorum in Sardinia c.AD211/212 (AE 1988 671) who likely 
worked under the provincial governor of Sardinia. 
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administrative structures and the revenue oversight in Rome. In some evidence from the 2nd 

and 3rd centuries AD, the emphasis of the procurator’s title is on mines of a particular metal 

(e.g. CIL III 12732), suggesting that his remit may sometimes have been likely super-provincial.  

The procuratores metallorum continued to be appointed into the Late Empire (CT 1.32.5, AD 

386) at least in the Danubian provinces. However by this time it appears to have become a 

lower status decurial position, and may have answered to the provincial administrative 

structure, to the comes sacrarum largitonum who controlled the revenue and expenditure of 

precious metals (Edmondson 1989, 84), to the super-provincial comes metallorum such as the 

4th century AD one named for Illyricum (Not.Dig.Or. XIII 11., Hirt 2010, 239), or some 

combination of all. The possible involvement of the praetorian prefect in receiving the products 

of taxation in kind (CT 11.20.6; Phar 2001, 313) which applied to base metal production (CT 

11.21.1, 11.20.6), adds another layer to the administration which local procuratores of mines 

likely had to engage with by the end of the 4th century AD. Considering this administrative 

burden and the fact that decurial procuratores were likely expected to collect and present to 

the state the tax burden specified by the state at their own cost, whether the local industries 

could supply it or not, it is perhaps not surprising that by the Late Empire they were attempting 

to evade their posts (CT 1.32.5) and defraud the position (CT 1.32.3). 

4.2.4 Models of Iron Administration 

4.2.4.1 The Patrimonium Regni Norici and Mining ‘Territories’ 

The first of two existing models of administration relevant to our understanding of iron mining 

was initially developed by Alföldy (1970, 171), whose study of the archaeological and epigraphic 

evidence led him to conclude that the bulk of mining within Noricum, both north and south of 

the Alps, was part of the patrimonium regni Norici, a territory with delineated borders which 

passed from ownership of the Noric kings to the Emperor upon Roman control of the region. 

The basis for Alföldy’s argument was epigraphic evidence for the presence of Imperial slaves in 

Noricum described in terms of the regnum Noricum or the abbreviation PRN, which Alföldy 

translates as patrimonii regni Norici (PRN). He envisioned that this separate territory was 

managed by an administrative bureau attached to the provincial financial procurator. He then 

interpreted the conductores ferrariarum seen on epigraphic monuments of the early 2nd century 

AD as men leasing the right to administer the mines for the Emperor, and the lack of these in 

the later 2nd century AD as a return to ‘direct’ Imperial control c. AD 160. Alföldy (1970, 167) 

also considered that the lack of epigraphic evidence recording municipal authorities within the 

Alpine region was indicative that there were none, and that the whole territory including urban 

centres was under Imperial control in the same way as an Imperial estate.  
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Both Dušanić (1977, 2004) and Noeske (1977) supported this interpretation, drawing 

particularly on the archaeological evidence for toll stations within the borders of Noricum during 

the 2nd and 3rd centuries AD which Alföldy (1970, 171) believed indicated the presence of 

internal boundaries around the PRN. Dušanić (1977, 63; 2004, 249) drew on epigraphic 

evidence for a possible toll station, along with the presence of procuratores, Imperial freedmen 

and vilici (slaves who were managers of estates or businesses) in the 3rd century AD in or around 

Ljubija to indicate that this was an administrative centre for another Imperial territory within 

the Danube provinces, though does not suggest the same for the procurator metallorum 

evidenced in late 2nd century Spain (AE 1966, 188). He also believed that the iron ore deposits 

near Topusko, west of Siscia, together with those around Ljubija and potentially Briševo and 

Stari Majdan were part of a larger imperial domain within Pannonia. Dušanić also claimed 

similar districts for silver/lead mining and gold mining in the Danube provinces, again largely on 

the presence of toll stations within provincial boundaries (2004). He also suggests that very 

small denomination coins (‘nummi metallorum’) (Elkington 2001, 62) with inscriptions referring 

to the metalla (mines) of the Danube regions, were indicative of a currency produced 

specifically for use within the Imperial mining estates. It is also possible to interpret the Vipasca 

region as one of these territories, though notably no toll stations have been recorded in the 

region or wider area. 

The interpretation of toll stations as indicative of internal boundaries has been challenged by 

Hirt (2010, 60-2), who indicates that whilst their presence in mining regions does suggest a link 

between taxation and mining, they may have simply been used for the collection of tolls over 

key bridges or roads (De Laet 1949, 168; Vittinghoff 1953, 378). It is also notable that the lex 

portorii Asiae (customs law of Asia) gives the impression that such toll stations were not 

intended to control all traffic on a route, but to provide a location for traders to declare goods 

and pay tolls. Hirt (2010, 64) therefore suggests that internal toll stations may have been 

established by Imperial officials such as the beneficiarii consulares in order to counter smuggling 

activities.  

The interpretation of the low denomination ‘nummi metallorum’ such as those possibly 

stamped ‘MET NOR’ is challenged both by their debatable translation and by their 

archaeological distribution, which reveals that around half have been recovered from areas 

outside the proposed territories, as far as Italy and Rome (Woytek 2004, 52-4). Hirt (2010, 66) 

suggests that these coins may be propaganda, either to mark the change from indirect (leased) 

exploitation to direct exploitation by the state or as a result of a raise in Imperial awareness of 

the importance of the mines following Trajan’s preparations for the Dacian war. Perhaps the 

most interesting theory is that they reflect an attempt by the state to remedy a lack of small 
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change in the mining regions, which required additional small domination coinage due to the 

uncharacteristically high density of minor economic transactions arising from the hire of labour 

and purchase of services, tax, tools and food required for mining. It is also worth noting that the 

only strong evidence for a ‘territory’ administrator (Dušanić 1977), the epigraphic recording of a 

praefectus territorii (IMS III/2, 31) in Ravna, Moesia, could equally refer to the military oversight 

of a specific civitas or natio. Consequently whilst the model is interesting, the supporting 

evidence is circumstantial and cannot be applied more generally.  

4.2.4.2 Hirt’s Procuratores Ferrariarum  

The second model of interest was developed by Hirt (2010, 235-41). He undertook an extensive 

analysis of the evidence for the epigraphically recorded administrative positions and their areas 

of jurisdiction, as well as references to the vectigalia (rent or tax11), and the work of Brunt 

(1990), to propose an administrative system specific to iron mines designed around the 

collection of tax or rent from state owned mines. Within this model the highest ranking 

administrators were the equestrian procuratores ferrariarum, who answered to centralised 

state administration rather than provincial governors, and were responsible for administering 

the sale of rights to collect vectigalia (which Hirt interprets as rent on state mines) to socii 

vectigalis ferrariarum12 (CIL XIV 4326, Ostia AD 102) or conductores (CIL V 810; CIL III 4788). 

Whilst conductores are only known from the Danubian provinces, they appear to have 

responsibility for collection from multiple provinces, with one recorded conductor covering 

Noricum, Pannonia and Dalmatia (CIL III 4809) and a praepositus (director)…vectigalis 

ferrariarum (CIL 3 3953, 2nd century AD) covering Dalmatia and Pannonia. Vilici officinae 

ferrariae (AE 1973 411; AE 1958 63) also worked for procuratores, and we can translate 

officinae as ‘smelting furnace’ (e.g. as Hirt does 2011, 136) or more generally as ‘workshop’; the 

latter seems more appropriate and may indicate that villici were the on-the-ground 

administrators for state mines which were leased in the piece-meal pattern rather than as 

whole sites. 

Inscriptions referring to a procurator ferrariarum during the early 2nd century AD are without 

geographical attribution, which has led Hirt (2010, 242) to suggest that during this time and 

presumably earlier there may have been only one procurator. This position was likely based in 

Rome in line with the late Republican habit of selling important provincial revenues at the 

capital. This practice continued into the 1st century AD (Brunt 1990b, 337), as indicated by the 

presence of epigraphic evidence from Ostia for a procurator ferrariarum (CIL XIV 4459). 

                                                           
11 See Hirt’s discussion 2011, 235 footnote 190. 
12 Recorded in Ostia in AD 102, CIL XIV 4326, and there may also have been a super-provincial societas 
covering Gaul, see Hirt 2011, 237 and footnote 198. 
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However by the late 2nd and early 3rd century AD it appears that this single procurator position 

was split into two, each with separate super-provincial jurisdictions. Epigraphic evidence from 

Siscia and Ljubija (AE 1973: 411; AE 1958: 63; CIL III 3953)13 suggests the presence nearby of a 

procurator ferrariarum, and there is also epigraphic evidence for one at Lugdunum (CIL III 12732 

see Abascal & Alföldy 1988, 159). Hirt (2010, 238-9) draws on the known customs districts and 

the epigraphic record of a prolific 3rd century AD procurator (CIL III 12732, see Abascal & Alföldy 

1988 159) to propose that the procurator at Lugdunum covered the three Gauls, Narbonensis, 

the two Germanies, as well as the Alps provinces, whilst the Danubian procurator covered 

Noricum, the Pannonias, Dalmatia, Raetia, the Moesias and the three Dacias. Within this model 

the administrative centre for the Gallic mines and associated procurator ferrariarum could have 

been in Lugdunum, and whilst the base of the Danubian procurator is not known, Hirt suggests 

Siscia (2011, 162).  

Hirt (2010, 359) saw the establishment of these super-provincial procuratores as part of a 

tightening of Imperial control in the mid to late 2nd century AD, coinciding with the 

establishment of toll stations near to mining districts to tax metal leaving mines (Hirt 2010, 62), 

perhaps following a mining law mentioned in the lex portorii Asiae (§34, see Hirt 2010, 62). He 

sees the establishment of these stations in the late 2nd and early 3rd century AD in mining 

regions across Noricum and the other Danubian provinces as a move to take this taxation back 

under direct Imperial control (Hirt 2010, 67), in line with an intensification in the oversight of 

iron mining seen in the expansion of the procuratores. However after the early 3rd century AD 

there is no epigraphic evidence for the procuratores ferrariarum, and the management of 

taxation at this time has not been established, although it is notable that the procurator district 

Hirt proposed for the Danubian provinces is paralleled by the jurisdiction of the comes 

metallorum per Illyricum (Not.Dig.Or. XIII 11, Hirt 2010, 239) in the 4th century AD.  

The epigraphy relating to the procuratores ferrariarum is limited to the late 2nd and early 3rd 

century AD, and Hirt (2010, 240-1) makes it clear that his model is hypothetical. It is based 

around the collection of vectigalia by tax farmers operating under the procurator, simply 

because these appear to be the most visible within the epigraphic record. However it is likely 

the procurator also oversaw leasing, as parallel evidence from Vipasca seems to indicate, and 

the conductores could have run extractive operations themselves (Brunt 1990, 401) as they 

appear to have done with mines of other metals14. The procurator’s remit included judicial 

powers (Brunt 1990, 165-7), enabling him to resolve cases involving the fiscus such as 

                                                           
13 See also the list of inscriptions in Hirt 2011, 141 
14 As their names on the copper ingot from the UK (RIB 2403.4) seem to indicate. 
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contractual issues, and the Vipasca tablets indicate he controlled a large region beyond just the 

mines. 

4.2.4.3 Vectigula and the Special Status of Iron 

The importance of iron to the Roman state is indicated by the appointment of equestrians to 

the procurator ferrariarum position, and Hirt’s model above provides a structure by which the 

state could recover vectigalia, which he (2011, 288-9) believes refers to revenue from the use 

of state property. However there is no clear reason why the vectigal should be specifically 

limited to this, particularly as the term metallo which appears to be used elsewhere to describe 

large state run mines (4.3.1) is not employed in epigraphic references to vectigal. The known 

use of the word could encompass rent, indirect tax on goods and, if Ulpian is to believed, any 

income for the fiscus (Dig. 50.16.17.1). It is possible then that rather than a tax on iron mines 

leased from the state, which is not established by existing epigraphic evidence, vectigalia may 

have represented a tax on all iron mines.  

This tax likely formed part of the Roman state’s attempts to control iron production and use, 

the legal texts of which have been lost but as Hirt (2010, 86-7) has identified, survive in several 

hints within literary and juristic evidence. The Vipasca tablets make a reference to a lex 

ferrariarum15 which sadly does not survive today, but which specifically described the ways in 

which iron could be used, and there is also a rescript by Hadrian (Hirt 2010, 87) which again 

appears to refer to laws on the use of iron. The unknown mining laws referred to in the lex 

portorii Asiae (§34) likely controlled the context of production, and these may be the origin of 

the penalty mentioned in a rescript from Caracalla (AD 198-211) within the Digesta (6th century 

AD compilation of law) exempting any landowner from penalty due to a colonus or slave 

producing iron (ferrum facere) on his estate illegally without his knowledge (Dig 39.4.16.11). 

This indicates that there were laws during the Roman period which described the conditions 

within which iron could be produced and used, and as the caveat on Ulpian’s discussion of 

private ownership suggests, this may have included controlling whether private individuals were 

allowed to produce iron (Dig. 27.9.4).  

This need to control iron may have arisen from the fear of iron being traded to groups outside 

the Empire, which we know from both the Codex Theodosianus and the Digesta (39.4.11) was 

prohibited, and a need for iron within the Empire to supply the military. However whilst we 

have evidence that the state was capable of controlling production of other metals16, the 

                                                           
15 As part of a reference to the sale of nails by the contractor of shoe-making 
16 Pliny (Nat. Hist. 34.49) mentions a lex limiting the output of lead in Britain, where it was easier to 
extract, in order not to overwhelm Spanish and Gallic producers 
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ubiquity, abundance and ease of access to iron ore does not lend itself to tight control, even 

supposing the relatively light state administrative structures of the Early Empire were capable. I 

suggest that a broad-brush taxation of all iron production through vectigalia, generating 

revenue for the state, and funding and facilitating oversight of iron production within the 

provinces, may have been a solution to this. This model may then lie behind the need for the 

procuratores ferrariarum, and works well with Hirt’s model as discussed above. I also believe it 

gives a stronger explanation for the relatively large number of references to vectigal 

ferrariarum17 when compared to other metals. This may be supported by the 5th century AD law 

which clearly discusses taxes on iron producing land (CT 111.20.6), not state owned iron 

producing land.  

I therefore suggest a model for iron mining administration built on Hirt’s (2011) procuratores 

ferrariarum but which broadens the meaning of vectigal to encompass all iron production. 

Within this model the procurator oversaw the collection of this tax through conductores or 

societas, but probably also managed the leasing or direct control of state owned mines. The 

appearance of procuratores ferrariarum in the early 2nd century AD may suggests a time frame 

for the introduction of this taxation, and the evidence discussed above indicates that it 

continued into the end of the Late Empire, though by the 4th century AD the equivalent 

administrative functions may have fallen under the control of the comes metallorum. 

4.2.5 State Control 

The modern perspective separating the military from the civilian state cannot be applied to the 

Roman period; members of the Roman military were de facto on state business, and argument 

has been made that military officers acted as a pool of employees who could be seconded by 

provincial governors or state officials when required (Hirt 2010, 95). Consequently any 

discussion of state control, or indeed state involvement or oversight of mining and production, 

involves discussions of military involvement.  

4.2.5.1 Labour 

Roman state expansion during the Republican and Early Imperial period resulted in an influx of 

slaves from conquered regions. However the presence of slaves in mining and metal production 

has been over-emphasised in secondary literature (see Edmondson 1989, 96), and clear 

evidence for exclusive use of slave labour in mining is only known from the Republican periods 

(Diodorus History 5.36-38, 1st century BC; Xenophon, Ways and Means 4.14-17, 4th century BC), 

                                                           
17 E.g. the praepositus splendidissimus vectigalis ferrariarum (CIL III 3953) of late 2nd century Siscia and 
the procurator…vectigal ferrariarum Gallicarum from late 2nd/early 3rd century Sardinia (CIL X 7584) 
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where reference is made to privately-owned gangs of unskilled slave labour in precious metal 

mines owned by the state. Whilst there is epigraphic evidence for slave labour in quarries (see 

Burford 1972, 162), and reference to 'mines and all the other whips to scourge slaves' used as a 

literary device by Tacitus (Agricola 32), the oft quoted figure of 40,000 workers at Carthago 

Nauo mentioned by Strabo (III.2.10) is a reference to words of Polybius from the 2nd century BC 

and does not definitively describe slaves. The use of slaves as cheap disposable labour implied 

by Diodorus was predicated on an abundance of cheap low-skill slaves and a complete lack of 

legal protection for those workers, and this is arguably not a situation which continued beyond 

the 1st century AD; slave use was already falling on Imperial estates (Garnsey 1980, 35) by this 

time, despite these contexts likely have privileged access to slaves, and slave-gang labour may 

have failed entirely during the mid to Late Empire.  

Several authors (e.g. Hirt 2010, 198; Edmondson 1989, 96) have proposed that in some regions 

state ownership of mining resources extended not just to direct control, but to the forcible 

relocation of populations to mining contexts. In part this is based on a number of literary 

references; Eutropius (8.6.2, late 4th century AD) wrote that following the Dacian wars (early 2nd 

century AD) Trajan had people from all over the Roman world moved to Dacia to repopulate the 

region, and there is also a reference to local people being put to work in gold mining and 

production in Dacia by the Roman state representative (Florus, Ep. 2.25.12, early to mid-2nd 

century AD). However considering the difference in period between the two texts, there is some 

question whether Eutropius was copying Florus, whose work is known for being a panegyric to 

the glory of Rome full of inconsistencies, errors and exaggeration (Forster 1929), and therefore 

neither of the references may be reliable. 

Archaeological evidence from the Roșia Montană gold mining site in Dacia supports the 

presence of people from Dalmatia on that site amongst others, bringing with them mining 

techniques from their homeland (Wilson et al. 2011, 9, 72), which suggests that they were 

skilled miners, and not unskilled local people turned to forced labour after conquest. There is 

also epigraphic evidence that many miners on the site came from other provinces across the 

Empire, including Greece, Rome (Wilson et al. 2011, 72), Noricum, Syria and Bythinia (Pundt 

2012, 3). Other authors interpret the opening of the mines shortly after conquest as a product 

of effective organisation by Imperial freedmen rather than use of forced local labour (Pundt 

2012, 3). Wilson et al.’s (2011, 68-9) examination of the area suggests that individual parts were 

administered differently, and concludes that the majority were likely leased rather than directly 

controlled by the state, though they interpret a “mining control fort and administrative centre” 

and tiles with the name of the 13th legion stamped on them as clear evidence of close military 

oversight in the region. Close military involvement with mining sites must have been necessary 
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to move and contain a population exposed to forced immigration and labour, but the 

confirmation of a military presence does not in itself confirm the presence of a state controlled 

population, as the position of the province north of the Danube, and the difficulty the Roman 

state had in holding it against external forces, is sufficient reason for the presence of a fort.  

More convincing is Tacitus’s fictionalised account of the Battle of Mt Graupius (Agr.32.4), which 

includes a speech by the local Caledonian chief declaring that he would rather be killed in battle 

than deported to metalla. Hirt (2010, 334 & 358) believes this and the presence of tribal names 

on lead ingots from Britain (L’Hour 1987), are indicative that the local tribes were put to work at 

mines following conquest. Even if this theory of forced tribal labour is believed, it is doubtful 

that those experiencing forced labour would have the ability to control the ingot mould 

markings, nor the motivation to use Latin to make their mark. In addition, at least one other 

source dates the ingots to the 3rd or 4th centuries AD (L’Hour 1987), which changes the context 

of the discussion significantly, as does the identification of one of the tribes as the Brigantes 

who were partially independent and supporters of Rome until the reign of Vespasian. Again the 

presence of the military within the lead production regions of the Mendips is clear (Todd 1996, 

4), but this is attested most strongly (e.g. on ingots such as RIB II 2404.24) during the mid-late 

1st century AD, when conquest of southern Britain had not been completed and protection of 

the region from Welsh tribes may have been necessary.  

Perhaps the clearest evidence for clear state influence on labour can be found in Spain. Here 

the archaeological evidence for substantial changes to settlement patterns has been 

interpreted by Hirt to indicate that the socio-economic structure of the region was reshaped 

during the 1st century AD in order to supply the needs of the mining settlements, as a result of 

Augustus’ completion of conquest and regularisation of the province (2011, 229). Orejas and 

Sánchez-Palencia (2002) saw this creation and expansion of new civil administrative systems 

during the 1st century AD as “a case study in imperial exploitation” aimed at ensuring the 

function of the mines, and Edmondson (1989, 89 & 96) has said that the Roman state 

encouraged the concentration of mines in southern Iberia, as it allowed the sharing of 

knowledge, expert workers, smelting and processing facilities between individual mines in 

addition to easing administration. He also argues that the settlements at Huerna and Cronona 

de Quintanilla, where no pre-Roman occupation existed, is evidence of the direct 

encouragement, or forced relocation of labour in order to break up pre-Roman social and 

administrative structures and reduce local tribes’ ability to rebel (1989, 96). Edmondson goes on 

to indicate the limitation on British lead production mentioned by Pliny (Nat.Hist. 34.49) might 

indicate attempts to avoid any disruption to Spanish mining, and the population and social 

controls that resulted from it, though Elkington (2001, 63) takes a more prosaic view that it may 
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simply have been the result of pressure from the Spanish mine operators. These interpretations 

are largely built on evidence for non-ferrous extraction, and in the case of Sanchez-Palencia are 

probably at the limit of what can be inferred from the evidence, but they demonstrate the 

possible extent of state effect on communities associated with extraction. 

The presence of wage labourers is clearly attested within the epigraphic record, both in 

monumental forms (Edmondson 1987, 64) and contracts (Treggiari 1980, 51; CIL III 933 IV AD 

164; Wilson 2011, 68; Hirt 2010, 270-1; CIL III p948-9, IX-XI). These show in detail how a 

mercennarius or wage labourer sold their labour for a specified time period, and a legal 

document referring to an attempt to sue a conductor for wages owed (CIL III p933 IV) shows 

these contracts could be more than formalities. Wilson (2011, 68) believes that the wage 

labourers were likely skilled workers, but Whittaker has interpreted Gallic evidence to suggest 

that much of the basic craft and production labour was undertaken by ‘local’ free populations, 

in a continuation of seasonal labour practices (1980, 78-84; also Edmondson 1987, 64). This is 

supported by literary evidence that seasonal wage labourers could travel significant distances 

under the guidance of labour contractors (Suetonius Vesp. 1.4).  

Likely the extent of migratory and seasonal labour varied between regions and sites, and 

movement of miners continued into the early 3rd century AD (Durman 2002, 28), but by the 

early 5th century AD mining anyone owning mining land was forced to undertake both the 

occupation and the associated taxation in kind (CT 10.19.15). This and a host of other laws 

promulgated by the state making occupations such as mining hereditary (CT 10.19.5), and tying 

people to their place of birth (CT 1.32.5), likely crippled migratory or seasonal labour, and may 

have affected mining as early as the 4th century AD. Whilst still above the coloni in terms of 

retained freedoms, it is also clear that the Late Empire miner was allotted less freedoms than 

that of an urban craft worker. Laws within the Codex Theodosianus restraining and returning 

miners to their original lands suggest that the state intervened in labour problems, forcing 

workers to return even to lands made 'desolate' by incursions (CT 11.24.6), likely in order 

maintain production levels. The edicts recorded in the CT, frequently in association with 

precious metals (cf. CT 10.19.3, CT 10.19.5, CT 10.19.9), indicate that by the end of the Late 

Empire the majority of miners were likely freeborn. However they also show that by this time 

there were only limited freedoms differentiating them from slaves.  

The presence of the military near mining sites may have been related to the internal problem of 

brigandage, rather than controlling an unhappy workforce, and Dušanić (2004) has argued that 

the military forts along the Danube not only guarded river trade but the river tributaries 

entering mining regions, presumably from both internal and external robbery. The presence of 
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the military within Iberia (Jones 1976) also appears to have had an internal focus, as their failure 

during the Moorish incursions of the late 2nd century AD (Hirt 2010, 188-9) indicates, and a 

change of focus for the military from internal to external threats may explain the loss of military 

from the mining regions by the end of the 2nd century AD (Jones and Bird 1972, 74).  

As can be seen, the clearest evidence for state control of mining is the presence of military units 

in mining regions in the 1st to 2nd centuries AD. However the responsibilities of the military were 

complex, not limited to protection but also including the provision of engineering and labour for 

initial communication and infrastructure, and local civil administration in newly conquered 

areas without sufficiently cooperative locals. Additionally there is extensive evidence that the 

military supplied engineers and men with technical skills to the state quarries, though there is 

no evidence of similar arrangements within mining sites (Hirt 2010, 201). Consequently the 

presence of the Roman military within mining districts tells us clearly how important these 

regions were to the Roman state, but it does not necessarily indicate that they were present to 

directly control forced labour. Slave labour within these contexts is documented only alongside 

free/freed labourers: Vipasca (Humphrey et al. 1998, 179-81; Elkington 2001, 64), Carthago 

Noua (Orejas and Sánchez-Palencia 2002, 583) where whole gens were involved in mining, and 

Roșia Montană, where multiple contractors leased the rights to mine (Wilson et al. 2011, 68). 

Slaves were likely of a higher skill and cost than previously realised, and should be seen as 

skilled people and not disposable manual labour. 

If forced labour was present at the sites discussed above, the passage of time might be 

expected to see a slow reduction in local resistance, and eventually a reduction or removal of 

military oversight. This is visible in Iberia, at the gold mining site of Dolaucothi in Britain where 

the local military fort is disused by the mid-2nd century AD whilst mining continues into the 4th 

century AD (Lewis and Jones 1969), and at a number of iron smelting sites in Wales which 

continue in use despite the disuse of the nearby military sites (Timberlake 2008, 51). However 

this may also be a factor of extensive movement in military units from the mid to late 2nd 

century AD, when the Marcomannic Wars and the civil wars which followed within a few 

decades caused substantial disruption to military dispositions. This is behind Edmondson’s 

(1989, 92 & 97) interpretation that some non-ferrous mining sites were abandoned during the 

late 2nd century AD, and reoccupied only in a more dispersed manner in the 3rd century AD, due 

to the inability of the military to protect large scale operations at this time (1989, 93 & 97). 

However the archaeological evidence behind this model is drawn primarily from Spain, and until 

more extensive evidence is synthesised from across the mining regions of the Empire it is not 

broadly applicable.  
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The literary evidence for forced labour links it strongly to conquest, and without further 

evidence it is possible to envision that defeated soldiers taken into slavery might have been sold 

or kept by the state to work in mines. However the archaeological evidence is strong only for 

the movement of skilled workers across provinces, or the relocation and settlement and 

administrative restructuring of groups of people within the same province. An argument for the 

involvement of the state in the restructuring of settlements and labour around the Spanish 

mines can be made, but this may have involved forced labour, market forces attracting workers 

to the mines, or the state creating conditions within the region that made working in the mines 

particularly attractive. Consequently forced labour in any mining or smelting context is not 

clearly established, though the involvement of the military in security in and around mining 

areas during the 1st and 2nd centuries AD is relatively strong.  

4.2.5.2 Taxation and Production 

The Late Imperial references (CT 10.22.2) to state attempts to control the quality of iron 

entering the fabricae is the only literary, epigraphic or juristic evidence I am aware of that 

indicates state oversight of iron quality, and it should be seen as a direct result of the fact that 

the fabricae were producing finished articles for the state itself. The edict affects only that 

metal entering the fabricae, not general metal supply, and indicates no state interest in 

establishing or controlling standards of iron production. Edicts were also made relating to 

quality of bronze (CT 11.21.1-3; CT 12.7.3), but again this relates to the quality of bronze used 

to pay the in-kind taxes which were received by the state, and not the quality of bronze which 

the producer might have sold other consumers. There is some indication that the taxation in 

kind, which occurred during the Late Empire and explicitly included iron mining sites (CT 

11.21.3), is thought to have operated some form of quality control (Macmullen 1960, 27), but 

no legislative attempts to control iron quality are known from the Early Empire. 

No explicit legislative controls on iron production between provinces are recorded, but there is 

comparative evidence from Pliny’s (Nat.Hist.34.49) reference to state limitations on lead 

production favouring one province over another, limitations on employment numbers at a 

northern Italian mine (Nat.Hist.33.78), and the CT references to miners being banned from 

entering one province (CT 10.19.5), that together may represent an attempt to throttle 

production within specific provinces, in both cases possibly to protect state interests. 

Comparative evidence of extensive internal import/export oversight and tolls may be indicated 

by the presence of stamped marks potentially deriving from tax officials on lead ingots (RIB 

2404.28 & 29), and sequences of marks on lead ingots moving from Baetica (Domergue 1998). 

This suggests that metal being imported or exported by sea or land between provinces had to 

be declared at a customs office, and was probably subject to checks and weighing. There is also 
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evidence for official stamps on silver ingots (RIB 2402, 4th century AD), but whether these 

represent a control mark, or a way of legitimising them for use as payment to troops, has not 

been established. Together this evidence offers glimpses into what may have been an extensive 

system of trade taxation, which would have limited and controlled the movement of goods such 

as iron around the provinces, potentially affecting what markets producers accessed, and 

consequently what type of iron they produced. 

Whether the vectigalia discussed above applied to all iron production, or just to state iron 

production, it is clear that taxation of iron production and mines in general was established by 

the Late Empire (CT 11.28.9). In addition, laws limiting the movements of craftsmen (Liu 2009, 

290) and banning them from changing occupation and from leaving the collegia fabrum (CT 

14.8.1, AD 329) - occupational social clubs during the Early Empire that increasingly became 

formalised methods of state control by the Late Empire – resulted in the Late Imperial state 

effectively controlling a substantial part of the production and use of iron within the Roman 

world. 

Vectigalia may have been designed to limit or control iron production, or simply to exploit the 

success and ubiquity of this industry in order to provide a substantial and reliable stream of 

income to the fiscus. However considering the relative ubiquity of iron ore (3.1), the growing 

evidence that iron production took place at a variety of scales across the Empire (4.4.2.4.2), and 

the substantial demand for iron, not just from the state and military but from civilians, I believe 

that the latter is a more likely interpretation for the Early Empire. Even by the Late Empire, 

when state administration and control had expanded, there is no clear evidence that the state 

attempted to limit iron production, and instead seems to have made attempts to bolster mining 

in general.  

Some authors have assumed a state monopoly on iron production (Davies 1935, 3; Cleere 1983, 

103), a strong dominance of the market by ‘state-run’ production (Bray 2010, 78), or that the 

market was controlled or at least heavily influenced by central government (Cleere 1975; 

Charlton 2006, 154). Charlton (2006, 154) has gone further and utilised evolutionary theory 

within a capitalist perspective to suggest that this state control led to low competition between 

manufacturers, and therefore low innovation focussed only on increasing output. However the 

very mixed ownership and control structures discussed above, with mines likely owned by the 

state and administered by the state, owned by the state and leased out, owned by the Emperor, 

owned by cities, and owned by private companies and individuals, argues against a strong 

monopoly or even an oligopoly. In particular there is substantial chronological variation in iron 

demand; whilst the state and military were important consumers, the use of iron by civilians, 
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particularly in towns and villas during the Early Empire, should not be underestimated. Whilst 

there is no literary evidence for competition between producers, this is due to the limitations of 

the evidence, and does not imply a lack of competition or variety in iron production. 

Consequently, such simplified models are not appropriate for the complex, extensive and varied 

nature of iron production in the Roman period. Instead it would be appropriate to see the 

Western Empire as a whole as far more heterogeneous, likely with some regions where 

production may have been dominated by single producers but predominantly where state, 

military and probably civilians had access to multiple suppliers operating at a variety of scales 

and producing iron in a variety of forms. 

4.2.5.3 Direct Military Involvement in Production 

Whilst the evidence for military presence on or near mining sites discussed above is relatively 

strong, evidence for military ownership or direct involvement in production of any metal, 

particularly as workers, is more complicated. The only firm evidence we have for military 

personnel as miners is Tacitus’s statement that a governor in Germany ordered his legionary 

soldiers to dig up silver ore (Ann.11.20.2-3). However silver, important for the production of 

coinage and hence payment of troops, is a special case and the example was likely recorded 

precisely due to its oddness, Tacitus records that that the soldiers showed a reluctance to 

undertake the work.  

Beyond this, there is some evidence that the military may have directly owned or managed 

production sites. In particular, the form of inscription on a number of lead ingots from the 

Mendips in Britain produced during the reign of Nero (RIB II 2404.24) could be read as ‘Legio II 

Augusta made this’, leading some authors to believe that military personnel were directly 

involved in production immediately following conquest (Elkington 2001, 61). But there is no 

reason why a legion would work directly in lead and presumably silver production, particularly 

at a time when the army was still in the process of establishing control in a newly conquered 

region. There are also a number of other ingots which simply bear the names of legions, which 

as discussed cannot be firmly attributed as indicative of more than legionary ownership of the 

metal ingots (Hirt 2010, 190).  

One of the most discussed examples of proposed direct military involvement in production is 

the presence of a small number of tiles marked ‘classis Britannica’ at the large iron production 

site of Beauport Park, and three smaller sites, in the Weald, Britain (Cleere and Crosley 1995, 

68). This has been taken as evidence that the military were in direct control of iron production 

on these sites and perhaps the region in general, in order to produce iron for military use 

(Cleere and Crossley 1995). However legionary stamped tiles have also been found in 
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association with gold mining remains in Dacia, and it has been argued that these are insufficient 

evidence to argue for direct military control of these sites (Hirt 2010, 76 & 192). The classis 

could have been present at the Beauport site purely for the security and administrative tasks 

mentioned above, and considering the potential vulnerability of the Channel sites, security may 

have been a priority. Alternatively the military may never have been directly involved, and the 

tiles may simply have been bought by the owner or contractor of the site; military tile 

production sites are not uncommon in the UK (Silchester, RIB 2482; Carlisle, RIB 2483) during 

the 1st century AD, and it is known that military-run tanneries sold their products to traders and 

entrepreneurs (Grønlund Evers 2001, 42).  

Assessment of the evidence from Wales has led to the suggestion that there was direct military 

involvement in the largest iron production sites (Young 2014). However this is based largely on 

the close proximity between the largest iron smelting sites and military sites, and the presence 

of slag within the former legionary fortress of Usk and adjacent to the Flavian fort at Monmouth 

within the Forest of Dean in the UK (Timberlake 2008). The fort of Segontium has also been 

proposed as the base of operations for a regional procurator metallorum, (Casey et al 1993, 14), 

though there is no direct evidence of this. Like the small-scale iron mining and smelting which 

took place near the frontier forts of Aalen and Buch (Johnson 1987, 13), or the presence of 

military at or near the tin smelting site of Lumbrales, Salamanca (Edmondson 1989, 91), this 

should be seen in the context of the power of the military as a driver for the market for iron, the 

importance of mining to the state, the need for security, the use of the military as an 

administrative resource for the state, as well as the reuse of sites after military disuse. It does 

not provide clear evidence of military involvement nor any information on the level or extent of 

any involvement. Whilst the workshops at Caerleon are substantial (Timberlake 2008), high 

levels of military demand do not necessarily imply military primary production, and whilst there 

is a question over whether post-conquest Britain could meet heavy military demand in iron, the 

evidence for trade of iron discussed in 4.4.2.4.2 shows that shortfalls could be supplied from 

outside the province. 

In addition, the Vindolanda tablets show us that during the 1st century AD, individuals within the 

military traded for goods, sometimes on relatively small scales, obtaining necessary material 

locally both through other soldiers and contacts outside the military. The only record of iron 

occurs as one of these, likely small scale (Bray 2010, 177) transactions by an individual, who 

may or may not have been a soldier. Bray (2010, 178) remarks on the oddness that a garrison 

was obtaining its iron from a small, presumably local, source, but this view relies on his 

assumption that there were numerous “state-run iron-smelting operations” which could have 

supplied the garrison instead. In reality, clear evidence for such operations, and the state 
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monopoly on metal production often associated with it (see Davies 1935, 3; Cleere 1983, 103), 

is lacking. Instead it seems likely that, even during the 1st century AD, iron could be sourced 

both within the province and from further afield. As discussed above (4.2.5.1), there is 

substantial evidence for close contact between the military and production sites, but the 

evidence so far does not confirm military labour on, or military ownership of, production sites. 

That said, even though taxation in kind was not introduced until the Late Empire, it is possible 

that some metal produced by state owned mines could have been funnelled directly to the 

military. The close relationship between state and military, and the practice indicated in the 

Vipasca tablets of the state taking a substantial amount of ore as part of the payment for leasing 

mining shafts, could have created a situation within which the state owned metal and was 

capable of transferring it directly to military ownership. Considering the potential role of the 

military as a pool of administrators, scribes, technical and engineering staff (Edmondson 1989, 

97; Dig.1.16,7,1) for provincial use, the outcome during initial post-conquest periods may have 

been military administration, military engineering and military consumption of (at least part of) 

the product which is arguably little different from actual military ownership.  

4.3 Knowledge 

Roman period writers’ underlying disdain for craft activities are clearly evidenced; Cicero (De 

Officiis, 1.150-1) and Lucian (Vision 1.9) are typical in their repetition of earlier Greek prejudices 

against ‘banausic’ (non-agricultural, urban, craft) occupations. Many construct the image of 

craft activities as vulgar and unsuited for free men, and craft practitioners as “obscure, poorly 

and illiberally paid, mean-spirited, of no account outside [their own] doors” (Lucian Vision 1.9). 

As such, writers of this period had little contact with craft, and no firm conclusions can be 

drawn from their discussions of technical matters.  

4.3.1 Latin Terminology and Word Use 

The words used to name crafts, craftspeople, craft organisations, and places of work provide 

insight into the conceptualisation of crafts. Whilst modern terminology suggests a distinct 

difference between art and craft, Roman society does not appear to have made such a concrete 

division (Burford 1972, 14), and the term ars covered a wider spectrum of activities pervading 

daily life than today (Cuomo 2007, I). We therefore see a smith referred to as a faber (ferrarius) 

or an artifex, even an opifices if he worked within an officina (workshop), but the choice of the 

word artifex does not imply a greater skill or status, as in fact both artifex and faber could be 

used interchangeably (Treggiari, 1980). However it is possible to derive some concept of craft 

specialisation from naming words; gladiarii (swordmakers), ferrarii (blacksmiths) and cultrarius 
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(knife maker) are known from epigraphic sources (Treggiari 1980, 61-4). Unfortunately these 

references are all from Rome, and such specialisation between iron workers and perhaps 

between other crafts and iron work may not have been so evident in the provinces. 

The tendency to use broad terminology in Roman literary sources is demonstrated in the use of 

the word metallum to describe both metal mines and stone and marble extraction sites (CT 

10.19.1-15; Bülow-Jacobsen 2009, 2). A lot of what we know about metallo is derived from laws 

referring to damnatio ad metallum, the use of mines as locations for prisoners to serve life 

sentences in forced labour life. Juristic evidence seems to suggest that metallo, at least in law, 

may not have been a generic term for mines, but a specific term for extractive operations which 

were large enough to receive prisoners (Ulpian in Dig.48.19.8.4). This, and the evidence that not 

all provinces had metallo in the juristic sense (Ulpian in Dig 7.1.9.2-3) despite archaeological 

evidence for extractive operations in all provinces (Hirt 2010, 51), indicates that metallo may 

refer specifically to state owned mines. This is supported by the use of the phrase marmareo 

metallo (CT 10.19.8) to be particularly specific about the nature of a site, implying that there 

could be marble quarries which were not considered metallo. 

The Codex Theodosianus provides evidence that miners were referred to as metallari (CT 10.19), 

which again appears to be a generic term for people working in the extraction of minerals of all 

kinds. There is a specific term for aurilegulis (CT 10.19.12 AD 392), or gold collectors, but this is 

not always used even when the text very clearly refers to gold mining (cf. CT 10.19.7), so it may 

refer to a specific type of miners such as a gold panner, rather than generically to gold miners. 

There is some evidence for specific words potentially referring to furnaces, ferrifodinae 

(Durman 2002, 26), which appears to be a combination of the Latin for 'iron' and 'mine' and 

officina ferrariae from the Vipasca tables. Hirt (2010, 257) translates this as ‘iron smelting 

furnace’ and Durman (2002, 26) interprets as it as ‘large iron ore mines’, but it may better 

understood as an iron production workshop or floor, likely containing multiple furnaces and 

associated facilities. There is also epigraphic evidence for contractors of a massa ferrariarum 

(CIL XIII 1811) which may be ‘iron ore’, or an ‘estate of iron mines’, but this remains unclear. 

What words iron producers used to refer to themselves, their tasks, and the facilities they used 

are unknown; whilst in Rome epigraphic monuments stating the occupation of the deceased 

were common and even erected for slaves, this habit does not seem to have reached iron 

miners and smelters, and none can be identified through their funerary or dedicatory 

inscriptions. Whether this reflects the poverty of iron producers, differences in the expression 

of wealth and identity in iron producing contexts, or a lack of epigraphic habit is unclear.  
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4.3.2 Technical Knowledge 

Much has been said of the "serious shortcomings in… [the] technical awareness" (Burford 1972, 

116) of the Roman craftsperson, referring to the perception that craftspeople had little 

technical or theoretical understanding of their crafts. Both Burford (1972) and Forbes (1955) 

suggest that Roman metallurgy in its demonstrated ability and understanding did not advance 

beyond that of the Iron Age. However both authors’ work is based on a homogenised view of 

technical work in this period, resulting from the low levels and quality of excavation at their 

time of writing, and a deterministic, unilateral view of the history of technology.  

Authors such as Burford (1972) emphasise the negative effects of cheap slave labour on the 

motivation for innovation, but as Cuomo (2007, 4) points out, this presupposes that 

technological development and experiment can only be economically motivated. Beneath these 

comments is the question of why the Roman Empire, with substantial sustained demand for 

iron tools and weapons and a powerful elite with a high level of monetary and physical wealth, 

never appears to have developed from bloomery to blast furnace production. Whilst we do 

occasionally come across evidence for small, potentially accidental cast-iron creation, there is 

no indication that Roman producers purposefully created cast iron or refined it (4.4.2.3.4). 

When created, cast iron fragments appear to have been discarded as useless.  

At the current time there is no consensus on whether this reflects a lack of understanding of 

what cast iron was, and how to process and use it, or whether it reflects a reaction to a lack of 

perceived benefit in processing cast iron. However I believe the answer to these questions is not 

so strongly linked to slave labour as usually thought, but to Roman society's attitude to craft, 

skill, wealth and risk. As Burford (1972) did identify, Roman society was strongly stratified, and 

this feature only strengthened during the lifetime of the Empire. Whilst elites with sufficient 

wealth to finance experiment did exist, two hurdles to their involvement existed: the first, their 

disdain for association with, even ownership of, craft activities; the second, their very cautious 

approach to financial risk. The latter is an inherent result of the precarious social and financial 

situation of elites within the Empire, when private land holdings could be threatened by internal 

brigandage, external invasion, seizure or depredations of the military during civil war, and a 

political structure which could lead to land seizures or even exile or death. These two factors 

together produced a context within which there was substantial economic and social separation 

between those who engaged in iron production, and might have wished to develop or 

experiment, and those with the financial strength to support them.  

Additionally, there is considerable fluctuation in risk, both socio-politically and physically, within 

the period of the Empire, increasing into the Late Empire. Whether perception of ‘risk’ is 
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beneficial to the kind of technological innovation necessary to develop iron technologies such as 

cast iron production and processing is debatable. Some authors studying iron smelting have put 

forward hypotheses that periods of risk and instability are triggers of technological innovation 

(e.g. Charlton 2006, 76), a view which is drawn from evolutionary theory (see Fitzhugh 200118). 

This approach may be influenced by the earlier analysis of economic data from the 19th and 20th 

centuries conducted by Mensch (1979), who concluded that major or fundamental innovations 

cluster at times of deep and prolonged crisis. However there have been criticisms both of the 

data used and the hypothesis, with Clark et al. (1981) countering that novel ideas only 

propagate when there are expanding market prospects. Kleinknecht’s (1982) reanalysis of 

Mensch’s data indicates that Mensch’s theory is correct, but only for major, innovative new 

technologies, and is only statistically solid for 20th century data. Critically, the data for his 

conclusion are heavily influenced by products which were the result of substantial state funding 

due to war preparation during the 1930s-1940s (Kleinknech 1982, 305), and this could have 

influenced the strength to which the ‘risk-triggered’ innovation theory appeared correct. The 

‘risk-triggered innovation’ model is therefore not clearly substantiated, and particularly cannot 

be applied without careful examination of the specific contexts and the type of innovation 

examined. 

Interestingly, Kleinknecht’s (1982) analysis indicated that there was empirical support for Clark 

et al.’s (1981) position that market growth is a driving force for innovation, but only in 

application to less radical developments of known materials or products. Kleinknecht suggests 

that the two theories, of risk-triggered and market-growth-triggered innovation, could exist 

simultaneously but apply to different types of innovation. However ascertaining which type of 

causal factor would affect production and decarburisation of cast-iron as an iron-producing 

method is difficult; as archaeometallurgists we naturally tend to see such a development as 

ground-breaking but, considering the position of stainless steel and a number of other steel 

process innovations as relatively ‘minor’ developments (Kleinknecht 1982, 296-7), this may not 

be true. However Kleinknecht’s theory could be of use in the study of Roman period technology, 

suggesting that we could see improvements to established individual products and processes 

within stable periods, and major innovations within unsettled periods of high risk. 

The non-elites who were involved in ownership or leasing of mining sites may have been in the 

position to support technological development, but it has not been established that 

experimentation was a known or accepted concept. Contemporary literary descriptions of 

technological change assign the development of new technologies or styles largely to the hands 

                                                           
18 Though note his identification of ‘risk’ as not a chance of loss or failure, but an unpredictably high 
variance in outcomes. 
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of the gods, and give little role for intelligence or inquiry (e.g. Vitruvius’s description of the 

invention of the Corinthian column, IV. 1. 10). The conceptualisation of craft practice as in the 

hands, not the mind (Burford 1972, 207), is symptomatic of the Roman elite perceptions of craft 

practice based on precision, appropriateness, and forethought (Burford 1972, 198-200) rather 

than intelligence, enquiry or experiment, which may not have been considered appropriate 

attitudes. At the scale of the iron producer, literary evidence presents us with a 

conceptualisation of work as possessed of no moral or personal value, something that should 

not be praised or celebrated (Joshel 2010, 165), and whilst this does reflect elite views, it 

suggests a broad social attitude and indicates that the improvement of technological practice 

held little clear ideological or social motivation or potential for praise.  

4.3.3 Knowledge Communication 

Epigraphic evidence for slaves, freedmen (Burford 1972, 91), and their masters (Joshel 2010, 

213), are numerous, though proportionally slaves make up only a few percent of craft workers 

commissioning epigraphy (Garnsey 1980, 43). Whilst the restricted ability of slaves to 

commission this form of record (Joshel 2010, 44) means that epigraphic representation is 

unlikely to reflect the true numbers of slaves within craft labour, epigraphic evidence for 

proportions of freed to freeborn (two to one in Rome, one to one in provincial urban contexts, 

Garnsey 1980, 43) indicates that slaves were likely present in large numbers. This has lead 

Treggiari (1990), and later Joshel (2010, 213), to build an urban craft labour model based on 

slave labour, positing that slaves were purchased and taught the craft by masters before being 

manumitted to continue in the craft and potentially purchase slaves of their own. This created a 

cycle of slavery and manumission which took unskilled or low skill slaves in the urban 

environment, and produced manumitted, skilled craft workers with a vested interest in 

perpetuating the cycle. Evidence for this model can be derived from iron working, where edicts 

within the Digesta make it clear that a smith might purchase a slave and train him in his craft in 

order to sell him for double the original cost (Dig 17.1.26.8), and from the funerary altar a 1st 

century AD smith called Atimetus, inscribed "Lucius Cornelius Atimetus (made this) for himself 

and for his freedman Lucius Cornelius Epaphra and for the rest of his freedmen and 

freedwomen and their descendants." These reliefs show scenes from a smithy with two smiths, 

one seated and one standing in the pose of a striker, working on an anvil before a furnace. Their 

modes of dress clearly indicate a free man and a slave, though they work side by side (Hirt 2010, 

213). Beyond the centre of the Empire, slave labour likely became less common, and the 

evidence is primarily from urban craft work, but the model of knowledge perpetuation is likely 

of relevance to mining and smelting considering the evidence for slaves alongside free/freed 
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labour discussed earlier (4.2.5.1). Comparative evidence from similar crafts can be seen in the 

Norton inscription referring to a slave running a goldsmiths shop (RIB 712).  

More formal apprenticeships are known from the Roman period, both from epigraphy19 and 

papyri (Westermann 1914; Bradley 1985) but only one reference to a nail-making 

apprenticeship (Burford 1972, 88) refers directly to iron. The contracts indicate that both slave 

and freeborn children could be transferred to a craftsperson for anywhere from six months to 

six years, but there is no evidence for a final formal assessment of skill prior to the 

apprenticeship being finished. Considering the craft specialisation seen in some urban 

epigraphy (gladiarii, cultarii, ferrarrii; Treggiari 1980, 61-64) it is possible that considerable 

variety in apprenticeship and duration occurred within iron working, but whilst apprenticeship 

was likely a common part of Roman craft knowledge transfer, its potential role in mining and 

metal production is not evidenced. There is no evidence that the collegia organisations, which 

were often arranged along occupational lines, had any direct involvement with training or skill 

transfer. 

4.4 Evidence for Iron Production in the Western Empire  

4.4.1 Ancient Literary References 

Reference to iron smelting is rare within literature from Roman or related literary sources, likely 

as a result of the disdain for craft activity held by the elite who authored the majority of 

surviving texts (4.3). Some references to iron smelting can be seen in fictional or mythological 

narratives, though these remain of little direct use as the purpose is almost always metaphorical 

(e.g. Ovid, Metamorphoses, 14, 711-715), telling us about the perception of iron smelting by 

elite authors, rather than the physical reality. However Ovid’s use of the verb excoquere has 

been taken (Hofeneder In Press) to refer to smelting, which may imply that the process was 

conceptualised as ‘boiling out’ the metal from the rock, a word also used by Pliny (Nat.Hist. 

34.148) in the same context. 

A small number of descriptive texts which appear to have been intended to be factual give 

some information on iron. Of note is Pausanius (c. AD 110-180, Description of Greece, IV, 12:10) 

who refers to an ancient craftsman who invented a technique for pouring iron to fabricate 

statues, mentioning multiple times iron statues (IV 31:10, X 18:6) and an iron throne (X 24:5), 

and remarking on the difficulty in producing the former. However the context of the writing 

makes it clear that these objects are wonders, and their makers or techniques unknown and 

                                                           
19 CIL VI 8659; 9249; V 5316; XIII 5708; XII 4502; XIII 5826. 



118 
 

wondrous, indicating that whilst intriguing, this reference sheds little light on regular iron 

production. Whilst there is evidence for cast iron in the Roman period it is limited to probable 

refuse (see 3.2.5, 4.4.2.3.4). 

 

Figure 4-1 Illustration of depiction of iron smelting on "old Greek vase" from Read 1934, fig1, possibly 

the British Museum oinochoe No 1846.6-29.45. 

Aristotle’s writings adopt a more philosophical approach, but again providing a reference to a 

liquid iron (4th century BC, Meteorology IV, 6): 

“Now of the bodies solidified by cold which are made up both of earth and water but in which 

the earth preponderates, those which solidify by the departure of heat melt by heat when it 

enters into them again; this is the case with frozen mud. But those which solidify by 

refrigeration, where all the moisture has gone off in vapour with the heat, like iron and horn, 

cannot be dissolved except by excessive heat, but they can be softened-though manufactured 

iron does melt, to the point of becoming fluid and then solidifying again. This is how steel is 

made. The dross sinks to the bottom and is purged away: when this has been done often and the 

metal is pure we have steel. The process is not repeated often because the purification of the 

metal involves great waste and loss of weight. But the iron that has less dross is the better iron.” 

(trans.Webster 1994). 

Considering that the context of this work is Aristotle’s attempt to categorise all types of 

substance in an orderly philosophical construct, it is possible that the above procedure was a 

rare occurrence referenced to support his argument. Experimental work by Sauder (2013) 
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shows that metallic iron can be turned to liquid steel within a small bloomery-style furnace, 

suggesting that the method described above may be viable. However this technique is a 

secondary processing method, not a primary production technique, and the literary reference is 

several centuries removed from the period and culture of study.  

Famously Pliny the Elder’s description of iron production in Natural History Book 34 (published 

AD 77) also appears to include a reference to liquid iron, but as Read (1934, 546) points out, 

may be the result of his apparent lack of first-hand observation and understanding. Even if Pliny 

did observe the proceedings he describes first-hand, his use of the word mirum or ‘wonder’ 

suggests that the production of a liquid iron during standard smelting of ‘sponge’ (presumably 

bloom) iron was irregular and noteworthy. Whether Pliny ever saw an iron smelt and what his 

sources of information were are unknown; his position as procurator of Hispania Tarraconensis 

likely gave him close experience with the management of large scale gold mining of which he 

writes in Natural History 33 and 34, but beyond this and his claim to have read 2000 books for 

research (Pliny Nat.Hist 1.) there is little evidence he ever had first-hand contact with mining or 

smelting. 

Pliny goes on to list a number of important aspects for the creation of iron but aside from the 

ore, which could easily be a confused reference to a region of production rather than the 

quality of the ore itself, they are aspects of smithing rather than primary production. He also 

refers, as does the much later early 5th century AD writer Rutilius Claudius Namatianus, to 

regions famous for their iron smelting; the former listing Noricum, Parthia and the people of 

Seres, and the latter Elba, Noricum (the region producing the famous ferrum Noricum, 6.2.4), 

Sardinia and the country of the tribe Bituriges.  

The reference to a purchase of iron recorded on one of the Vindolanda tablets has been 

discussed extensively by Bray (2010), who concluded that this indicates a price of 1.1 denarii per 

kilogram of bar iron for an individual purchasing for/at a garrison in northern England during the 

early 2nd century AD. As he states, this clearly shows that iron was far more valuable than much 

of the exotic imported foodstuffs also known from the tablets, though considerably less 

valuable than complex manufactured goods such as saddles. However he goes on to estimate 

that as a result of this costing, a legion carried some 3.5 million denarii worth of iron 

equipment, providing a glimpse into the expense and importance of iron in the period.  
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4.4.2 Physical Remains in the Roman period  

In the discussions below relative over-representation of British sites is inevitable, due to both 

the comparative paucity of excavations in other regions and the language barrier within 

archaeological publication. 

4.4.2.1 Distribution of Sites 

Collation of all known iron production sites within the Empire is beyond the remit of this 

project, but a broad illustration of iron producing regions within the Empire is informative 

(Figure 4-2). Whilst bog ores have a wide geological availability, the majority of the known areas 

of iron production occur in regions where rich weathered outcrops of iron oxides and 

hydroxides are known (Pleiner 2000a, 88-100) or within their immediate periphery.  

 

Figure 4-2 Iron smelting areas (striped) and known site clusters (black) in the Roman Empire (borders 

c.96AD) from contemporary texts and archaeological sites; Pundt 2012; Davies 1935; Healy 1978; 

Cucini and Tizzoni 2008, 22; Degryse et al. 2009; Sarreste 2014.  

Due to work in the UK, particularly of Paynter (2007a), Schrüfer-Kolb (2004) and Halkon (2008, 

2011) regions of iron smelting within the province of Britannia are particularly well identified 

(Figure 4-3). Considering the limited attention paid to iron smelting sites in the UK, it is likely 

that the number of sites known from this region is underestimated, and the very limited 

excavation in Austria creates a significant dearth in our knowledge of iron smelting sites in this 

region. In contrast in areas such as Switzerland (Serneels et al. 2008, 25) and southern Germany 

(Gassmann 2008; Schäfer and Gassmann 2008) where iron ore was exploited in the immediately 
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post Roman and medieval periods, exploration has suggested very little Roman period iron 

smelting took place. The distribution of iron smelting within the UK is strongly related to the 

location of available ores, resulting in sites clustering in the Mendips, Vale of Glamorgan, Forest 

of Dean, Weald of Sussex, Jurassic Ridge and Exmoor.  

 

Figure 4-3 Iron smelting areas in Britannia (adapted from Paynter 2007a, fig 1)  

Although archaeological survey is limited, where it has been extensive (Weald, Yorkshire, 

Midlands) there is good evidence that small regions of ore could result in relatively large 

clusters of sites. This occurs not just in the UK where over a 150 sites have been recorded on 

the Jurassic Ridge and 110 in the Weald, but also in France, where forty sites dating to the 1st -

3rd centuries AD have been recorded in the eastern part of the Sillé forest (Sarth, Northwest 

France) (Sarreste 2008, 26). Iron smelting was clearly extensive during the Roman period, but at 

the current time it is not clear how long most sites were occupied for, with some potentially 

worked for only a few years and others for hundreds (Hodgkinson 2008, 17). Additionally the 

size of individual sites and the potential relationships between them and other settlement 

forms is not clear.  

4.4.2.2 Mining Remains 

Within the following section, evidence drawn from non-ferrous extraction, particularly gold, is 

used to supplement evidence for iron extraction. The higher economic and socio-political value 

of gold, and the relative scarcity and different geological occurrence of its minerals when 

compared to the more ubiquitous iron ore, likely lead to more investment in gold extraction and 
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consequently larger, more sophisticated remains with higher archaeological survival rates than 

iron ore extraction sites. However, they do offer an important insight into the potential 

sophistication and size of mining operations during the Roman period, and the knowledge of 

mining techniques present at the time. 

 Evidence from Non-Ferrous Extraction 

Some of the largest and most remarkable mining remains from the Roman period are those 

associated with gold extraction, the best understood of which are predominantly on the Iberian 

Peninsula (Las Médulas, Sánchez-Palencia et al. 2008; Bessa, Brecciaroli 1996 and Domergue 

1998; Rio Duerna, Jones and Bird 1972; Rio Tinto, Jones 1980), in modern Romania (Roșia 

Montană, Wilson et al. 2011) and in Britain (Dolaucothi, Burnham et al. 2004). Almost all of 

these sites have been identified due to modern reworking, which in many cases has cut into and 

opened up buried and hidden sub-surface features. It is only recently that our understanding of 

the surface characteristics of these sites has allowed new sites to be identified in places such as 

Austria (Cech 2012), where modern mining has not occurred. 

The dominant characteristic of gold mining sites is the extensive manipulation and control of 

water. Water was used to remove surface deposits to reveal bedrock (hushing), processing the 

ores, and to break down gold-bearing deposits themselves (hydraulic mining) using a technique 

which Pliny described as ruina montium (Nat.Hist. 33.21 & .70) i.e. the ‘ruin of mountains’, 

where narrow cavities were excavated in the rock and large quantities of water released into 

them, creating enough pressure to crack the rockface. The most visually arresting evidence of 

this is at Las Médulas (Lewis and Jones 1970), but it can be seen across the gold mining sites 

(Rio Duerna, Jones and Bird 1972; Dolaucothi, Lewis and Jones 1969; Karth, Cech 2012). These 

sophisticated methods required the construction of substantial aqueducts, dams, and tanks in 

the hillsides which along with the resulting leats, gullies and waste piles are characteristic of the 

surface remains of these sites.  

Water may also have been used to power hammers used to crush ore, both at Dolaucothi 

(Burnham 1997) and some Iberian mines (Wilson et al. 2011, 10) though evidence remains 

tentative. The practice of fire setting, which involved setting a fire against a rock face to heat 

and consequently crack hard rock to facilitate extraction common across many mining sites may 

also have utilised water (Wilson et al. 2011, 51) to quench hot surfaces and promote cracking. 

Within this technique the use of water may not have been limited to gold mining, and there is 

evidence that hushing may have been used as a prospecting tool in Britain and as an excavation 

tool at lead-silver and copper sites in the UK (Timberlake 2004, 66). The manipulation of water 

as a mining tool was clearly understood in the Roman period.  
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Initial extraction appears to have been open-cast (Edmondson 1989, 93), accessing the ore 

immediately available on the surface. However as the excavation deepened the ore was 

followed more strictly and at both Cabezo Rajado (Orejas and Sánchez-Palencia, 2002) and 

Roșia Montană (Wilson et al. 2011, 51), as the cost and difficult of the excavation rose, the veins 

were excavated vertically down from the surface. A similar pattern can be seen at tin mining 

sites (Edmondson 1989, 87) and copper mining sites (Weisgerber 2006, 19).  

As the sub-surface excavations deepened, ventilation adits could be added as at Dolaucothi, 

where the extensive use of fire-setting appears to have required extra ventilation (Burnham 

1997). Sub-surface excavations could reach more than 300m below the surface (Orejas and 

Sánchez-Palencia 2002, 583), and the sophistication of these should not be underestimated; the 

largest complexes included adits, drifts, exploration and communication galleries and drainage 

tunnels, large chambers supported by pillars of uncut rock (Weisgerber 2006, 19-21; Wilson et 

al. 2011, 10-12), and spiral staircase galleries (Wilson et al. 2011, 10-12 & 52). The size of these 

complexes can be substantial, with at least 4km of sub-surface workings known at the Roșia 

Montană complex. However the apparent dominance of these sub-surface complexes in the 

archaeological record is due to the greater survival of these features when compared to 

surface, superficial, open-cast methods. The latter was far more easy to conduct and less costly, 

and is likely to have been the dominant technique particularly outside regions of intense 

exploitation of precious minerals.  

The emphasis of the Vipasca tablets on protecting both the drainage facilities and the 

supporting props and pillars within the mines (see Elkington 2001, 65) indicates that Roman 

miners understood of the importance of these features. There is some evidence that in places 

sub-surface excavations in places went deep enough that water could not be removed by 

drainage adits, and water wheels designed to lift water between levels have been discovered at 

Dolaucothi (Boon and Williams 1966), Rio Tinto and Roșia Montană (Wilson et al. 2011, 9). 

These were powered by humans, and it is unlikely that they were able to do more than maintain 

drainage as the excavation expanded; if a break in production occurred and the wheels stopped 

it is possible that the mines would have flooded to the point where wheel drainage would have 

been insufficient to reopen them (Edmondson 1984, 94). Evidence from 19th century mines 

(Williams 1991) indicates that labour costs increased as excavations deepened, lost to increased 

time required to climb, move and haul materials. This may account for the evidence for in situ 

ore assaying in the Roșia Montană galleries (Wilson et al. 2011, 38 and 57), potentially 

indicating that the miners were checking the value of the ore was sufficient to cover the cost of 

its retrieval.  
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Evidence suggests that sub-surface excavations were conducted with a hammer and chisel 

(Wilson et al. 2011, 52; Birch forthcoming), with Roman period tunnels roughly the height of a 

man (Feinan, see Weisgerber 2006, 19-21; Roșia Montană, see Wilson et al. 2011, 9) to facilitate 

movement. There is some evidence for regional variation in mining forms, with sites in Dacia 

and surrounding regions having tunnels with a trapezoidal cross section likely making it easier to 

carry ore containers (Wilson et al. 2011, 9). At Roșia Montană these tunnels were cut across the 

whole cross-section simultaneously (Wilson et al. 2011, 52), rather than cutting a smaller 

exploratory route and then widening it, and wooden ladders made from single tree trunks cut 

with notches (Wilson et al. 2011, 13 and 59) were used to climb. There is also evidence of at 

least one wooden ore shovel from this site, along with niches cut in many of the galleries to 

hold oil lamps, which were affixed with soft clay (Wilson et al. 2011, 54-5). Above ground, 

grinding stones, mortars and tables are attested, as well as large stones with multiple hollows 

used in ore crushing (Wilson et al. 2011, 44, 49; Burnham 1997) thought to be indicative of 

water-powered stamping mills. Carpenters tools for building and maintaining mining supports, 

as well as an anvil and other smithing tools for making and maintaining mining tools have also 

been recovered from regions of gold extraction in Austria (Cech 2012). 

Whilst there is little archaeological evidence for the people working at mining sites, the Vipasca 

tablets offer evidence that the communities based around mineral extraction were formed of 

far more than just the miners; in the regions of intense exploitation, supporting industries from 

fullers to cobblers were necessary, and both women and children were present in these 

communities and are likely to have been involved in mining activities. Some measure of the 

number of support staff necessary for sub-surface mining prior to the introduction of powered 

machinery can be seen in 19th century accounts from copper ore extraction in southwest Wales 

(Williams 1991)  

At Roșia Montană these communities had their own settlements, cemeteries and religious sites, 

as well as elite buildings and burials (Wilson et al. 2011, 10). The Las Medulas region 

incorporates an area of more than 40 sq. km of water systems, roads and small settlements, 

each of the latter with their own cemeteries, ore processing areas and religious facilities (Wilson 

et al. 2011, 23 and 69). These latter appear to be positioned with close respect to the workings, 

a factor also seen in the temporary settlements associated with workings at Bessa (Brecciaroli 

1996). In these regions where mining formed a substantial part of the economic activity, the 

influence of mining went beyond the local miners’ settlements and encouraged the 

establishment and development of both large settlements in the administrative regions and 

small periphery settlements supplying raw materials (Carthago Nuoa, Orejas and Sánchez-

Palencia 2002, 582). These large mining sites were a fundamental part of the local economic 
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networks, and they may have been the driving force behind much of the trade and exchange in 

the immediate area.  

 Evidence from Ferrous Minerals 

Iron ore processing features such as smelting furnaces and slag dumps are increasingly being 

recognised in the landscape, but very few mining sites have been recorded, despite the pattern 

of multiple mining sites for each smelting site seen in other Roman period mineral extraction 

regions (e.g. Feinan, see Weisgerber 2006). From the small number of sites identified firmly as 

iron ore mining sites, there is evidence for the cutting of relatively shallow trenches from the UK 

(Brown et al. 2009, 57; Juleff and Bray 2007)20 and Pannonia (Durman 2002, 26), either as a 

prospecting or excavation technique, though Pleiner (2000, 94) suggests that shallow pits 

varying between 2-25m in diameter are the dominant form of mining evidence from the UK. 

However the low visibility, survival and the difficulty of dating the relatively shallow pits created 

by open-cast mining techniques makes this form of mining difficult to detect, and in the UK they 

are often only given Roman dates where supporting smelting evidence is present (e.g. at Laxton 

and Bulwick, see Jackson and Tylecote 1988, 276).  

It is usually assumed that the need for high purity ores and the relatively low price of iron would 

have led to open-cast techniques exploiting richer weathered surface deposits, which are often 

lower in gangue minerals (Paynter 2006, 272), dominating, and sub-surface excavation would 

have rarely been used for iron ore extraction. However evidence of sub-surface galleries has 

been found in those areas where, as with gold extraction, modern mining has cut into buried 

Roman workings (e.g. the Hüttenburg region of Austria, Cech 2008). Without these later 

intrusions, the chance of sub-surface mining being discovered is very low, and as a result many 

mines on sites worked-out or on sites not considered economically viable in the 19th century are 

unlikely to have been uncovered. The low number of known Roman sub-surface iron mining 

sites is likely to be strongly related to these factors, rather than to a lack of sites. It is possible 

that evidence from archaeological features could be supplemented by techniques including 

using the detection of periods of high sedimentation to identify periods of mining (Brown et al. 

2009, 60), but little exploitation of this has yet been undertaken.  

The low number of iron-ore mining sites identified has resulted in little evidence for the 

extensive use of water as a mining tool; the characteristic features of tanks, dams, sluices, leats 

and gullies have rarely been recorded on iron mining sites although there is evidence of sluicing 

at iron mining sites in Moesia (Hirt 2010, 74). However the substantial overburden or waste 

                                                           
20 Also see Exmoor HER MEM15460 and MEM15451 
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heaps that have been recorded at gold mining sites such as Rio Duerna (Jones and Bird, 1972) 

have not been recorded on iron mining sites to date. 

The recovery of a Roman iron chisel with a welded high-carbon steel point from an area 

associated with sub-surface iron mining features in the Hüttenburg region (Birch, in Press b) 

gives some indication that similar mining methods were applied to iron ore excavation, and also 

offers a clear parallel to literary references to hammers and chisels (Pliny Nat.Hist. 33.21 & 72) 

and contemporary discussions showing the importance of adding steel points to mining chisels 

(ostraca at Mons Claudianus, Bingen et al. 1992). Similar tools have been recorded from a gold 

mining site in the same area (Cech 2012), and the proximity between these features raises the 

possibility of knowledge and expertise transfer between iron ore and gold extraction sites. 

4.4.2.3 Smelting Remains 

 Ore  

Evidence for ore processing installations or activity is rarely recorded, in part due to the low 

profile of these features and the lack of experience of many excavators in identifying what can 

be very transitory traces. However the linear shape of burnt features or ‘channel hearths’ may 

be indicative of ore roasting facilities (e.g. Wakerley Site 3, Jackson et al. 1978 154) and 

powdered ore layers (Oulches, Coustures et al 2014, 94) and stone platforms for ore crushing 

have been recorded (Chesters Villa, Fulford and Allen 1992). 

Rare examples of storage heaps of processed, crushed ore have been recorded (Les Martys, 

Dieudonné-Glad et al. 2008) though limited information on the size and distribution of ore 

pieces has been published. The presence of ore ‘fines’ in apparent dumps at some sites (Laxton, 

Jackson and Tylecote 1988 281) suggests that some processing involved removal of the very fine 

fraction of the ore prior to smelting, though whether as rubbish or for an alternative use such as 

pigments is unknown. Very occasionally a ‘dump’ of apparently unprocessed ore pieces is found 

(e.g. at Laxton, Jackson and Tyelcote 1988, 287) which indicates that ore could be stored on site 

in excess of that immediately required. 

More recently analysis of the debris and raw materials and mass balance equations (3.3.3.2) 

have enabled archaeologists to suggest that some sites were smelting mixtures of ores derived 

from multiple mines (Dieudonné-Glad et al. 2008), something that has also been observed in 

archaeologically recorded deposits of ore (Laxton, Crew 1998, 52). This indicates that in some 

areas single smelting sites were supplied with ore from multiple mining sites, possibly as a 

method for dealing with small, inconsistent ore sources. In other areas such as the dense south 
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Wales smelting sites, it is likely that ore was consistently transported in from the Forest of Dean 

extraction sites (Young 2014, 217). 

At sites such as Chesters Villa iron smelting clearly took place as part of a mixed economy, and it 

appears that ore was brought some distance from mining sites; the presence of a metalled road 

from extraction sites in the Forest of Dean to the town of Ariconium, where smelting furnaces 

have been recovered (see Schubert 1957; Cleere & Bridgewater 1966; Jackson 2012), indicates 

that ore was moved some kilometres from excavation to production sites in this region. This 

may suggest that the villa owner leased or owned rights or land (Fulford and Allen 1992, 2000) 

in the nearby mining region of Forest of Dean, providing possible evidence of provincial elites 

involved in iron smelting. Alternatively the ore could have been purchased; whilst there is 

limited evidence for sale and shipment of ore, the recovery of seals has been interpreted as 

indicative of bags of ore being transported some distance from mines to smelting furnaces in 

Spain (Hirt 2010, 275) and the existence of an established taxation on ores (lex portorii Asiae 

§34) suggests that ores were sold.  

The relationships between extraction and smelting sites and workers is an area requiring further 

research. The Vipasca tablets offer no direct information, but the statements restricting 

movement of ore to daylight hours and paying taxes to the state in ore itself (see Elkington 

2001, 65) are suggestive that smelting was an entirely separate activity to extraction. At 

Vipasca, both individuals/companies of contractors and the state had ore that needed smelting, 

and it is possible to envision that smelting may have been run separately by another set of 

independent contractors, in much the same way as everything from the baths to shoe-mending 

was. Experimental iron smelters indicate that a good understanding of each specific ore is 

necessary to smelt it successfully (Sauder 2013; Sauder and Williams 2002), but after some 

initial period of experimentation to establish a successful approach, this process could have 

been replicated with a stable ore supply, and it is possible that little communication between 

miners and smelters would have been necessary.  

 Furnaces 

In almost all cases archaeological furnace remains are heavily truncated and severely damaged, 

both by their contemporary use and later sub-surface disturbance, so clear reconstructions of 

their form and can be difficult and rely on exceptional expertise and survival. The base of the 

furnace is most likely to survive, in part because it is the lowest part and therefore the least 

likely to be damaged by ploughing or other disturbance, but also because the high 

temperatures which occur during smelting sinter the clay used to build the furnace, and often 

result in vitrification, both features which promote archaeological survival. Despite this 
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difficulty, iron smelting furnaces are broadly divided into slag-tapping and non-tapping (slag-pit 

or bowl) furnaces (see Figure 4-4).  

 

Figure 4-4 Slag-pit (left) and slag-tapping (right) furnaces (from Pleiner 2000a, 258). 1) Bloom, 2) heat-

affected furnace wall, 3) remains of charge, 4) slag block 5) furnace -bottom slag, 6) tapped slag mass 

7) remains of last slag tap 

Firm identification of slag-pit furnaces from the Western Roman Empire is difficult, and some of 

those initially identified as non-tapping are often subject to doubt upon re-examination21. There 

is some slag from Roman period UK contexts which may have originated in a slag-pit furnace 

(Schrüfer-Kolb 1999b, 228), tentative evidence that a small number of non-tapping furnaces 

may have been in use in the Weald (Hodgkinson 2008, 17) and other UK sites (Paynter 2007a), 

and a larger number from 1st century AD Western Britany (Le Quellc 2008, 27), however broadly 

speaking the slag-tapping furnace appears to be dominant within the Roman Empire. Outside 

the bounds of the Empire in areas such as the Netherlands (Joosten 2008, 31), Scotland 

(Dungworth 2008, 39), Norway (Rundberget & Henning Larsen 2008, 33; Björnstad 2008, 111), 

Denmark (Voss and Jouttijärvi 2008, 36) and Sweden (Willim et al. 2008, 45) there is firmer 

evidence for non-tapping furnaces, particularly the large characteristic cylindrical blocks of slag 

from slag-pit furnaces. Due to the tap slag found at both sites examined in this project, the 

focus of this section will be on slag-tapping furnaces.  

Historically the analysis of furnace remains has been heavily influenced by attempts to classify 

the recorded forms and create a seriation from these (e.g. Coghlan’s 1952, Cleere 1972 see 

                                                           
21 See Jackson et al’s (1978) firm statement that a number of the Wakerley furnaces could not be slag 
tapping and compare with Jackson and Tylecote’s later (1988, 286), statement that non-tapping could 
not be proven for any of these furnaces. 
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Figure 4-5, Condron 1997). As Clough pointed out as early as 1985, there is a tendency in the 

older literature to create a temporal sequence of furnaces with the smallest and simplest being 

the earliest, and the largest and most sophisticated being the latest. In the UK this has resulted 

in the large slag-tapping furnaces being presumed to be Roman, and smaller, simpler furnaces 

given Iron Age dates (e.g. Coghlan 1956; Jackson 1979) despite a paucity of dating evidence, 

and conversely features on confirmed Iron Age sites being interpreted as bowl furnaces (e.g. 

Jobey 1962) even though the utility of such features for reducing iron ore is questionable 

(Clough 1985, 183). This, and the persistent belief that some furnace shapes22 are a “Roman 

importation” (Cleere and Crosley 1995, 42) should be seen within the archaeological approach 

of the period, particularly the dominance of the Romanisation paradigm (2.1.2.2.2). More 

recent examinations of variation in form have become less rigid, and in at least one case 

(Schrüfer-Kolb 2004, 29) open to the influence of socio-cultural aspects. Whilst variation within 

furnace form is undoubtedly present during the Roman period, the insufficient nature of 

current typologies offers limited beneficial information for this project, whilst the large and 

growing quantity of archaeological data makes a full reanalysis of the excavated furnace forms 

in the Western Empire beyond the remit of this project. Consequently the focus of this section 

is not on rigid identification of forms or typologies, but on establishing a broad context of 

furnace remains within which the evidence from the case study sites can later be situated. 

Notwithstanding the variation seen in furnace shape, there are some informative consistencies 

across the period. In the majority of cases smelting furnaces are situated on the side of a slope, 

predominantly above a river or stream (e.g. Little Furnace Wood, Hogkinson 2008; Chesters 

Villa, Fulford and Allen 1992; Roche Brune, Sarreste 2008; Broadfields, Gibson-Hill et al. 1992). 

Rather than constructing the furnaces on the ground surface, Roman period smelters usually 

position their furnaces within pits, which are often dug down as far as the bedrock (e.g. Laxton 

Furnaces 8-12, Jackson and Tylecote 1988, 279; Wakerley F2, Jackson et al. 1978 155). The pit 

was often larger than the furnace, with the furnace positioned against the back wall and the 

space behind often packed with unfired clay or clay and earth (Laxton furnaces 8-12, Jackson 

and Tylecote 1988; Wakerley, Jackson et al. 1978; Roche Brune furnaces, Sarreste 2014) or 

supported with stone (Little Furnace Wood, Hodgkinson 2008).  

                                                           
22 The ‘shaft’ furnace is particular, increasingly challenged e.g. by the 2nd century BC furnace at Goffs 
Park/Broadfields, Gibson-Hill et al 1992, 22. 
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Figure 4-5 Cleere's (1972, fig 11) 'proper classification of furnaces'  

The size and shape of the pit varied, but many appear large enough to act as ‘working pits’ from 

which the furnace could be managed and slag tapped, and some are linear, potentially in order 

to facilitate slag tapping or raking out of the furnace (Wakerley site 2, Jackson et al. 1978 153-

4). Occasionally these pits were lined with clay (Ashwicken, Gibson-Hill et al. 1992; Laxton phase 

2, Jackson and Tylecote 1988) or exceptionally with wood (Broadfield, Gibson-Hill et al. 1992). In 

some cases the pit sloped away from the front of the furnace, although there are also examples 

where the opposite is found. This has led to the assumption that the furnace within the latter 

cannot have been slag-tapping as the slag would need to be run away from the furnace (e.g. 

Byfield Phase 1, Jackson and Tylecote 1988) although this assumption appears to be baseless, 

and it has not been clearly demonstrated that slag trapped at the base does interfere with the 

operation of the furnace.  
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The furnace was predominantly constructed from clay mixed with one or more temper 

materials, commonly sand (Chesters Villa, Fulford and Allen 1992) and rarely organic material 

(Whitwell Villa, Schrüfer-Kolb 2004, 63), but could also be built partially from local stone where 

available (Laxton, Jackson and Tylecote 1988; Wakerley site 1, Jackson et al. 1978 151). The 

proportion of temper material in ceramic furnace walls could be high; Paynter (2006, 285) 

indicates that SiO2 commonly accounted for more than 80wt% of ceramic material from Roman 

period UK furnaces. This is likely due to an empirical understanding of both its highly refractory 

qualities and, perhaps most importantly, the link between high SiO2 content furnace walls and 

the successful smelting of high purity iron ore (3.2.2, 3.2.5). In the majority of cases, no internal 

structure to the walls is recorded, suggesting that they were built as a single mass, but there are 

examples where furnaces appear to have been made from sun-dried bricks luted together with 

wet clay (Laxton furnace 8, Jackson and Tylecote 1988 281-3, Laxton 1998 furnace, Crew 1998 

and 2008; Oulches, Coustures et al. 2014). 

In some cases the base of the furnace is the bedrock on which it is situated, but it can also be 

covered with clay (Laxton phase 2 and Byfield phase 3, Jackson and Tylecote 1988; Wakerley F3 

and F4, Jackson et al. 1978; Roche Brune, Sarreste 2014), sand (Wakerley F6B, Jackson et al. 

1978 159-62), or be formed of stone slabs (Laxton furnaces, Jackson and Tylecote 1988; Little 

Furnace Wood, Hodgkinson 2008) and/or slag (Laxton Jackson and Tylecote 1988; Wakerley F7, 

Jackson et al. 1978 162). In a small number of cases a floor of ore fines (Laxton Jackson and 

Tylecote 1988), or local ironstone (Byfield phase 1, Jackson and Tylecote 1988) has been 

recorded. 

The high temperatures reached within the furnace caused erosion and vitrification to the 

internal surfaces of the walls. There is ample evidence that Roman practitioners saw this as 

something which need to be remedied, responding by relining or ‘fettling’ the inside of furnaces 

often to a thickness of c.1-3cm (Broadfield, Gibson-Hill et al. 1992; Holbeanwood, Cleere 1971; 

Wakerley, many furnaces, Jackson et al. 1978; Laxton many furnaces, Jackson and Tylecote 1988 

and Crew 1998; Chesters Villa Fulford and Allen 1992; Oulches, Coustures et al. 2014). Other 

excavators describe furnaces as having been entirely rebuilt (Laxton furnace 8, Jackson and 

Tylecote 1988 281), with whole new walls inserted within the shell of the old furnace, and each 

rebuilding showing relining. However the difference between ‘relining’ and ‘rebuilding’ in the 

archaeological reports is sometimes not clear (e.g. Phase 2 furnaces from Laxton, Jackson and 

Tylecote 1988 285). In either case, repeated renewal of the inside of the furnace often results in 

movement of the furnace forward (Laxton furnace 8, Jackson and Tylecote 1988 281) and 

significant reduction of the internal diameter; there is some evidence that the Wakerley 

(Jackson et al. 1978) furnaces were in some cases approaching 1m in internal diameter before 
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successive renewal reduced some of them down to as little as 50cm. Whilst furnaces are in 

almost all cases thought to have been roughly round in plan when in use, rebuilding led to some 

becoming oval. The complex stratigraphy of repeated rebuilding and relining, movement, and 

the missing front sections can make interpretation challenging and presented reconstructions 

should often be considered tentative23. Additionally there is no real data on how long each 

lining would have lasted; Crew (1998, 52) gives an estimate of 250 smelts per lining, but the 

basis of this is tentative, and better experimental evidence is needed. Motivation for relining 

furnaces may have come from an understanding of the potentially valuable contribution of 

furnace wall material to the smelt as discussed above, concern for structural stability, 

performance of habit, or other empirical reasons. 

Recording the extent of vitrification is highly subjective and tends to be inconsistent, but there 

is evidence that the furnace walls often have a vitrified layer with black-grey colouration 

immediately behind, shifting to orange-red (Byfield, Jackson and Tylecote 1988, 290; Chesters 

Villa, Fulford and Allen 1992). In well preserved furnace-lining pieces there can be evidence that 

internal surfaces melted (e.g. Chesters Villa, Fulford and Allen 1992 192), and erosion of the 

inner surfaces near the base of the furnace where it is hottest is noted though not always 

clearly identified as such (e.g. Laxton furnace 8, Jackson and Tylecote 1988 281). Consequently 

it is not entirely certain whether the description of furnaces as ‘domed’ or ‘bowl shaped’ near 

the base (e.g. at Laxton, Crew 1998, 2008 and Jackson and Tyelcote 1988; Little Furnace Wood, 

Hodgkinson 2008; Unterpullendorf Austria, Jackson and Tylecote 1988) is the result of erosion 

on the inside of a furnace, or an intentional feature of the furnaces included during 

construction. Crew (2008) maintains that it is an intentional design feature in the large furnaces 

intended to provide a heat reservoir to maintain core temperature during tapping, but with 

experimental work focussed on smaller furnaces this remains in question.  

It is extremely common for the front section of the furnace to be missing, likely due to 

contemporary efforts to remove the bloom from inside. The visibility of previous repairs to the 

front section of furnaces (Wakerley furnace 1, Jackson et al. 1978 151) indicates that this was 

not an exceptional occurrence, and it is unlikely to be the reason behind the abandonment of 

the furnaces. However there are occasional examples where preservation is good enough to 

identify the presence of an ‘arch’ at the base of the furnace (Wakerley F519, Jackson et al. 

1978), and some examples have utilised a stone as the base of the arch (Wakerlely F700 and F2, 

Jackson et al. 1978). The recovery of a furnace from Corby Prior’s Hall with an almost perfect 

round hole in the front (Greenwood et al. 2008) would seem to suggest that in some cases the 

                                                           
23 See Jackson and Tylecote’s 1988 discussion of the Laxton furnaces. 
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breaking open of the front was conducted with considerable care, but overall little is known 

about bloom removal and due to the damage, there is also little evidence for how slag was 

tapped from furnaces. The common assumption (e.g. Jackson et al. 1978; Jackson and Tylecote 

1988, 291) is that slag was tapped from the base of the furnace, but this is not necessarily 

obvious. The important role of the slag in protecting the bloom means that maintaining some 

slag within the furnace at all times may have been beneficial, and thus slag may only have been 

tapped when it grew to sufficient mass to interfere with the air inlets. Slag may therefore have 

been tapped from any point below the air inlet, depending on the smelters preference. Tapping 

from a point above the base of the furnace also avoids disrupting the mass of high temperature 

material at the base of the furnace, reducing the overall drop in temperature which likely 

occurred during tapping24. The evidence for lintels directing the flow of slag seen in material 

from Chesters Villa (Fulford and Allen 1992, 193) supports the suggestion that tapping could 

occur above the base of the furnace, and it is likely that there was so far undetected variation in 

tapping heights and methods across regions and periods.  

Where furnaces are relatively well preserved, holes within the walls for air intake have been 

found, and in the case of the large furnaces of the late Iron Age/early Roman Imperial period 

single furnaces may have multiple (often 3-5) intake points which slope downwards into the 

furnace (Unterpullendorf and Klostermarienberg Austria, Jackson and Tylecote 1988; Laxton 

1998 furnace, Crew 1998, 2008). As Crew suggests (2008) it is unlikely that the ‘hot spots’ 

created by air burning charcoal just in front of the air intake points would have joined to form 

one single region of high temperature, so instead of one massive bloom it is likely that these 

large furnaces produced multiple smaller blooms, each one forming adjacent to an air inlet 

point. Smaller diameter furnaces appear to have had only one air inlet, likely producing a single 

bloom. Whilst tuyères, up to 0.8m long and both single and double ended, have been recorded 

at some sites (Unterpullendorf, Jackson and Tylecote 1988; Little Furnace Wood, Hodgkinson 

2008; Broadfields, Gibson-Hill et al. 1992, 24) and are usually considered indicative of forced 

draught, they remain a relatively rare find on Roman sites. Some authors (Hodgkinson 2008) 

suggest that tuyères may also have been used in natural draught furnaces, which likely relied on 

relatively tall chimneys, but the clear identification of these is hampered by an almost total lack 

of complete chimneys within the archaeological record. From the Pannonian sites of Blagaj, 

Maslovare, and Šljačište ‘slag runners’, ceramic tubes filled with iron and slag are ‘frequent’ 

finds thought to be the remains of tuyères, being 25-30mm diameter at one end and 55-65mm 

diameter at the other (Durman 2002, 26). Cylindrical ‘slag plugs’ some 1-2cm in width and 10cm 

                                                           
24 Though see Greenwood et al’s (2008) paper for the theory that tapping actually causes an increase in 
temperature. 
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long found at Weald sites (Hodgkinson 2008) are likely to have had a similar origin. Arches are 

frequent features, and Crew (2008) has suggested that they represent a facility for regulating 

natural draught, though they appear more likely to be related to bloom extraction. 

 Fuels 

Due to the necessity for high purity carbon fuels (3.2.4) charcoal was the major fuel source for 

iron smelting during the Roman period. Charcoal is the low density black product of pyrolysis, 

the thermochemical decomposition of wood around 200°C to 450-500°C, depending on the 

species (Sinha et al 2000, 41), in an atmosphere excluding oxygen. This involves a complex chain 

of reactions which begins with dehydration of the wood c.160°C. It progresses to the 

decomposition of the three dominant constituents of wood - hemicellulose, cellulose and lignin 

- into a variety of volatile compounds, CO and CO2, though the exact pathways of 

decomposition, intermediate and final compounds remain debated25. The final retained product 

is a high purity carbon, which retains the original vascular structure of the wood used to 

produce it.  

Functionally this was achieved in the Roman period by piling wood in a pit, kiln, or on the 

ground surface and starting a fire within it, then covering with turf of other material to reduce 

oxygen access. A proportion of the stacked wood was sacrificed to combustion to produce 

sufficient temperatures, and careful monitoring was required to ensure sufficient wood burnt to 

elevate temperatures but that combustion did not spread and consume all of the wood. This 

method was relatively inefficient in comparison to later retort or even metal kiln methods, and 

resulted in an impure carbon product retaining some inorganic ash compounds.  

Literary evidence indicates that charcoal was produced in the Roman period in pits or kilns 

(Theophrastus Hist.P V.9.4, Pliny Nat. Hist. 16.8.23), and there is some limited archaeological 

evidence for charcoal production on ground surfaces (Cleere 1970, 15), but the nature of both 

product and facilities make any evidence easily damaged, transitory and consequently rare. It 

remains difficult to distinguish burnt surface evidence of charcoal production on the surface 

from bonfires (Sim 2011, 51), or to confirm spreads of charcoal on smelting sites as indicative of 

charcoal storage or production. However the fragility of charcoal and high demand for it in iron 

smelting suggest that it is likely to have been produced on, or near, iron smelting sites unless 

transport links were very good; in the medieval period this was one of the most important 

factors linking charcoal production sites to iron producing regions (Cannell 2005, 182).  

                                                           
25 See Sinha et al 2000 for a review of published models. 
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It is likely that at some Roman period sites, particularly the mixed economy sites such as 

Chesters Villa (Fulford and Allen 1992), wood and charcoal production were important 

industries alongside iron smelting, potentially leading to coppicing or other management 

techniques. Coppicing involves cutting back a tree of at least seven years age to a stump, from 

which multiple shoots will spring. Depending on the species these can be cut every five to 

twenty years, producing straight poles ideal for charcoaling, but it leaves the stumps vulnerable 

to animals and consequently cannot be combined with pastoral exploitation. For woods used 

for grazing pigs etc. pollarding, a similar technique which only cuts the tree to the height of a 

human adult, can be used. Evidence suggests that intensive coppicing is not sustainable beyond 

250 years (Dufraisse 2002, 674) without soil depletion and a drop in growth rates.  

Evidence for coppicing for craft fuel provision in the Roman period is limited, though coppiced 

pieces have been recovered from a pottery kiln flue in East Yorkshire (Halkon 1987, 85). Whilst 

pieces of charcoal are frequently recovered on smelting sites it is only more recently that 

analysis of these has become common (e.g. Chesters Villa by Fulford and Allen 1992). These 

have shown that small branch wood of limited age consistent with coppicing was commonly 

used (Eaton Socon, Gale undated; Chesters Villa, Fulford and Allen 1992; Ariconium, Gale in 

Jackson et al. 2012), likely as a result of larger timbers being both more valuable as building 

material and more difficult to prepare for charcoaling, indicative of woodland management. 

Whilst some authors have suggested that oak is the dominant species in UK iron smelting 

charcoal (Paynter 2006, 285), analyses rarely suggest the specific selection of particular species 

of tree for charcoal production or smelting, and some sites clearly show that a variety of local 

wood was used (Fulford and Allen 1992 208-211; Gale in Jackson et al. 2012). The overall lack of 

strong evidence for coppicing in relation to smelting activities may be the result of the limited 

nature of the charcoal analyses to date, in addition to difficulties in interpreting pollen analyses 

which might otherwise be informative (Halkon 2015, pers.comm.). 

Whilst coal was available during the Roman period and used for cooking or heating (e.g. of 

baths, as at Chesters Villa, Fulford and Allen 1992, 191), there is no evidence it was utilised for 

smelting, likely due its sulphur content (3.2.4). The reliance on charcoal for smelting made the 

industry vulnerable to any disruptions in charcoal supply, in turn affected by environmental 

factors, labour supply and socio-political stability. Consequently the production system was 

vulnerable to human population diseases such as the Antonine plagues, as well as 

environmental disasters such as floods or landslides which might damage trees or cause 

fluctuations which might affect tree growth or reduce the number of days a year with the 

correct environmental conditions for charcoal production.  
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 Iron 

Blooms of variable size have been recorded, their dimensions and weight a factor of the design 

and size of the furnaces used to produce them. The largest appear to be those recovered from 

Erna near Lake Como, where a landslide buried blooms in excess of 30kg (Cuccini and Tizzoni 

2008), which compare with others found in Alpine sites weighing 10-30kg (Pagès et al. 2011). 

After smelting halted the bloom(s) could be extracted, either immediately whilst the bloom was 

still hot, or after the furnace and contents had cooled. However considering that almost all of 

the furnace contents, particularly slag and partially-reacted charge, are easier to remove prior 

to cooling, it is generally assumed that the furnace was cleared immediately after smelting 

halted.  

Primary processing to force out the slag entrapped within the bloom by hammering, and to 

remove any attached slag, likely took place on many sites immediately after the bloom was 

removed, taking advantage of the high temperature of the bloom. Large blooms were likely cut 

into smaller pieces to facilitate this process, and blooms with cut marks have been found (Fluzin 

2006). Following processing, bloom material appears to have been processed into billets or 

bars, similar to ingots, for transport from the production site and sale (Saintes Marie de la Mer 

shipwreck ingots, Pagès et al. 2011; Newstead fort ingots, Curle 1911, 288; ingots in Pannonia, 

Durman 2002, 28). Smithing slag, and to a lesser extent smithing installations, are therefore a 

common find at many smelting sites, and the latter can be quite substantial26. However there 

are sites (e.g. Chesters Villa, Fulford and Allen 1992 199) where no smithing slag or features 

have been recovered, which suggests that not all sites processed blooms prior to exporting, 

though processing must have occurred at some point after this. The products of smelting sites 

are often assumed to be semi-processed bloom, but could also have been finished products, 

though there is little evidence to support the latter.  

There is considerable debate with regards to the extent to which iron produced within the 

bloomery furnace was carburised, i.e. alloyed with carbon. As discussed earlier (3.2.5), one 

route of bloom formation is reduction of ore to metallic iron, carburisation of that iron to an 

alloy which is liquid at bloomery temperatures, followed by decarburisation and conglomeration 

of the iron in the region of the air inlet. However if the balance between carbon availability for 

the iron and decarburisation is poorly managed, for instance during smelts utilising high fuel to 

ore ratios, there is the possibility that excessive reducing conditions could lead to the 

production of quantities of cast iron collecting on the bloom or at the bottom of the furnace. 

Cast iron is very hard but also very brittle, and cannot be manipulated or shaped using the 

                                                           
26 E.g. the 2.3m by 1.3m stone lined hearth at Broadfields (Gibson-Hill et al 1992, 28) 
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smithing techniques typical of the period without first being decarburised. The recovery of cast 

iron pieces from Roman iron production sites (Tiddington, Fieldhouse et al. 1931; Wilderspool, 

May 1904; see also Crew and Land 2005, 42-43) which are small and unworked, suggests that 

this did occur, and that producers did not know how to process these pieces into usable iron 

and instead discarded them as waste. There is no evidence that Roman period producers were 

intentionally producing cast iron, and no evidence from a Roman period site of the 

characteristic debris or facilities that would be necessary to process this metal into a workable 

form. 

It is not uncommon to find heterogeneously distributed carbon within iron objects of the 

Roman period, and Cleere (1981, 173) believes that the majority of analysed Roman iron objects 

indicate a random admixture of soft pure iron and steely material consistent with a non-

specialised smelting technique producing blooms with inherent variation in carbon content. 

However as bloom material is rarely recovered due to its nature and contemporary importance, 

it is difficult to judge whether the bloom material which has been found to be steely (e.g. Little 

Farningham Farm, Brown 1964; Nanny’s Croft, Smythe 1936-7; Erna, Cucini and Tizzoni 2014) is 

characteristic of production or a deliberate discard. The repeated heating and quenching of the 

Little Farningham Farm bloom (Brown 1964) has been interpreted as failed attempts to make it 

more workable, suggesting that the carbon content (1.16-1.45wt%) was too high and it was 

intentionally discarded; efforts to work it correspond well with the high value of iron to smelters 

today (E. Truffaut 2014, pers. comm.) and in the Roman period (Bray 2006).  

However there is evidence that both high (>0.8wt%) carbon steel and low (c.0.2-0.7wt%) carbon 

steels were produced and used. A 2nd century AD iron billet from Carmarthen in the UK (Salter 

2005 mentioned by Charlton 2006, 106) appears to indicate that high carbon steel was both 

produced and worked. Pagès et al. (2011) present an in-depth analysis of hundreds of iron bars 

from the 1st century AD Saintes-Marie-de-la-Mer shipwrecks, and they believe that the 

treatment of iron indicates that the producers of the bars had an understanding of the carbon 

content of the iron blooms used to produce the bars, and/or blooms with a notable carbon 

content were purposefully produced. They go on to propose that the difference in bar forms 

reflected knowledge of the type of iron by a single set of producers with highly specialised skills 

at a workshop entirely separate from the smelting sites, working with blooms drawn from 

multiple sites. Although there is little evidence to confirm this, it presents an interesting model, 

and opens up the possibility that Roman smiths were able to identify and select metal for its 

carbon content. At the current time the complicated relationship between the operation of the 

furnace, raw material use, and the type of metal produced is not clear, and there are aspects 

such as the amount of time the bloom is kept within the furnace (Killick 2014) which are rarely 
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addressed and poorly understood. However as more iron bars and billets are recovered and 

analysed, there is growing evidence that steel material was produced in bloomery furnaces, in 

some cases intentionally, and its specific technological characteristics may have been identified 

and understood by producers and workers of the Roman period. 

4.4.2.4 Iron Production Sites in their Contexts 

 Fluctuations over Time 

It is important to note that in many cases iron smelting was occurring in provinces, sometimes 

on a substantial scale, prior to the Roman invasion. Many of these sites remained in use through 

the late Iron Age to the Roman period, and likely produced large quantities of iron across 

hundreds of years (Broadfields, Gibson-Hill et al. 1992; Clough 1985, 180). Other sites appear to 

be satellites to settlements during the pre-Roman period (Weald, Gibson-Hill et al. 1992; East 

Midlands, Condron 1997). Whilst iron production in some provinces such as Britain has been 

referred to, perhaps questionably, as broadly domestic in scale (Gibson-Hill et al. 1992), in some 

regions such as Noricum the density of iron production sites and the quantity produced during 

the pre-Roman periods may have been a motivating factor in their conquest (also Siscia, see 

Durman 2002, 24-5). 

Within this context there are fluctuations in the size of furnaces across the period of Empire, 

which have led authors such as Crew (2008) to suggest that the large internal diameter furnaces 

(c.1-1.5m) were predominantly in use from the 1st century BC through to the 1st century AD, 

when a switch to smaller furnaces occurred. This pattern is particularly evident at sites such as 

Laxton (Jackson and Tyelcote 1988) and in Lombardy (Cucini and Tizzoni 2014, 173) which show 

the switch from the small furnaces to the large ones during this period, then a switch back to 

small diameter furnaces. Whilst the utilisation of large diameter furnaces has sometimes been 

identified with the Roman invasion (Condron 1997), it occurs during the pre-Roman 1st century 

BC (Gibson et al. 1992) in a number of provinces, and appears to suggest an increase in iron 

production during this period and into the 1st century AD. Whilst the evidence is tentative, this 

may reflect the unstable socio-political situation during the 1st century BC, with the end of the 

Republican period, civil war and the aggressive expansion of Roman influences across Western 

Europe. The use of larger diameter furnaces on many sites during this period likely represents 

localised developments responding to an increased need for iron, or potentially a form spread 

as a result of increased contact and communication between regions within this period. 

However an identification of this form as ‘Roman’ cannot be substantiated, and any suggestion 

of ‘top-down’ diffusion of this form to areas which would become provinces is not supported.  
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The effect of the Roman conquest on the iron industries of pre-Roman Western Europe is 

complex. Taking Britain as an example, in the 1st century AD there is evidence both of a 

downturn in what were substantial pre-Roman industries (East Yorkshire, Halkon 2008) and an 

increase in other areas (Weald and East Midlands), both of which are likely to reflect the 

influence of the buying power and control of the Roman army (Cleere and Crosley, 1995; 

Schrüfer-Kolb, 1999b; Paynter, 2007). The extent of excavation and understanding of the 

Roman period in Britain means that there is also possible evidence of fluctuations which relate 

to very regional shifts in power, such as the opening up of the Weald to Roman control after the 

death of the client king Cogidubnus, and the construction of roads penetrating the region 

(Schrüfer-Kolb, 2004; Gibson-Hill et al. 1992), the establishment of military depots causing 

immediate increases in demand (East Bridgeford, Condron 1997), and the movement of military 

during the Later Empire causing shifts in sourcing and the rise and fall of whole regions of 

smelting (Weald to Forest of Dean, Allen 1988). The relative abundance of such localised shifts 

in production relating to the military indicates that similar changes likely occurred in other 

provinces across the Western Empire. However the importance of the civilian market should 

not be underestimated: the change in building styles and methods, and the increase in the use 

and adoption of portable objects are all likely to have caused an increase in civilian iron 

requirements. In particular, the introduction of a taxation system which required payment in 

coinage, and the potential resulting stimulation of economic exchange within the newly stable 

structures of provinces (Bray 2010, 183), may have influenced iron production and could have 

contributed to the continued use of the large diameter furnace in the 1st century AD. The 

relative prominence of military influence on iron production should be seen as an artefact of 

the surviving evidence, which in archaeological, epigraphic and literary sources favours military 

over civilian. Critically, the transitionary time between the Late Iron Age and the early Roman is 

a period which could provide substantial evidence of the impact of social, political and 

economic factors on technology, but so far remains poorly investigated. 

There is evidence that mining sites were affected by socio-political fluctuations; galleries at the 

Roșia Montană gold mines appear to have been abandoned during the Marcomannic Wars 

(Wilson et al. 2011, 37), Iberian and Dalmatia mines were disrupted by raids from non-Roman 

groups (Edmondson 1989 92 & 97), and this kind of disruption may have been the motivation 

for the deposition of the Vipasca tablets. By the end of the 1st century AD there is some 

evidence for a drop in the use of the large internal diameter furnaces in favour of smaller 

(c.50cm) furnaces (Crew 2008), which appear to have been in use during the earlier period 

though apparently less popular (see Wakerley, Jackson et al. 1978; Broadfields Gibson-Hill et al. 

1992). However many authors see an overall downturn in iron production from the 3rd century 
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AD onwards, both in the UK (Young 2008, 51; Bray 2006; Cleere and Crosley 1995), France 

(Coustures et al. 2003) and Pannonia (Durman 2002, 25), though some smelting continues into 

the 4th century AD in many of these regions.  

However changes to iron smelting may be part of a much wider trend within mining in the 

Roman Empire. In the Catalan Pyrenees, Gassiot et al. (2008) suggest that iron smelting was 

focussed on small scale iron ores up until the 2nd century AD, but that from the 3rd century AD 

there was an intensification of activity. In the West, smelting continued past the end of the 

Roman Empire, with smelting at sites like Chesters Villa starting as late as the 3rd century and 

continuing into the late 4th century AD (Fulford and Allen 1992). Establishment of mining in the 

3rd century AD may also be seen at Feinan (Weisgerber 2006, 18), in Switzerland (Serneels 

2014), at Oulches in France (Coustures et al. 2014), and in the Lombardy region (Cucini and 

Tizzoni 2014) in the 4th century AD. It has also been suggested that production remained 

substantial across the dense Midlands smelting sites into the 4th century AD (Schrüfer-Kolb 

2004, 132). This offers clear evidence that the narrative of ‘downturn and failure’ in the Late 

Empire is not ubiquitous. It is also possible that later sites undertook most of their own raw 

material production and produced finished objects (e.g. Oulches, Coustures et al. 2014; 

Switzerland, Serneels, 2014), operating far more independently than earlier sites, but more 

evidence is needed to support this. 

Edmondson (1989, 90) interprets evidence for precious metal extraction as indicative of peaks 

in the 1st and 2nd centuries, followed by decline into the late 2nd century AD and abandonment 

of many sites into the 3rd century AD, with later reoccupation in the late 3rd and early 4th 

centuries AD on a much smaller scale. The source of this 2nd century decline in the West may be 

the raiding by Germanic tribes which affected Gaul and the Danube provinces and led to the 

Marcomannic Wars, and the engagement of the military in civil and external wars throughout 

the 3rd century AD. Edmondson (1989, 97) has consequently suggested that re-establishment of 

non-ferrous mines on a smaller scale may have been an effort to disperse production to make it 

less vulnerable to raiding, which appears to be supported by shifts in the legal ownership and 

governance of mining sites (4.2.4), and the format of gold mining (Spain and Western Bosnia, 

Edmondson 1989, 89-90; Dolaucothi Lewis and Jones 1969; Gaul, Edmondson 1989, 92). Small-

scale, dispersed production sites are inevitably harder to identify, and may not be as well 

preserved within the archaeological record.  
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 Scale, Trade and Movement 

There is plentiful evidence that iron was moved from production sites to areas in the immediate 

region such as the controlling city (Sargalassos, Degryse et al. 2009) or workshop settlement 

(Les Arènes, Berranger and Fluzin 2014), often by water routes (Pannonia, Durman 2002, 28; 

North Yorkshire, Halkon 1997, 13) which were likely the cheapest method of transporting such 

heavy material (Cleere 1982). There is also some evidence that ores may have been exported 

within relatively small regions, both in Genoa (Cucini and Tizzoni 2008) and from mining to 

smelting sites in the UK (Chesters Villa, Fulford and Allen 1992). In regions such as modern-day 

Switzerland, the lack of easily exploitable iron ore suggests that iron was extensively imported 

from outside the area (Serneels 2014, 162). The substantial number of iron bars recovered from 

eleven shipwrecks at Saintes-Marie-de-la-mer in France, each carrying 20-150 tonnes of iron 

and dated to the 1st century AD, probably entered the region from the Mediterranean for 

transhipment up the Rhône (Pagès et al. 2008; 2011) and is clear evidence that iron could be 

exported substantial distances away from its production site during the Early Empire.  

Examination of iron bars from the Saintes-Marie-de-la-mer shipwrecks (Pagès et al. 2008; 2011) 

and from Pannonian sites (Durman 2002) gives good evidence that they could be relatively 

standardised. Whilst there is some evidence that these bars tended towards a selection of 

weights, there is no indication that there was a standard weight for iron bars or billets, which 

varied between 1.9 and 27.1kg in those analysed from the shipwrecks, though tended to be less 

than 10kg (Pagès et al. 2011, Table 2). Some evidence remains for the value of iron during the 

Empire, but whilst it is clear that the relative value of iron was greater during the Roman period 

than today (Bray 2006) prices are likely to have fluctuated between regions and time periods, 

and varied according to the additional social or political power of the buyer, seller or type of 

iron. 

The size of the bars mentioned above gives some idea of the scale of production of iron in the 

Western Empire, but it is smelting sites which can give a fuller idea of the intensity of 

production in some areas. In particular there is clear evidence that, just as occurred with gold 

mining, clusters of iron smelting sites occurred in regions where ore was available; whilst these 

are most clearly known for the UK (Figure 4-3) and France, there is growing evidence of 

‘regions’ of iron smelting containing multiple sites of production in other provinces (Figure 4-2). 

At the moment intensive studies within these regions examining the relationships between 

these sites and their production are rare, although the work of the Wealden Iron Research 

Group from the 1970s-1990s in the Weald region in Britain offers a case study. Cleere and 

Crosley’s (1995) summary of the Weald region suggests three broad types of site: a handful of 

major coastal sites with excellent waterway transport links (e.g. Beauport, Oaklands) producing 



142 
 

140-210 tonnes of iron a year, a handful of medium sites many with good road links 

(Hodgkinson 2008) (e.g. Broadfields, Crowhurst) producing 40-50 tonnes a year, and a majority 

(at least 76 confirmed Roman period sites out of hundreds of known sites (Hodgkinson 1999, 

68)) which were occupied only for short periods of times and produced relatively limited 

quantities of iron, likely no more than a tonne per year (Bray 2010, 183). Consequently it has 

been estimated that 88% of production in the Weald was made at only 20% of sites 

(Hodgkinson 2008), although the lack of recovery of slag heaps (slag heaps were identified at 

only 80% of the Wealden sites, Crew 2008) may shift this balance. Similar site size patterns may 

also be seen in the region around Les Martyrs (Coustures et al. 2003), and in the French regions 

of Western Brittany (Le Quellec 2008) and Sarthe (Sarreste 2008) France hundreds of sites have 

been recorded in relatively small regions which await further analysis. 

Whilst calculations of production on any one site are based on varying methodologies, and 

should always be considered rough estimates as they rarely utilise mass balance calculations 

(3.3.3), they give some important context for understanding the extent of iron production 

during the Roman period as well as giving some insight into sites themselves. The Weald was a 

substantial producer of iron during the 1st to 3rd centuries, likely supplying if not controlled by 

the military, but it was just one of a number of regions in the UK, and potentially tens if not 

hundreds of such regions in the Western Empire. Within some of these regions there are sites 

of enormous size; Durman suggests there is 2 million tonnes of slag at Blagaj and Maslovare, 

and over 250,000m3 at Šljačište (2002, 26) in Pannonia, despite the likely loss of slag to 19th 

century and later resmelting (Durman 2002) or Roman period road metalling (Hogkinson 1999, 

68). The lack of information on these regions makes understanding the context of iron 

production within them difficult, but comparisons with the gold mining regions discussed above 

are tempting.  

The smelting of ore at sites away from the initial excavation is evidenced in the Feinan region, 

where ore from multiple sites (Wadi Kusheibah and across the Arabah) was smelted at a 

centralised site (Weisgerber 2006, 22). The tentative evidence for the export of ore (4.4.2.3.1) 

suggests that in many locations mining was a distinctively separate task to smelting, and we 

should not assume that smelting sites were naturally on or near mining sites. The location of 

smelting furnaces is likely to have been a balance between several factors, the most important 

of which was likely proximity and access to fuel sources, supplemented by access to transport 

networks and labour, whilst the position of mining was controlled only by the presence of ore 

and there were likely many sites where the two sets of factors did not mesh well. 
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Comparing this evidence to the smelting at Chesters Villa (Fulford and Allen 1992), which took 

place as part of a mixed villa economy and produced around 750 tonnes of slag total, 

Piddington Villa (Schrüfer-Kolb 2004, 65) where large-scale food and stamped tile production 

also took place, and Whitwell Villa (Schrüfer-Kolb 2004, 62-64) gives a clear impression not only 

of the variation in the scale of smelting between sites in the Western Empire, but also of the 

substantial size of some of the sites. It is clear that there were multiple patterns of iron 

production across the region and period of interest, likely reflecting multiple groups of people 

and motivations for iron smelting. However the proximity of transport routes, particularly 

waterways, appears to have had a strong influence on smelting sites and potentially their 

success and persistence. Current developments in provenancing iron artefacts may offer 

valuable insight into the existence and scale of trade; compositional analysis of slag inclusions 

entrapped within iron have been used to identify broad differences between objects found in 

difference countries (Hedges and Salter 1979; Buchwald and Wivel 1998) and at the current 

time allow comparisons between groups of objects, and between objects and slag from specific 

sites, but do not facilitate identifying iron objects with specific geological ore bodies (see 

Blakelock et al. 2009; Charlton et al. 2012; Leroy et al. 2015). Work examining trace element 

ratios (Coustures et al. 2003) or isotope ratios such as 87Sr/86Sr and 206Pb/204Pb (Degryse et 

al. 2009) has offered some evidence that these may remain unaltered from ore to iron object 

and be characteristic of specific ore bodies, but much more extensive sampling of European ore 

bodies is necessary before sufficient comparative data are available.  

 Settlement Context 

With the focus on the production features it is easy to forget that smelting did not take place in 

isolation. On the immediate level there is evidence that smelting furnaces were occasionally 

situated within structures, such as at Roche Brune in France where they were contained within 

a rectangular wooden building (Sarreste 2008; Sarreste 2014) or Chesters Villa where mid-to-

Late Roman smelting took place within timber-framed buildings (Fulford and Allen 1992, 165-6) 

and on an area which had been terraced for smelting activity. Furnaces have also been found 

immediately adjacent to large building complexes as at Šehovci in Pannonia (Durman 2002, 26), 

and it is clear that activity on smelting sites lead to the construction of support or storage 

buildings.  

However on a slightly wider level there is good evidence that iron smelting often took place on 

or in immediate contact with sites of settlement (e.g. Wakerley, Jackson et al. 1978), frequently 

rural in nature (e.g. the 200+ Midlands sites, Schrüfer-Kolb 2004, 132). Whilst features such as 

cemeteries, which can be associated with undesirable activities in towns and cities, have been 
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found near smelting sites (e.g. Laxton, Jackson and Tylecote 1988), this appears to be due to the 

close proximity of informal settlement rather than clear evidence that iron smelting was pushed 

away from domestic occupation as fulling was (Burford 1972, 80). Indeed at some sites there is 

the interpretation that settlement itself may have shifted away from smelting sites to allow 

their expansion (Broadfields, Gibson-Hill et al. 1922, 22), rather than smelting sites being forced 

outside settlements, though this likely relates to the fact that these settlements were strongly 

linked, if not entirely dependent on, iron smelting. There is also evidence that iron smelting 

played a critical role in the existence and persistence of some larger settlements, e.g. the so-

called ‘small-towns’ such as Ariconium (Jackson 2012). 

The rare excavation of settlements associated with smelting sites means that it is difficult to 

judge their size or relative wealth, but there appears to be significant variation. In the Weald, 

where the level of recording provides an almost unique insight into an iron producing region, 

there appears to be a pattern of original core settlement with smelting facilities, administrative, 

and domestic functions serving as a centre for a number of later satellite sites where further 

mining and smelting took place (Gibson-Hill et al. 1992, 48), presumably once ore at the core 

settlement was exhausted (Cleere 1970). 

Smelting also took place as part of mixed villa economies, where production is likely to have 

been seasonal, possibly occurring between spring sowing and autumn harvest when less labour 

was needed for agricultural activities (Chesters Villa, Fulford and Allen 1992; Piddington Villa, 

Schrüfer-Kolb 2004, 65). The Chesters Villa site raises interesting questions about where the ore 

came from, as whilst the charcoal could have been sourced on the villa land, the site is not on 

any known ore deposits. The ore may have been bought from a miner or mining group, or the 

mining land may have been belonged to or been leased by the villa owner; in either example 

the engagement with smelting by those at the villa indicates knowledge and exploitation of the 

western seaboard trade that flourished during the 3rd and 4th centuries AD to supply the military 

at the northern border (Fulford and Allen 1992). There is also evidence that smelting took place 

for short periods of time on sites with little to no evidence of settlement of supporting buildings 

(Fulford and Allen, 1992; Halkon 1987), suggesting that in some cases smelting was short-lived, 

and extensive evidence of occasional smelting at mixed-occupation rural settlements such as 

those seen in Greece (Kostoglou 2008, 79). The importance of fuel and potential difficulty in 

producing and shipping it may also have had a substantial influence on the placement of 

smelting sites (Claesen et al. 2010). 

Whilst we are beginning to identify regions where iron smelting sites appear to have been 

dense, variable in size, and potentially the driving force behind associated domestic occupation, 



145 
 

focussed analysis of these sites and regions is necessary before we can understand how mining, 

smelting and processing activities were distributed, how these were integrated with 

settlements, and what the motivating economic and social forces behind these patterns were. 

Schrüfer-Kolb’s (2004, 101) models of ‘modes of production’ are of interest, but we currently 

lack to evidence to confirm or expand these beyond the UK ‘centres’ of production. Available 

evidence suggests that those sites on good transport links, particularly waterways, may have 

been the dominant producers in terms of mass of iron, and were clearly involved in export at 

least as far as the local provincial cities if not much further, as the shipwrecks suggest. However 

in close proximity were much smaller sites, whose size seems suggestive of only relatively local 

export or need. Whilst much more evidence is needed, the close admixture of these different 

sites within the dense regions of exploitation indicates local, small scale production in direct 

contact with large scale, possibly military or large contractor controlled export production. 

There is also evidence for private individuals, potentially local rural elites, engaging with 

smelting industry on a small scale, probably for a relatively localised market within the 

immediate regions. This evidence points towards a wide variety of socio-political contexts for 

smelting, and likely a variety of controlling economic influences.  

 Religion and Contact with other Industries 

The intense colouration of iron oxides has led to their use as pigments, and at the Chesters Villa 

site there is evidence of powdery red hematite (‘reddle’) alongside reddened grinding stones 

(Fulford and Allen 1992, 188), which may be indicative of the processing of minerals for 

pigments as a secondary or additional industry. Whilst this potential side industry is rarely 

discussed in archaeological excavation reports of smelting sites, it may have been a relatively 

common, if low level, activity at smelting sites. In Britain the presence of stamped lead pigs 

produced in the Lutudarum site/region of Derbyshire27 in an area of dense iron smelting activity 

around Holme in East Yorkshire (Halkon 1987) may indicate some link between the organisation 

or control of these industries, but the limited pattern of excavation in upland Britain hampers 

further investigation of this pattern. 

At a number of UK sites there is evidence of both iron smelting and pottery production taking 

place at the same time (Wakerley, Jackson et al. 1978; Laxton, Jackson and Tylecote 1988; 

Hasholme, Halkon 1997, 12), and the evidence for interlocking bricks used in one of the Laxton 

furnaces has led to suggestions that there was some skills or material cross-over between the 

two industries. Similar contact may be suggested by the presence of iron slag as a temper within 

mortars at Este, Italy (Calliari et al. 2008, 87) and in pottery made at Hasholme in Yorkshire, UK 

                                                           
27 See Burn 1969, 69 and CIL VII 1207, 1214, 1215. 
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(Halkon 2008, 49) during both the Iron Age and Roman periods. The decoration of local pottery 

in Yorkshire with bearded faces and smiths tools, and the correlation between the distribution 

of this pottery and iron production sites within the region has led Halkon (2008; 2014) to argue 

that these were votive objects associated with religious activity of smiths worshipping Vulcan 

and/or a local equivalent, and the production of these custom pieces argues for some contact 

between the pottery makers and the iron smelters. Further votive activity identified as relating 

to iron working has been recovered from the region, including miniature axes and an anvil 

(Halkon 2008, 49), and there is a large sculpted stone at Dringhouses just outside Eboracum 

(York) which may also depict Vulcan and have been an altar.  

Despite their identities as a smiths, Vulcan is not seen in dedications from other regions of iron 

smelting, though there is one possible dedication in Moesia (CIL III 1661, AD 272), and neither is 

Hephaistos (Hall and Photos-Jones 2008, 112), whose attributes include a furnace. Instead 

religious activity in iron smelting regions has an emphasis on deities associated with the 

underworld, including Terra Mater (Sergejevski 1963, 88 mentioned in Durman 2002, 26) who 

features on altars or temples dedicated by mining officials (AE 1973 411; AE 1958 63) or 

administrators (PIR C 497), Jupiter Dolchenus and the Dioscuir (Medini 1982, 79 mentioned in 

Durman 2002, 28), and Nemesis and Sedatus (Paskvalin 1969 mentioned in Durman 2002, 28). 

This suggests a focus on propitiating deities associated with extraction rather than smelting, 

though the causal factors behind this require further research. The local deity Veteris appears 

to be the focus of worship at a temple associated with the iron smelting ‘small-town’ at 

Thistleton (Schrüfer-Kolb 2004, 111), though there is no definitive link between smelting and 

the temple itself, unlike Brigstock, where slag has been found in one shrine also associated with 

an iron-smelting ‘small-town’. This underlines the role of ‘native’ deities in craft activity, and 

suggests that they may be most visible in more wealthy, urbanised contexts, though likely 

remained of relevance to poorer, rural smelters. The general paucity of iron miners and 

producers may not have been able to offer lasting offerings or dedications to their deities, or 

the commonly chosen form of these offerings may have been one which commonly failed to 

survive in the archaeological record.  

 Division of Labour on Smelting Sites 

Elkington (2001, 62) gives a list of officials involved with mines which includes praeses fodinae 

(foreman of works), vilicus (mine steward, likely a slave or freedman working for the lessee), 

machinatores (engineers), probatores (inspectors), commentarienses (mine registrars), 

tabularius (record keeper) and actor ferrariarum (tax collector for iron mines) which seem to be 

drawn from the Vipasca tablets but which are not clearly referenced. In addition there is 
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evidence from the Roșia Montană tablets for a legulus or ‘picker’ who appears to have received 

wages above the average for menial labour (Hirt 2010, 271). This latter is the only evidence for 

division of labour away from administrative positions, and suggests that mining and ore 

processing tasks were subject to differentiation and perhaps specialisation, at least at the larger 

sites.  

The Vipasca tablets also indicate that the state took a tax of half the ore recovered by 

contractors (see Elkington 2001, 65), and Hirt (2010, 257) has interpreted this reference as 

indicative of state oversight of smelting. However this is conjectural as the tablets do not 

indicate who was in charge of the furnaces. Considering the pattern for contracting out seen in 

mining (4.4.2.2), it is possible that some or all of the furnaces were run by contractors. However 

the indication that the state’s half of all material produced was taken as ore rather than finished 

metal suggests that workers may have run at least some furnaces directly for the state. How the 

administrative and financial divisions between mining and smelting were made, and whether 

they were tasks done by separate people in contexts away from those like Vipasca has not been 

established, but the papyrological evidence for lease work and contracts between potters and 

owners of kilns gives us some indication that similar arrangements may have existed within the 

Empire (P.Oxy. L 3595-7), and that such divisions did occur. 

 Non-adult-male Labour 

The visibility of non-adult and non-male labour within mining and production contexts is poor. 

In secondary literature many crafts are seen as predominantly male activities (e.g. Schrüfer-Kolb 

2004, 109), and iron production labour requirements are exclusively phrased in terms of the 

number of men required (e.g. Cleere and Crosley 1995, 74-79). Women, children and the 

elderly are excluded from the narrative of iron production largely by omission, and iron smelting 

is often presented as a solitary, male-only activity rather than socially or familialy embedded.  

Due to the emphasis within Roman society on adults and particularly upon men, and their social 

dominance, contemporary epigraphic and literary evidence also takes little interest in the 

involvement of other members of society within metal production. The lack of attention paid to 

the activities of the poor, which undoubtedly included many craftworkers, means that no view 

on the extent to which all members of families were involved in family occupations is available, 

nor on the prevalence of child labour which was so common in other cultural contexts. Diodorus 

(3.13.1) indicates that children were used in Roman period mining, specifically where the use of 

adult male workers was not appropriate, i.e. accessing small mining shafts, a feature also seen 

in Irish and British mining during the 19th century (Williams 1991). The mention of children 

being granted free bathing in the Vipasca laws (Edmondson 1989) alongside soldiers and 
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administrators may indicate that children in mining communities contributed to the economic 

life of the community, probably through involvement with mining or ore processing. 

It is unlikely that their small size was the only reason child labour occurred in the Roman period; 

there is clear evidence from epigraphic sources that slave children were often working by the 

age of 10 (CJ 6.43.3.1), and potentially as young as five (Dig 7.7.6.1; Varro Rust. 2.10.1; 3.17.6). 

Children of 11 or 12 were spoken of as highly skilled precious metal workers (Burford 1972, 90; 

ILS 7755; 7710), and even if this is the hyperbole of funerary monuments, it suggests that it was 

not considered unlikely that children could be skilled and valued craft workers. Even for families 

whose economic conditions were not so severe as to require their children to work, child labour 

may have been a useful method of occupying and controlling children, and early work alongside 

parents in crafts may have been socially required. Certainly the economic and labour value of 

children throughout the Empire, though difficult to identify in the archaeological record, should 

not be dismissed.  

We know that the physical requirements of smelting and subsidiary tasks should not be seen as 

prohibitive to the involvement of women or children, as their participation in African mining 

(Killick 1998, 284) and industrial Irish ore processing (Williams 1991) demonstrates. However we 

lack any solid evidence for the involvement of women in mining and metal production contexts 

beyond later Empire references to women also being subject to the ad metallum punishment 

(CT 12.1.6). Women are recorded in apprenticeship papyri from Egypt as formally involved in 

craft activities such weaving and textile carding (Bradley 1985, 316), but there were socially 

‘female’ tasks and no equivalent sources for iron working or production survive. The probable 

exclusion of women from the social community of many occupational collegia within which craft 

workers often associated (Kloppenborg 1996, 25) underlines the difficulty in identifying them 

within craft and production contexts, and does open up the possibility that they were actively 

excluded from craft production. 

The Vipasca laws (Humphrey et al. 1998, 179-82) written c. AD 117-138 and the variety of 

archaeological evidence for sites of iron production (4.4.2.4) make it clear that across the scale 

of metal mining and production sites were communities, made up not just of the male miners 

whom are often assumed to have dominated mineral extraction, but of whole families who 

were involved in all aspects of production and supporting industries (e.g. Carthago Noua, Orejas 

and Sánchez-Palencia 2002, 583). The same can be seen in epigraphic evidence relating to 

urban crafts; women were partners in businesses and children took part in activities with their 

parents. In small family or community orientated production contexts this labour is likely to 

have played an invaluable part, and was likely unpaid as part of the numerous tasks fulfilled by 
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women and children as part of the household. Therefore whilst the following discussions within 

this chapter are inherently biased towards discussions of adult male miners or craft workers as a 

result of the limitations of the primary and secondary evidence, female and child workers and in 

a broader sense the family as a whole should be considered as silent and often invisible workers 

alongside or in associated industries with male workers.  

4.5 Summary 

The reliance on literary and epigraphic evidence results in a natural bias towards the 

identification of the state as an owner of mineral exploitation sites, however a plurality of 

ownership patterns is evidenced above, and ownership of iron production sites throughout the 

Imperial period should be seen in terms of private individuals, municipal, state and imperial 

organisations. The state commitment to exploitation of, and revenue generation from, all form 

of minerals is clear, and there is evidence for involvement and oversight of iron production. The 

model outlined in 4.2.4.3 brings together tentative evidence for specific state control of iron 

production and use, to propose an Empire-wide tax or vectigalia on iron production regardless 

of ownership. The collection of this tax fell under the control of the procuratores ferrariarum, 

which as Hirt proposes (4.2.4.2), was likely a single position based in Rome during the 1st 

century AD, later split into two positions based in Gaul and the Danubian provinces by the mid-

2nd century. Collection of tax was then sold on to conductores or societas who worked within 

the provinces. 

The procurator also had responsibility for the state owned mines, and evidence from non-iron 

mines indicates that the state leased the rights to work these mines in two models: the leasing 

of whole sites for a set sum, and the leasing of individual shafts or parts of sites for a set cost in 

addition to a portion of the ore produced. The choice of models was likely strongly influenced 

by population, location and geological conditions, as well as the state’s willingness to engage 

with the risk of extraction and the administrative burden. The application of this model to 

Imperially owned iron mines is not clearly evidenced, but is conceivable.  

Most of the clear evidence for labour derives from the state owned mines, but this indicates 

that whilst the use of slave gangs on mines was a feature of Republican exploitation, by the 

Early Empire the workforce at large mines was a mixed one composed of slaves, wage labourers 

and independent contractors leasing access to portions of a site from the state. There is some 

tentative evidence that slave use in crafts and mining likely shifted from unskilled labour 

towards skilled and administrative positions as the supply of slaves changed and numbers 

dropped during the Imperial period. There is clear evidence for movement of mining workers 
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between sites some distance apart, with workers at Dacian gold mining sites like Roșia Montană 

arriving from provinces across the Empire. Whilst it is possible that this is indicative of forcible 

population movement and labour control by the state, there is a lack of clear evidence for this 

interpretation and it should instead be seen as a result of the mobility of labour populations 

during the pax Romana. Iron mining and smelting sites are likely to have benefited from labour 

mobility, in addition to the availability of seasonal labour. 

The mines of Southwest Spain may offer a model of exploitation and control that involved 

elements of state labour control, with some assessments of the archaeological evidence 

suggesting that the state intentionally transformed both the settlement and administrative 

systems to control local populations. This presents an interesting model which could have been 

applied to iron mining regions after conquest, including Noricum, but further excavation and 

synthesis of local evidence is necessary.  

There is some tentative evidence for a drop in the exploitation of large scale mines beginning at 

the end of the 2nd century AD, which may reflect the growing problems of protecting, and 

perhaps more importantly supplying, these large and sometimes isolated sites with the labour 

and consumables required during the disruption of the 3rd century AD. This decline may also 

reflect a growing aversion to risk on the part of both the state and the contractors involved in 

administering and running these sites. Juristic evidence indicates that by the 4th century AD the 

state was attempting to encourage exploitation, where it did not threaten state interests, and 

to ensure sufficient labour by constraining mining populations even though they were likely 

freeborn-dominated by this time. Insufficient evidence is available, but a shift towards smaller 

dispersed exploitation sites may have occurred.  

The Late Roman switch from taxing mineral exploitation in cash to taxation-in-kind played a part 

in this, allowing the state to obtain supplies for the military direct from producers and ensuring 

that the ‘price’ and access to the metal remained within the state’s direct control. This change 

would have had substantial effect on the market for iron, which prior to this may have been 

subject to fluctuation as military demand spiked with the preparation for campaigns or creation 

or new units. The effect of taxation-in-kind on production is difficult to judge. The level of 

taxation was set by the state, unrelated to the quantities ultimately made by the producer, but 

the references to miners and the decurions who collected and supplemented the tax 

absconding suggest that it was often burdensome. Mining is also recorded as sometimes 

specifically excluded from any reductions in taxation made due to upheaval, invasion etc. 

Producers had to make enough iron to fulfil taxation, as well as sufficient extra to trade for food 

and other necessities. Whilst it could be said that a static tax encourages innovation as any extra 
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amount produced over the normal belongs to the producer, this seems difficult to support 

during a period when the risk of failed innovation could have been substantial, regional security 

was poor, and personal security and freedoms were limited.  

This leads us back to the difficult question of whether innovation occurred within iron smelting 

during the Roman period. Whilst there is variety in the archaeological remains recovered from 

smelting sites, there has so far been no clear evidence for innovation within the period 

examined. Shifts in the size of furnace used have been suggested, with large >1m diameter 

furnaces of the 1st century AD being replaced by smaller diameter furnaces in late centuries in 

some regions, though this may not have been ubiquitous in the region and could reflect 

underlying changes in production beyond a shift in scale. Evidence presented here and in 4.4 

shows that iron production as a whole in the Western Roman Empire was heterogeneous, with 

differences between production on any two sites a result of differences not just in raw 

materials, but also socio-cultural and economic conditions. However there is nothing so far to 

suggest that production at any one site or region was substantially different in technique or 

more efficient than that seen on other sites, beyond aspects of scale. On the Empire wide scale 

this corresponds with the lack of social or economic support for innovation and development 

discussed above, and the relatively rigid social and economic hierarchy where technological skill 

or business success held no value for increasing status. On the scale of the individual smelter, it 

also corresponds with the idea explored above that technological skills were valued and 

conceptualised in a very different manner to today, with little emphasis placed on individual 

experimentation or knowledge. Consequently conditions for the propagation of developments 

in smelting or innovation between sites may have been poor during the Roman period, 

contributing to the lack of discernible technological difference when comparing evidence 

between sites on a whole-site basis. 

However, this situation does not preclude the presence of developments or differences to 

technological process. It is clear that iron production took place across the Empire, on a range 

of sites from the small-scale dispersed to the dense, large, and highly organised. Evidence from 

the UK indicates that production was also sensitive to demand, access to transport links and 

access to markets, and shows evidence of competition between regions in supplying military 

consumers. There is evidence from across the Empire that the form of production sites, their 

size, and their production capacity were sensitive to socio-political fluctuations. There is also 

substantial geographic variation in terms of ownership and models for iron production on a 

range of scales, which underlines the heterogeneity of iron production sites in the Western 

Empire. The Roman period under examination clearly encompasses both time of stable market 

growth and times of risk which, as discussed above, could conceivably trigger innovation, 
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though in potentially different forms. These aspects suggest that whilst conditions for 

innovation did occur in multiple locations and times across the period of the Western Empire, 

those necessary for the propagation and adoption of any innovation may have been lacking. I 

therefore suggest that significant changes in technological processes could have occurred on 

iron production sites during the Roman period, and that analysis of debris with good 

chronological resolution from individual sites, rather than analysis of debris deposited across 

hundreds of years or multiple sites, could reveal discernible diachronic changes. Analysis of well 

contextualised archaeological evidence may provide evidence for technological changes in 

response to socio-political or economic fluctuations that, beyond variations in scale, has not 

been found on Roman period iron production sites to date. 
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5 CLATWORTHY, UK 

5.1 Geology of Clatworthy 

5.1.1 Areas of Study 

The Clatworthy site is situated in the southwest of the UK within the County of Somerset, on the 

southern side of the Bristol Channel, and just outside the eastern boundary of the Exmoor 

National Park (Figure 5-1).  

 

Figure 5-1 Location of Clatworthy site 

This study defines two regions of interest based on underlying geological features. The 

immediate area of interest encompasses the uplands where Clatworthy is situated, a region 

where much of the land is 300m aOD, and includes Exmoor and the Brendon and Quantock Hills 

(Figure 5-2, red). A broader area of interest encompassing a large portion of the probable 

pre/Roman cultural area in which Clatworthy was situated, border regions and adjacent regions 

of neighbouring cultural regions is also examined (Figure 5-2, blue), and allows the uplands to 

be seen in the broader context. In doing so I do not argue that this area should be treated as a 

whole unit (e.g. Burrow 1981), but that this broader region is beneficial to our understanding of 

the immediate area of interest. 
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Figure 5-2 The Clatworthy site and the specific region of interest (red) within the broader area (blue).  

5.1.2 Source Material 

Academic study of the geology of southwest Britain has focussed on the metal-rich regions west 

of the study area, particularly Cornwall, and as a result sources dealing with the region around 

Clatworthy are limited. Geology data derived from the British Geological Society (BGS), 

supplemented by older information from Rottenbury's (1974) thesis and Scrivener and 

Bennett's (1980) paper are utilised here.  

The limitations of the BGS superficial geological data are referred to below, but it is important 

to note that the deposits referred to broadly as 'terrace deposits' within this dataset are of 

varied type, usually being sand, gravel and pebbles, but occasionally also including clays.  

5.1.3 Mineral Extraction in the Study Area 

5.1.3.1 Non-metalliferous Extraction 

The Clatworthy site sits on a bedrock of Upper Devonian rock referred to as the Morte Slates, a 

band of silvery smooth grey, purple and greenish slates (Bloodworth et al. 2006a and 2000b). 

Limited glaciations in the immediate region of Clatworthy have resulted in few superficial 

deposits, and the BGS evidence is limited to deposits in excess of 200m in depth. However 

records of known extraction spots in the last century from the BGS records (Figure 5-3) are 

indicative. 



155 
 

 

Figure 5-3 Superficial geological data (BGS) for the wider region 

To the east of Clatworthy the numerous brickworks near the River Tone exploit and treat shale 

and clay mixtures, and should not be considered indicative of sites where extraction was 

possible during the Roman period. However modern geological reports (Benham et al. 2005; 

Bloodworth et al. 2006) also mention 'locally-won clays' in this region, which are likely to have 

been exploited by Roman, pre-Roman, and post-Roman peoples. Additionally clays of the Bath 

area, dominated by Ca-smectite, are known to have been worked during the Roman period 

(Benham et al. 2005b), and deposits to the south could have been exploited. 

5.1.3.2 Metalliferous Extraction 

 Mineral Formations 

The published maps and interpretations of geophysical data for the Exmoor region are not 

comprehensive (Benham et al. 2004, 8), and at the current time there are multiple potential 

models for ore formation in the region (Rottenbury, 1974; Scriviner and Bennett, 1980; Benham 

et al., 2004). Whichever is accurate, the upland landscape has a variety of deposits including 

iron dominated masses, iron-copper masses, and lead-silver masses (Rottenbury 1974), which 

can be differentiated into three broad deposits based on lode directions (Ineson et al. 1977, 24). 

However mapping the distribution of metalliferous minerals in this region is complicated by the 

lack of modern research into iron ore deposits in the UK (cf. Colman and Cooper 2000). No map 

data for UK iron ore deposits are available, and iron ore has not received any attention from 
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recent BGS research schemes. Excluding the recording of a handful of disused ochre and 

hematite extraction sites by the BGS (Figure 5-3), there is no active economic exploitation of 

metalliferous minerals in the region of study.  

 Iron Minerals 

Historical records indicate that iron ore was exploited in this region during the 19th century, with 

c.750,000 tonnes of hematite sold from the Brendon Hills (Jones et al., 1987) from the 1830s 

until 1883 when the last mine closed. Rottenbury (1974) suggests that during this period there 

may have been over a hundred extraction sites in the Exmoor region, and details of a number 

can be found in Cantrill et al. (1919), Sellick (1970), Jones (2011) and Riley and Wilson-North 

(2001). Bray (2006) and Riley and Wilson-North (2001) also refer to a small number of Roman 

and medieval or earlier ore mining or smelting sites.  

 

Figure 5-4 All known historic mineral extraction sites and BGS bedrock data  

Sites which were economically viable for mineral extraction in the modern and post-medieval 

periods may not have produced minerals suitable for Roman period extraction, but even 

uneconomic buried iron-bearing minerals can have enriched surface deposits which could have 

been suitable for Roman period exploitation. Thus the use of historic mining data represents a 

suitable, if potentially rough, proxy for the presence of iron mineralisation which may have been 

available to Roman period craftspeople. Here this compiled data indicates that iron ore deposits 

were present across the main sweep of the Brendon Hills above Clatworthy (Figure 5-4), and the 

central ridge of Exmoor. A cluster of 19th century and later sites exploiting both iron and copper 

ores are also present, as are a cluster of iron ore and silver/lead ore extraction sites from the 
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same period close to the northern coast near to Combe Martin. Excluding the small number of 

sites on the Permo-Triassic Luccombe Breccia formation of Porlock Basin (Benham et al. 2005b) 

to the northeast, the iron ore deposits are confined to the Devonian rock sand concentrated on 

the Morte slates that make up the east-west band of bedrock on which the Brendon Hills, and 

the Clatworthy site, are situated. Whilst the uplands of Exmoor have some limited (c.30km2) 

areas of mixed bog and heath, these are primarily rainwater fed (Smith 2006) and it is unclear if 

they offer sufficiently iron-rich waters for bog ore to be formed. There is no clear evidence that 

bog ores were exploited at any time in this region, though further survey is needed to 

investigate this potential ore source. 

The earliest Geological Survey Report (Cantrill et al. 1919, 34–5) describes the ore bodies in the 

region as difficult to exploit due to the “occasional serious development of quartz in the ore, the 

dissemination of quartz in the ore, and the lenticular [lens-like] character of the veins.” 

Rottenbury (1974) notes that sub-surface deposits were lens-like, frequently heavily mixed with 

quartz, often steeply angled at up to 70° from the horizontal, highly sporadic in distribution and 

with significant distances between the linear outcrops. They were most commonly present as 

'lodes' of 10cm-10m in width within areas of quartz, or more rarely in pipes of ore up to 4m in 

diameter (Bray 2006, 75). These features made them challenging to exploit on a large scale 

during the 19th century (Cantrill 1919, 34-5), where profitability hinged on obtaining a 

consistent and rich ore for export to Welsh smelters, but does not rule out Roman period 

exploitation where manual beneficiation of the ore was likely and the presence of quartz could 

be beneficial to the formation of liquid slag.  

Table 5-1 Wet chemical analyses of Brendon Hills bedded sideri te by Percy (1864, 201 & 227) 

Chemical formula wt% 

FeO 43.84 

Fe2O3 0.81 

MnO 12.64 

CaO 0.28 

MgO 3.63 

H2CO3 38.86 

H2O 0.18 

Insoluble residue 0.08 

  

Total 100.32 

 

At the surface the minerals present were primarily limonite and hematite (Rothenbury 1974, 

105-6; Cantrill et al. 1919, 33), which are likely to have been the ores exploited during the 

Roman period (Bray 2006, 46), and there is evidence that manganite (MnO(OH)) and goethite 
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were also present in weathered outcrops (Cantrill et al. 1919, 33). These are the weathered 

products of the subsurface siderite which was the primary source of ore during the 19th century. 

The presence of significant manganese-bearing minerals in Brendon Hill deposits is also attested 

by Ineson et al. (1977, 21), Cantrill et al. (1919, 33) and Greenwood (1907, 31) and Percy (Table 

5-1), though not present in all analyses (Thomas 2000; Table 5-2; Hall 2003, 26-32). This 

suggests high compositional variability within the Brendon Hill ores with respect to MnO. 

Table 5-2 XRF (normalised major and minor) and ICP-MS (trace) analysis of two Brendon Hills ore 

samples as published by Thomas (2000, app 1), probably hematites.  

 
Analytical 

total 
Fe2O3 

wt% 
SiO2 

wt% 
Al2O3 
wt% 

MnO 
wt% 

MgO 
wt% 

CaO 
wt% 

Na2O 
wt% 

K2O 
wt% 

TiO2 
wt% 

P2O5 
wt% 

BH1 102.78 89.34 10.02 0.49 0.01 0.07 0.05 bd bd 0.01 0.01 

BH2 106.15 97.94 1.89 bd 0.05 0.07 0.01 bd bd bd 0.02 

            
  Be 

ppm 
V 

ppm 
Cr  

ppm 
Cu  

ppm 
Zn  

ppm 
Rb  

ppm 
Sr  

ppm 
Ba  

ppm 
Pb  

ppm 
Bi  

ppm 

BH1  2.635 16.718 9.193 bd bd 1.838 4.339 8.242 17.380 bd 

BH2  1.107 47.365 31.545 14.785 3.468 0.127 7.673 3.685 16.831 8.258 

 

Gangue minerals including barite (BaSO4) and calcite (CaCO3) are also recorded (Rottenbury, 

1974), but again analyses suggest that these are not a consistent feature of Brendon Hills ore 

(cf. Table 5-2). However the low P2O5 and MgO content seen in Thomas’ (2000) analyses (Table 

5-2) correspond well with general understanding of the regions ores (Paynter 2006, 288). Hall’s 

(2003, 26-32) analyses of multiple ore samples from Exmoor showed the presence of finely 

disseminated quartz within ore fragments amounting to anywhere between 0-60%. This 

underlines the heterogeneous nature of ores in this region, where multiple types are known to 

have been extracted from a single mine (Beer and Scrivener 1982, 124), and high levels of 

variation in gangue mineral content are clear. 

5.1.3.3 Ore at Clatworthy 

There is no historic record of ores present within 5km of the Clatworthy site, and no extraction 

features were noted by the excavator (L. Bray 2010, pers.comm.). However the site is situated 

on the Morte Slate beds on which the majority of other iron ore extraction sites in the region 

are also found, and does fit within the broad pattern of iron ore deposits discussed above. 

Consequently ore may have been extracted on the site, or it may have been supplied from 

extraction sites in the near region. In either case, it is likely that iron-rich weathered surface 

deposits, primarily oxides with some hydroxides, were exploited during the Roman period. The 

bedded siderites of this region could have been utilised, if sufficiently roasted to reduce the 

carbonates to oxides prior to smelting, however this would require a higher investment in fuel 
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and time and is not commonly attested in the archaeological record for the Roman period 

(4.4.2.3.1). The significant quantities of quartz gangue minerals present within the ore lenses 

indicate that processing of the ore would have been necessary and would likely have generated 

quantities of tailings. The chemical heterogeneity hinted at by the analyses examined above 

suggests the potential for significant variation in MnO content in ores used at Clatworthy.  

5.2 Archaeological and Historical Context 

5.2.1 Introduction and Sources 

The invasion of what would become the province of Britannia in AD43 proceeded relatively 

quickly, with the Roman legion II Augusta moving west towards our area of interest during this 

year and encountering local resistance at the Iron Age hill-forts of Ham Hill, South Cadbury and 

Maiden Castle, in the area likely occupied by the Durotriges (Figure 5-5). This region is east of 

the River Parrett at the Bristol Channel and the River Ax at Lyme Regis on the south coast, which 

during the Roman period roughly divided the Durotriges from the region of Dumnonii in which 

the Clatworthy site is positioned. Little is known about the extent of local resistance to Roman 

rule in this area, but around AD55 a legionary fortress was built at Exeter for Legio II Augusta, 

and was probably occupied until c.AD75. Little archaeological, epigraphic, or literary evidence is 

available for the extent of Roman military penetration west of Exeter, but the departure of 

Legio II Augusta from Exeter by AD75 and the site’s redevelopment as the civitas capital of the 

Dumnonii suggests that the region was peaceful. No uprisings or trouble are recorded in literary 

or epigraphic material, and the region remained within the province of Britannia until c. AD 197 

AD when Septimius Severus divided the Roman held part of the island and the area became part 

of the newly created province of Britannia Superior. After the alterations by Diocletian around 

AD 293, the region became part of Britannia Prima, which was probably governed from 

Cirencester. 

The organisational unit of the provinces were the civitates, geographically distinct regions 

administered from a town within the region, and there is evidence for the location and names 

of numerous civitates in Britannia in literary sources (e.g. Caesar’s De Bello Gallico, 1st century 

BC; Tacitus’ Agricola, 1st century AD; Ptolemy’s Geography, early 2nd century AD; Cassius Dio’s 

Roman History, early 3rd century AD) and a small number of epigraphic sources. Whilst it is 

tempting to project this evidence for 1st -3rd century AD Roman governmental structure 

(Roymans 2004, 254) back into the Iron Age, modern anthropological and ethnographical 

evidence for identity construction and use within colonial settings (see Moore 2011) indicates 

that instead of simply formalising local groups, the Roman establishment of civitates and their 
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names was a political act by a colonial power and cannot be considered an accurate reflection 

of cultural groups. Consequently the names of civitates are used here to discuss Roman period 

geographical regions, rather than identities or Iron Age regions. 

 

Figure 5-5 Cunliffe’s (2004, 202) visualisation of the ‘tribes’ of Western Britain c.  1st century AD with 

Clatworthy marked. 

Little is known about the region of the Dumnonii during the Roman period, and literary 

references are limited; the most substantial is Ptolemy’s Geography (II.ii) which refers to four 

urban centres (Voliba, Uxella, Tamara, Isca). Only the last (Exeter) is firmly identified, though 

Uxella may be Launceston and Tamara may be Plymouth (Ordnance Survey, 2011). The Ravenna 

Cosmography also names a small number of other sites, but they are all south of our area of 

interest. What social or political groups were present in this region prior to the Roman invasion, 

and which of the many hillforts in this large area acted as central places for gathering, social 

contact or administration is not known. It has not been established that any of the Roman 

settlements mentioned above were built on sites of pre-Roman occupation.  

The archaeological evidence so far indicates that there is very little evidence for distinctly 

Roman settlement forms (i.e. villas) within our specific area of interest, although some do occur 

to the east, south and west into Cornwall. This may be partly due to the very limited number of 

excavations in the region of interest, a result of the region’s hilly upland nature, low urban 

density, and predominantly pastural exploitation. Earthworks in the landscape indicate 

relatively dense hillfort construction, but few firm dates can be attributed to them and only 

three of these, at the east of the area of interest, have been subject to excavation28. It is worth 

                                                           
28 Cannington Camp, Broomfield Camp and Norton (Fitzwarren) Camp (Burrow 1981, 38). 
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noting that the traditional focus of hillfort excavation on the earthworks (Burrow 1981, 91) 

means very little is known about the inside occupation areas. The only Roman period sites 

within the region of interest which have been subject to large scale excavation are the coastal 

fortlets of Old Burrow (Gray and Tapp 1912) and Martinhoe (Fox and Ravenhill 1966). As a 

result, the majority of information on the archaeology of the region comes from the Royal 

Commission for Historic Monuments of England (RCHME) survey of 1993-9 and two surveys of 

aerial photography; a major work of the 1970s and 1980s (McDonnell 1985) and an expansion 

focussed on the Exmoor National Park and Brendon Hills by a National Mapping Project (NMP) 

team (Hegarty and Toms 2009). These datasets are integrated with the Heritage Environment 

Records (HERs) of the relevant regions, however since 2010 the HER data has been broken up 

between Exmoor National Park HER and Somerset HER. These two data sets are distinct in their 

structure and both come with substantial requirements in terms of data cleaning and 

processing. Consequently whilst HER data were examined during this project, the amount of 

time required to bring the data to a useful standard was too great and neither has been used in 

this thesis, though it remains an exciting avenue of research for future work. 

Cannell outlines in the introduction to her own study that “Exmoor... has been overlooked by 

academics of many disciplines until recent years” (2005, 10), and she offers a brief, if scathing, 

summary of the archaeological texts. However her point stands, and due to the limited 

secondary literature on the area of interest during the Roman period, Grinsell’s 1970 book 

remains a relevant text to supplement the more modern synthesis by Riley and Wilson-North 

(2001) of the field archaeology, which sadly does not incorporate the most recent NMP dataset. 

Due to the lack of detailed evidence, the most recent work offers little on specific settlement or 

material culture, and are in most cases regional studies crossing multiple periods and examining 

broad themes such as landscape use (e.g. Burrow 1981, Davey 2005, Cannell 2005, Norman 

2006). The overarching aspect of the archaeology of this region in the Roman period and the 

immediate pre- and post-Roman periods is therefore its sparseness. Little subsurface 

archaeology has been revealed in excavation, cropmark, survey or surface finds, and only those 

forms of land use which produce earthworks, most notably hillforts, have been identified. Much 

of the below discussion is consequently derived from a comparatively small dataset.  
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5.2.2 Woodland and Fuel 

Fluctuations in the presence of woodland in regions of iron smelting are of interest as wood, 

and particularly its derivative charcoal, is a fundamental raw material for iron smelting. Smelting 

activities consume high quantities of fuel, potentially putting significant pressure on local 

woodlands, and consequently fluctuations in woodland populations may be indicative of 

fluctuations in iron smelting.  

Around 100,000 BP the region was dominated by mixed deciduous forests (Hegarty and Toms 

2009) of oak, alder, lime and elm (Riley and Wilson-North 2001, 23) limited to coombes and 

valleys, and by uplands dominated by grass and heather heath (Fyfe 2003). As early as the 3rd 

millennium BC deforestation along with waterlogging and peat formation began (Maltby 1995, 

34; Riley and Wilson-North 2001, 22), and pollen records indicate that from the Neolithic and 

Bronze Age periods arable cultivation and stock grazing took place (Francis and Slater 1990, 19). 

Pollen cores suggest a rapid decline of wood cover on Exmoor during the first millennium BC 

(Riley and Wilson-North 2001, 55), and woodland cover continued to decline into the mid- and 

late-Iron Age periods. Woodlands became limited to hill slopes above rivers (Hegarty and Toms, 

11 and 13), suggesting that deforestation targeted flat land in the lowlands and valley bottoms 

most suitable for arable or pastoral use (Cannell 2005, 148). Woodland cover remained 

relatively unchanged from the Iron Age through to the medieval period (Fyfe and Rippon 2004, 

40). Cannell, the author of a substantial study of woodland in the area immediately to the west 

of Clatworthy, states that the “general impact of activity in the Roman period, and also its 

cessation, had been negligible as far as the general level and distribution of woodland were 

concerned” (2005, 188).  

The growing evidence shows that Roman period iron smelting occurred in the region in multiple 

sites during the majority of the period (Brown et al. 2009; Bray 2006), but the stable nature of 

woodlands from the Late Iron Age through to the post-Roman periods suggests that this 

smelting did not strip the region of woodland, nor did it involve intensive woodland 

management techniques which might cause regeneration when abandoned (Cannell 2005, 

191). Relatively small-scale industry could have relied on very localised patterns of fuel 

production below the resolution of woodland studies (Cannell 2005, 189), and this model would 

explain the presence of conflicting evidence from Roman period iron smelting sites within the 

area of interest. In particular, there is some evidence for coppicing (Sheracombe Ford, Juleff 

and Bray 2007; Brayford, Gale 2002) but at least some of the ‘coppicing’ refers only to cutting 

back of trees in a 35-40 year cycle (Gale 2002), and cannot necessarily be interpreted as 

indicative of intensive, highly managed and production-maximisation practices. There is also 
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evidence of ‘casual’ fuel use with no attempt to collect fuel debris (Blacklake Wood MSO9350, 

Gale 2005, 2), which suggests a relatively abundant wood supply, likely the result of naturally 

substantial woodlands in the immediate area of iron smelting (Brown et al. 2009, 57).  

Whilst peat is present in the central plateau of the region, in particular the Chains area, to a 

depth of more than c.2.8m in some small areas (Hegarty and Toms 2009), these formations are 

unlikely to have been as dense during the Roman period as exploitation patterns in the 19th 

century significantly sped up peat formation (Maltby 1995, 35). Whilst peat could have been 

exploited as a fuel during the Roman period, there is no evidence for peat cutting earlier than 

the 13th century (Hallam 1978; MacDermot 1911, 5), although undatable peat cutting was 

recorded by the NMP (Hegarty and Toms 2009, 12). Rather than using peat, it is likely that iron 

smelting sites in the region of interest relied on localised patterns of woodland exploitation, 

depending on the abundant nature of the woodlands present on the river valley sides where 

iron smelting sites have been noted, though potentially with some limited management.  

5.2.3 Settlement 

5.2.3.1 Settlement Forms 

The region is dominated by expanses of upland moorland, valleys with wooded slopes and fast 

moving rivers, and lowland and valley bottom agriculture and pastoral fields. The long coastline 

on the Bristol Channel features high cliffs which significantly limit access to the beaches, 

although both Lynmouth and Porlock are known to have been exploited for beach access from 

the Mesolithic period onwards (Riley and Wilson-North 2001, 18). Due to the limitations 

discussed above, the majority of known settlement evidence is composed of a number of 

different forms of earthworks. These include the familiar fortified or semi-fortified hill-top or 

‘hillfort’ enclosures, but also the less fortified hill-slope form. When compared to the Levels to 

the east, hilltop enclosures are particularly numerous in the region around Clatworthy, though 

they enclose significantly smaller areas (Burrow 1981, 22), but the hill-slope enclosures were 

likely the dominant form during the immediately pre-Roman period (Fox 1952). Both of these 

settlements types are important for our understanding of the Clatworthy region, as whilst both 

are often seen as typically Iron Age forms there is growing evidence that they continued to be 

built and/or used in the Roman period29.  

The dominance of isolated upland settlement led Todd (1987, 167) to envisage the landscape of 

the area of interest as "a multitude of small fiefdoms" rather than a coherent social group, even 

                                                           
29 For a variety of evidence from hillforts e.g. Clifton Camp, Ham Hill, Coygan Camp, Blaise Castle, Pagans 
Hill, Henley Wood, Yatton and Creech Hill, see Burrow 1981; also Somerset PNR 11113 hillfort for 
evidence for 3-4th century building and use within, and possible post-Roman rampart raising. 
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in the Late Iron Age. However in Norman's more recent (2006) analysis a model of networked 

clustered settlements of multiple families within lowland areas overlooked by isolated enclosed 

sites is suggested. Little is known about the social or political structures of this region during the 

Iron Age (Costen 1992), and the uncertain nature of the settlement evidence only adds to this. 

The exact role of hillforts during the pre-Roman and Roman periods remains debated, and 

numerous models have been proposed (see Burrow 1981, 149-71), from primarily defensive 

structures or refuges (Riley and Wilson-North 2001, 62) to points of elite control (e.g. Burrow 

1981 Fig.5), but there is growing evidence that they held complex social, religious and economic 

roles, and that political and social power distribution is likely to have been equally as complex. 

The position of hillfort and hilltop settlements close to productive and varied agricultural land 

(Burrow 1981, 26) capable of supporting settlement indicates that they are likely to have been 

places of settlement integrated within the surrounding settlement patterns, and this is 

particularly true of the area around Clatworthy where hillforts are positioned only on those 

hilltops adjacent to lowlands (Burrow 1981, 34). There is also the possibility that some were 

sites of specialised economic activity (Burrow 1981, 26), with some sites offsetting particularly 

poor agricultural potential by producing iron or tin. Hillforts such as Norton Fitzwarren were 

certainly used for iron working or smelting during the Roman period (Burrow 1981, 167). 

Unlike hillforts, no hillslope enclosures within the region of interest have been excavated, and 

theories of their use vary between stock corrals (Burrow 1981, 31) to a sublevel of land division 

within the territories of hillforts (Riley and Wilson-North (2001, 65 & 70) indicative of increased 

social hierarchy during the Iron Age. However the presence of iron working debris at the 

Timberscombe hill-slope enclosure (Juleff 1997, 18-20 & 30) supports the idea that hill-slope 

enclosures provided specialised services to local settlements. A number of researchers have 

suggested that these enclosures may have been used in the Iron Age and Roman periods and 

potentially beyond (Hegarty and Toms 2009, 45; Riley and Wilson-North 2001, 70; Burrow 

1981), but the change in social, economic and political life thought to occur between the Iron 

Age and Roman periods may mean that the type of use these sites were put to changed. 

Further research and particularly excavation is necessary to understand these settlements, 

though they likely played an important part in the settlement record.  

No enclosed settlements have been found in lowland or valley bottom areas at the current 

time, but this may be the result of preferential preservation of upland areas away from 

destructive modern settlement or agricultural activity. There is evidence for Roman period 

unenclosed settlement on arable land east of the Brendon Hills (Hegarty and Toms 2009, 50), 

and on land outside the specific area of interest in valley areas where no previous surface 

evidence was present (Ulf-Hansen and Boyce 1997, 7-10). In addition Riley and Wilson-North 
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(2001, 65; 70) have suggested that the apparent isolation of many of the hill-slope enclosures 

could be evidence that other, possibly more extensive, settlements may have been present in 

the less marginal lands between, which are now filled with modern settlements. This view is 

partially supported by Norman (2006) who believes that isolated upland enclosed settlements 

and (undiscovered) clustered unenclosed lowland settlements may be the underlying 

settlement pattern during the Roman period.  

There is therefore substantial potential for unenclosed settlement in the Clatworthy region, but 

the nature of the remains mean that they are unlikely to show in aerial photographs and, as a 

result of the low level of modern exploitation within the region, may lie undisturbed. As with 

enclosures in the region, there is also the possibility that other settlement features often dated 

to the pre-Roman period, such as the ‘hut circles’ not uncommon in the HER data for Exmoor 

and known to form high density groupings further east, may have wider occupation periods30. In 

a region where conventionally ‘Roman’ rectangular buildings are rare, and indeed the use of 

identifiably ‘Roman’ cultural material appears limited, it is increasingly clear that circular 

building forms remained a common domestic settlement form (Taylor 2007, 32).  

5.2.3.2 Population Density 

Limited agricultural activity has resulted in much less metal detecting activity in this region, 

directly leading to far fewer recorded small finds than is commonly seen in southern England 

and making it difficult to identify occupied areas. Whilst ceramic use was established centuries 

before the Roman invasion, evidence from settlements suggest fluctuating use in the 

immediately pre-Roman period (cf. Riley and Wilson-North 2001, 55; Papworth 2008, 6-7). 

There is no evidence of a pre-Roman currency which can be attributed to this region, but during 

the Roman period the density of archaeologically recovered objects increases, and coin use is 

noted.  

Overall the combination of lack of excavation and metal detecting means that very little can be 

surmised about economic interactions and the extent of portable wealth, and complicates the 

matter of estimating occupation. Burrow (1981) has suggested that Somerset may have been as 

densely occupied in the Roman period as it was in the 13th and 14th centuries AD, with a broad 

continuity in population and land ownerships, but this is based on evidence from the Domesday 

Book and unlikely to be of direct relevance to the Roman period (Cannell 2005, 1). During the 

medieval period and today the commonest form of settlement in the area of interest was the 

isolated farmstead (Cannell 2005, 167), which suggests that settlement across the region of 

                                                           
30 For example see Somerset HER PNR 10413, a group of c.100 hut circles, some with paved floors and 
hearths, found with Roman pottery sherds. 
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interest was highly dispersed during much of the past. However as the woodland data (5.2.2) 

suggests that land use patterns remained relatively unchanged, the late Saxon settlement 

pattern of low density and highly dispersed single farms or small hamlets (Cannell 2005, 189-90) 

may be an appropriate model for the Roman period. 

5.2.3.3 Military Sites 

 

Figure 5-6 Known Roman military sites and iron extraction sites  

 The majority of the sites which have been firmly identified as military (Figure 5-6) show disuse 

from the end of the 70s AD (Martinhoe) or conversion to civilian use (e.g. Exeter), perhaps 

coinciding with a reduction in threat from the Silures in South Wales, and/or the movement of 

Legio II Augusta from Exeter (Isca Dumnonorium) to Caerleon. This suggests little military 

presence in the region during the majority of the Roman period, though the site at Vellow is an 

exception to this. Dating to the 2nd -4th centuries AD, it has been interpreted as either a signal 

station similar to those seen in Devon (Griffith 1984), or a civil site (Norman 2006). A number of 

possible military sites are positioned relatively close to Clatworthy, including the undated 

possible marching camp at Brompton Ralph (Hegarty and Toms 2009, 49), and the undated 

possible fort at Rainsbury (Riley and Wilson-North 2001, 76-78), situated on a spur overlooking 

the valley of the River Haddeo and close to the Clatworthy site. However the nature and 

duration of occupation on these sites is unknown and no excavation has taken place, so no 

connections between the military and activity at Clatworthy can be made.  

Clear Roman period roads are limited to south of the region, so there is limited understanding 

of how the military sites related to each other or to the iron exploitation sites. Occasional hints 

at roads around sites such as Brompton Ralph (Hegarty and Toms 2009, 52) have led to 
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suggestions that a road may run just south of Exmoor from Clayhanger to Barnstaple (Riley and 

Wilson-North 2001, 76) possibly along the modern A361/B3227 route. This would provide a 

close transport link between the majority of the iron extraction sites and the more developed 

south of Britain, but it remains hypothetical. Some authors have suggested that iron extraction 

in the region was controlled by the military (e.g. Riley and Wilson-North 2001, 78), but with the 

majority of sites firmly dated only to the 1st century AD or transitorily occupied there is little 

firm evidence for this. Only the site at Vellow has firm later-Roman occupation, and could 

conceivably be linked to controlling movement of iron east and north out of the region towards 

the possible western coastal supply route, but this remains hypothetical and is complicated by 

the general decrease in occupation of the identified iron smelting sites during the period of 

military occupation at Vellow. 

5.2.3.4 Ironworking Sites 

The isolated nature of this region, the lack of modern development, and the later reuse of iron 

extraction sites have contributed to the rare identification of Roman period extraction sites 

(Figure 5-7. Iron extraction during the 19th and early 20th century resulted in the identification of 

‘ancient’ workings at four of the twenty sites operational at that time, in addition to a ‘string’ of 

workings associated with a barrow in the Exmoor region (Cantrill et al. 1919, 36-9), but these 

can be safely dated only to the medieval period or earlier.  

 

Figure 5-7 Archaeological sites with evidence of extraction/production in the region  

Clear evidence of pre-Roman iron extraction/production sites are rare, although environmental 

evidence (e.g. Fyfe 2003) tells us that there were phases of smelting in both the Early and Late 

Iron Age to Roman periods. The majority of known sites that can be firmly dated to the Roman 
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period are the result of the work of the Exmoor Iron Research Group (Bray 2006), and they are 

the most numerous; there is also evidence from the Domesday Survey that iron production of 

some form was taking place in Exmoor at the turn of the millennium, but strong evidence for 

location and nature is lacking. HER data from both sources revealed no additional sites, but this 

is in part related to the difficult nature of these datasets and focussed analysis might reveal 

some additional information.  

Evidence from Anstey’s Combe and Roman Lode (Brown et al. 2009, 60) indicates that during 

the Roman period open-cast mining techniques were used to extract iron ore, leaving behind 

bell-shaped pits. At both these sites archaeological investigations have recovered evidence only 

for ore extraction, and not for smelting. Whilst the number of confirmed sites are relatively 

small, the presence of undated ore extraction pits in the landscape is relatively common and 

many, such as those at Kitnor Hearth, are part of extensive systems of undated banks, ditches, 

hut circle, house platforms and hill-slope enclosures which suggest that extraction often took 

place within settlement patterns. Sites of this type have only been identified through aerial 

photography and remain undated, and those excavated sites dated to the Roman period have 

produced only limited evidence of settlement structures, though relatively large quantities of 

pottery31 leading to settlement being assumed (Bray 2003, 5-6). 

 

Figure 5-8 Clatworthy iron production site and nearby hillfort  

Despite the lack of evidence for Iron Age iron extraction, Riley and Wilson-North (2001, 62) 

proposed a strong relationship between iron ore extraction and hill-fort/hill-slope enclosures in 

                                                           
31 Brayford, with the largest pottery assemblage from a single site in Devon, excluding Exeter. 
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the region, essentially seeing the enclosures as controlling points for iron extraction on the 

slopes below. This is closely paralleled in the Weald, where Cartwright (1992) proposed a close 

link between iron production and hill-forts. However the current level of recording on the 

relevant HERs, and the lack of excavation within enclosure interiors, prevents such a direct link 

with iron processing from being identified at the majority of sites.  

At Clatworthy it may be possible to suggest a link between the smelting site and the 5.8ha 

hillfort enclosure (Burrow 1981, 212-3) situated on a spur overlooking the valley site (Figure 5-

8), however it has not been excavated or studied in detail and it is not clear whether occupation 

of either site was concurrent. It is also possible to link iron smelting with the hillfort of Norton 

Fitzwarren, which is thought to have been an important site of contact and exchange during the 

pre-Roman period. There is evidence that extensive iron working or smelting (Burrow 1981, 

171) occurred at this site on the edge of Dumnonii territory bordering the Durotriges (Cunliffe 

2004). Whilst Ellis (1989) considered this to be indicative of a resurgence in pre-Roman ways of 

life during a period of declining Roman central control, this seems doubtful as the site is 

situated in an area of comparatively dense Roman period settlement (Papworth 2008, 10) 

which appears to have flourished from the 2nd century AD onwards. It seems more likely that 

the re-establishment of settlement within Norton was linked to its advantageous position in a 

densely settled and farmed region (Papworth 2008, 2) with good transport links (Figure 5-9).  

 

Figure 5-9 Archaeological sites with evidence of iron production/extraction and relevant hillforts  
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5.2.4 Beyond Clatworthy 

To the east of the Clatworthy region the area of the Durotriges was densely occupied during the 

Roman period (Cunliffe 2004), and there was a much higher density of conventional ‘Roman’ 

settlement remains such as villas and other lowland buildings. During the 2nd century AD this 

region experienced significant settlement growth and the creation of a new civitas capital at 

Ilchester (Lendiniensium), which suggests the presence of a thriving civitas area around it. This 

area, particularly during periods of growth, could have been a significant consumer of the iron 

produced at Clatworthy and associated sites to the west. From the late 3rd century AD changes 

to land-use patterns occurred (Burrow 1981, 12), including the re-use of hill-top areas for 

religious and other activities. This may have been in response to an increasingly turbulent socio-

political climate, the involvement of military from Britannia in contests for the throne rather 

than protection of the province, or other influences. However the use of Mediterranean styles 

of architecture and construction of new buildings continued in this region into the end of the 4th 

century AD, in both urban and rural settings (White 2007, 132), possibly as a result of continued 

trade contact through the Atlantic (Walters 1996). The sites around the mouth of the River 

Parrett on the coast to the east of Clatworthy are thought to be associated with both coastal 

and river trade into the 4th century AD, close to a hillfort which was reoccupied in the late 

Roman period (White 2007, 146), and these could have facilitated trade of iron from Clatworthy 

and its immediate region. 

Away from the Ilchester region, to the south and west of Clatworthy, Roman period occupation 

is not as dense, but remains more discernible than in the Clatworthy and Exmoor region. In 

Cornwall ‘Rounds’ - round houses and ancillary buildings enclosed within a bank or ditch roughly 

circular in shape - are the most common form of settlement, and date from the late pre-Roman 

period to the post-Roman period, though predominantly to the 2nd and 3rd centuries AD (White 

2007, 144-5). This is symptomatic of the dominance of non-Mediterranean settlement forms in 

the southwest, particularly when compared to the southeast, but is limited to the region 

beyond Clatworthy. Of more importance to Clatworthy may have been the civitas capital at 

Exeter and its port on the estuary at Topsham, which facilitated long distance trade outside the 

province via the Channel. Although a comparatively large distance away from the Clatworthy 

site, this settlement is likely to represent the best point for moving Clatworthy iron out of the 

province if it was exported to the Continent, or perhaps by coaster ships to the southeast of 

England and London.  
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5.2.5 Discussion 

Within the limitations of the evidence, there is nothing to indicate a clear change or disjuncture 

in settlement patterns between the Iron Age and Roman periods in Exmoor (Hegarty and Toms 

2009, 45). Continuity of settlement location if not occupation appears to be the general trend, 

though it is important to note the slow retreat from marginal land under worsening 

environmental conditions (Riley and Wilson-North 2001, 56; Burrow 1981). Hillfort and hillslope 

enclosures, and unenclosed round structures likely dominated the region, suggesting possible 

social stratification and successive levels of land control which may have continued into the 

Roman period. Considering Moore’s (2011) discussion of the formation of ‘tribes’ during 

colonial periods, and the evidence for relatively localised fluctuations in settlement patterns, it 

is possible that multiple cultural groups occurred in this region.  

Conventional high-status ‘Roman’ structures, and the find evidence usually considered 

indicative of such buildings32, remain very rare in the region of interest. Again the overall rarity 

of archaeological excavation or evidence frustrates any effort to interpret this paucity, as such 

features may survive undiscovered. Hegarty and Toms (2009, 34) remarked on the fact that the 

majority of the features identified by the NMP in the UK and dated to the Roman period were 

identified from cropmarks rather than any other evidence; the lack of crop agriculture in the 

region means that this Roman period settlement evidence may be much more common in the 

region than perceived. Certainly the civitas capital Isca had ‘Roman’ buildings e.g. baths, a 

forum, so the concept of such features did reach that central place at least, but the distance of 

the Clatworthy region from the civitas capital and the marginal and upland nature of the 

landscape makes the construction of villas less likely.  

As discussed, any link between the Roman military and iron production in the region cannot be 

confirmed due to the lack of evidence for or against. Iron production sites dating to the Roman 

period are relatively numerous in the region, despite the destruction of sites during 19th century 

iron extraction, and it is likely there were more extraction sites during the Roman period than 

have been identified. Whilst a local market for iron consumption did exist, iron produced in the 

region may also have been exported to other areas of Britain. Broadly speaking there are three 

possible directions of import (Figure 5-10): north to Wales where the nearest military forces 

were stationed, perhaps utilising a possible western coastal trade route (Fulford and Allen 

1992); east to relatively denser and richer civilian populations, or south to the civitas capital of 

Exeter, local markets and potentially through the port there to settlements further afield, either 

                                                           
32 Hypocaust, roof tiles, window glass etc. 
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military or civilian. Norton Fitzwarren could have been part of any eastern export pattern, 

potentially as a place of secondary iron processing.  

 

Figure 5-10 Iron extraction/production sites and possible export directions  

If relatively localised markets were targeted, then road transport east to Ilchester or south to 

Isca Dumnonoirum is likely during the 1st and 2nd centuries AD, though the former links to more 

immediately prosperous settlement regions. The route south to Isca, and then by ship along the 

southern coast, offers access to the rich and dense settlement areas of the southeast, as well as 

potentially to markets further abroad across the Channel. This may have been easier to access 

than the military markets in Wales, as the coastline north of Clatworthy is dominated by cliffs 

and has few easily accessible beaches.  

Whilst there is no firm evidence to support any one of these routes, the number available 

indicates that the Clatworthy region sites could potentially have exploited multiple markets and 

may not have been reliant on any single one. The importance of any one market or trade route 

to producers at Clatworthy is also likely to have changed over the course of Roman occupation. 

Considering the shift in trade routes supplying the military from overland/eastern coast to 

western coast suggested by Fulford and Allen (1992), trade in iron from Clatworthy could have 

seen the eastern export to the civilian markets of the late 1st to 2nd AD superseded by increasing 

exploitation of the possible western trade routes supplying the army during the 3rd and 4th 

centuries. Alternatively, an increase in external and internal dangers to trade and transport 

during periods of unrest in the Late Empire may have seen 1st -2nd century AD export reduced 

during the late 2nd and 3rd centuries AD. Examination of trade routes in this area, including the 

Military use 

Provincial use 

Local use (+ port) 
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movement of other goods such as ceramics, could provide the information necessary to critique 

these theories. 

5.3 Excavation and Features at the Clatworthy Site 

5.3.1 Map Regression 

 

Figure 5-11 Clatworthy and region of slag heaps in its modern setting (Basemap copyright OS)  

Today (Figure 5-11) the Clatworthy site is positioned on the edge, and partially beneath the 

water, of the Clatworthy Reservoir. This reservoir dates to the 1950s, when it was constructed 

to store water from the Brendon Hills and in doing so destroyed the hamlet of Clatworthy. Prior 

to the creation of the reservoir, the Roman period site was situated about halfway up the 

southern valley side, with a stream probably present in the immediate valley bottom and the 

River Tone running into the northern part of the valley around the hillfort (marked ‘Roman 

Camp’ on the 1905 and 1891 maps) (Figure 5-12). 
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Figure 5-12 Clatworthy area in 1905 (historic basemap copyright OS)  

On both the oldest maps Syndercombe, a hamlet, is visible to the immediate northeast of the 

Clatworthy site, and the name likely indicates the presence of slag in the region. The extent of 

the site has not been established, but Bray (2006, 132) noted that slag deposits were present 

for 500m along the southern shore of the reservoir, and considerable deposits may lie 

underneath the reservoir water. The presence of small hills noted in the fields immediately to 

the west in the 1904 (Figure 5-13, right circled) suggests that the heaps may have originally 

extended further to the southwest, and been substantial in size. However whilst there is no 

documentary evidence for 19th century exploitation of the Clatworthy site, the presence of an 

‘old shaft’ (Figure 5-13, left circled) may indicate post-Roman exploitation that could have 

contributed to these slag heaps, and excavation is necessary to confirm a date or relationship to 

the firmly Roman period heaps examined by Bray (2006). 

No working platforms or other evidence of features beyond slag heaps have been recorded at 

this site, though the excavator (L. Bray 2010, pers. comm.) noted that the trackway around the 

southern shore of the reservoir, which had been recently renovated prior to his excavation, is 

the most likely location for the smelting furnaces. This trackway was established at some point 

between the flooding of the reservoir and 1970. 
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Figure 5-13 Left, Clatworthy area in 1889, with ‘old shaft’ notation (bottom) suggestive of out of use 

extractive works; Right, Clatworthy area in 1904, with pits and slag heaps indicated (historic ma ps 

copyright OS). 

5.3.2 The 2005 Excavation 

 

Figure 5-14 The Clatworthy features (from Bray 2006, fig 4.22)  

Low water levels at Clatworthy reservoir in 2003 revealed partial rectangular earthworks in 

addition to iron smelting waste deposits (Bray 2006). Due to the remaining water levels, 

previous erosion, and silt deposits, the features were not pronounced and the excavator was 

unable to estimate their volume and depth. Glass and ceramic finds retrieved from surface 

scatters and excavated contexts indicated the presence of a substantial building with hypocaust 

and glass windows in the area. No structural evidence for this or the iron production furnaces 

have been recorded, although Bray (2006, 134) noted the presence of crushed quartz in the 
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field immediately to the south of the excavation site, which might indicate a dump of gangue 

material or the location of beneficiation facilities.  

Of the eight visible features identified as smelting waste heaps (Figure 5-14), Heap C was 

chosen by Bray for excavation in May 2005. Two intersecting trenches C1 (4m x 1m) and C2 (5m 

x 1m) were excavated (Figure 5-15), though time constraints limited their depth to 1.8m, which 

was not the full depth of the heap (Bray, 2006).  

 

Figure 5-15 Excavation trenches at Clatworthy (from Bray 2006, fig 4.23)  

The excavator’s analysis of the remains suggested that six ‘cycles’ of smelting, involving the 

deposition of smelting debris and secondary furnace debris, had occurred and that the 

deposition could be divided into five ‘stages’ of activity (Bray 2006, 136) (see Figure 5-16). The 

bulk of the remains were smelting debris, but local and imported pottery and glass, including 

amphorae and sherds of Samian ware, were also found. Analysis of the finds indicated that 

deposition of the material in stages 3 and 4 began in the early 2nd century or late 1st century, 

with stage 5 activity dated to the second half of the 2nd century. Based on dating derived from 

the small finds evidence, the excavator believed there was a hiatus in waste deposition between 

stages 4 and 5 that may have lasted decades (Bray 2006, 140). 
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Figure 5-16 Types of deposit (above) and phases (below) in trench C, Clatworthy (from Bray 2006 fig 

4.25) 

The Clatworthy debris can therefore be securely dated to the late 1st and 2nd centuries (Table 5-

3), and appears to have been associated with settlement in the near area. The extent of iron 

production at the site is difficult to judge, but the size of the slag heaps so far identified, their 

potential depth, and the period over which they were deposited, suggests that iron production 

was more than incidental.  

Table 5-3 Summary of Clatworthy context dates and information (compiled from Bray 2006)  

Stage Date Description Context 

1  Smelting slag deposit 24 

3 Late 1st to mid-2nd C Begins with mixed deposit suggesting 
remodelling or building of new 
furnace, then at least one layer of 
smelting slag 

19 

4 Early to mid-2nd C Begins with mixed deposit suggesting 
remodelling, followed by at least three 
layers of smelting slag 

16 

  8 

  5 

5 Second half 2nd C Begins with disturbed waste material, 
then one layer of smelting slag larger 
than previous and suggestive of 
increased scale of work 

2 
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5.3.3 Site Interpretation 

With a portion of the site definitely underwater, and the potential for more subsurface features 

further to the north and west, it is clear that the recovered remains represent only a small 

portion of the smelting activity on the site. The lack of smelting facilities is due entirely to the 

focus of the excavation on the visible remains; features may survive buried in the landscape, 

below the waterline, or may have been destroyed by construction of the track. Whilst it remains 

impossible to accurately assess the quantity of slag present on the site, there are clearly 

significant quantities, and the presence of in-situ slag heaps indicates that furnaces would have 

been present reasonably close by. 

The recovery of fragmentary material hinting at a high status building in the near area is 

intriguing, as it suggests a settlement of some kind in the near vicinity and a relationship with 

the smelting activity. It also offers tantalising evidence for the use of material culture and 

architectural styles typically identified as ‘Roman’, which as discussed are relatively rare in this 

area, and the presence of hypocaust tile suggests a villa. Smelting could have occurred as part 

of a villa economy, but this style of settlement is rare in this region, which is dominated by 

pastoral rather than the agricultural land use in which villas are most commonly found. The 

presence of a relatively elite building may indicate the presence of an overseer or business 

owner close to the site, or it may represent the home of an extended family profiting from the 

industry. Iron smelting may not have been the only economic activity undertaken here; 

considering the example of Chesters Villa (Fulford and Allen 1992), it is possible that it was one 

part of a wider villa or settlement economy that could have included woodland management 

and pastoral activity. Although the nature of the community here is uncertain, the small finds 

indicate the presence of at least one person or community with access to money and desire to 

build and consume objects of a Mediterranean style. The local civitas capital of Exeter is several 

days’ travel to the south, and it is likely that labourers came from the immediate area 

surrounding Clatworthy or its villa estate, and could have included people who undertook 

multiple activities depending on the need or season.  

Multiple iron extraction sites in the region were operating during the same period as Clatworthy 

(Bray 2006), although at the current time we lack an understanding of the extent to which these 

sites formed a coherent pattern of exploitation and settlement. Smelting at the Clatworthy site 

can be firmly dated to the 1st -2nd centuries AD, but as the bottom of the slag heap was not 

reached it is not clear whether smelting on this site started during the Roman period or earlier. 

Additionally this is only one slag heap of many, and other heaps might show evidence for earlier 

and later smelting at this site. However current evidence for contraction of smelting, which can 
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also be tentatively seen at other sites in the region, does correspond with similar patterns in the 

Weald, and correlates with expansion of the East Midlands smelting sites during this time 

(Schrüfer-Kolb 1999b, 74). The East Midlands sites had better transport links to provincial 

military markets, by this time predominantly in the north and west, and this may be indicative 

of the importance of the military market to iron production in Britain.  

The existence of a possible hiatus in smelting between the earliest stage of activity and stage 3, 

which has been dated to the late-1st century to mid-2nd century, may indicate a disruption to 

smelting did take place when the military left the region. However the continuation of smelting 

after c.70AD does confirm that activity at Clatworthy was not contingent on the proximity of the 

military, though this does not rule them out as a consumer of Clatworthy iron, as they remained 

relatively close-by in Wales. The presence of Samian sherds indicates that the site was part of a 

network of exchange able to access high quality goods, and not limited to local products. 

5.4 Archaeometric Analysis of Remains 

5.4.1 Sampling 

During the excavation bulk samples, including kilos of debris as well as soil and granular material 

tentatively identified as degraded ceramic, were extracted from a number of archaeological 

contexts and stored in large plastic mesh sacks within semi-sheltered buildings. Two courses of 

sampling to select characteristic material for laboratory analysis were undertaken during this 

project during the winter of 2009 and the summer of 2011. Individual fragments varied in 

weight from a few grams to just over 1kg, though most were in the region of 100-200g. 

 

Figure 5-17 Context and phase illustration from Bray 2006 (137), indicating sampled contexts 

(excluding Context 16, not visible in this view).   
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Contexts 2, 5, 8, 16, 19 and 24 (Figure 5-17), known to contain smelting debris, were selected 

for sampling based on the excavation information (Bray 2006) and the excavator’s knowledge of 

the site (L. Bray 2009, pers. comm.). Initial sampling focussed on obtaining tap slag samples with 

diagnostic morphology, with the follow-up sampling focussed on supporting material including 

ore and ceramic material. Fragments of insufficient size for bulk sampling, the small number of 

amorphous slag pieces, and those identified as possible furnace or smithing slag, were not 

selected for analysis. Mass was an important factor in selection, as the desire to avoid sampling 

corroded areas excluded the use of small (<50g) pieces where insufficient material would 

remain after surface ablation. Due to this in-field sampling technique, some pieces remained in 

storage and were not selected for this project, and an archaeologically relevant and statistically 

robust interpretation of the relative proportions of slag forms is not possible. A list of samples is 

given in Appendix 2.1.1, and those subject to bulk analysis summarised in Table 5-4. 

 

Table 5-4 Samples of Clatworthy material by context and type analysed by WD -XRF 

Context Slag Ceramic Ore 

2 5  1 

5 10 4  

8 15 4  

16 9 1  

19 9   

24 18 1  
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5.4.2 Ore 

The excavator, an experienced geologist, did not identify any ore bodies in proximity to the site 

(L. Bray 2010, pers.comm.) so sampling of in-situ ore was not possible. One piece of ore with an 

irregular, fractured surface and visible veins of probable quartz was recovered from the bulk 

samples of Context 2 (Figure 5-18). The density and dark black to brown colouration indicated 

that it had not been roasted.  

 

Figure 5-18 Clatworthy ore Sample Con2camp2sam3 

The ore was subjected to laboratory roasting (2.2.3.2), and a weight loss of less than 1wt% was 

recorded (Appendix 2.7.2), suggesting that the ore is predominantly formed of oxide minerals. 

Semi-quantitative phase analysis by XRD identified the specimen as c.90% hematite and 

c.10wt% quartz (see Appendix 2.2.1.2). This suggested that the ore fragment probably 

originated in the weathered ‘gossan hat’ of a siderite lode (5.1.2.3). The XRD estimate of SiO2 

inaccurate as expected, with WD-XRF analysis (Table 5-5) indicating 5.5wt% SiO2 and a high iron 

content (given as Fe2O3 following XRD analysis) of 94wt%. This very pure ore had extremely low 

levels of BaO, which contradicts Bray’s (2006, 77) anticipation of its presence as a gangue 

mineral but corresponds well to Thomas’s (2000) analysis (Table 5-2), which also has low CaO 

content. Repeated analysis indicates that the BaO levels cannot be attributed to analytical error, 
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and are likely to be characteristic of the ores used at Clatworthy. The low SiO2 content indicates 

that additional SiO2 would be needed to produce a liquid slag during bloomery smelting of this 

ore, either through combination of this ore with less pure ores, additional quartz flux, or 

through the melting of the ceramic furnace lining into the smelt. However conclusions cannot 

be drawn as the single piece may not be representative of the ores used on the site.  

Table 5-5 WD-XRF analysis of Clatworthy ore sample, (normalised major and minor , wt%, trace ppm). 

‘bd’ indicates no abundances above detection limits.  

Na2O  MgO  Al2O3  SiO2  P2O5  SO3  K2O  CaO  TiO2  V2O5  Cr2O3  MnO  Fe2O3 Analytical 
total 

0.01 0.01 0.07 5.52 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.03 94.19 97.4 

              

 Co3O4  CuO ZnO  Rb2O  SrO  Y2O3 
 

ZrO2 
 

MoO3  Ag2O CdO  BaO  La2O3  Ta2O5   Bi2O3  

423 bd bd 12 bd 11 bd 189 43 34 bd 145 62 36 

 

5.4.3 Ceramic 

Fifty pieces of ceramic material were recovered (see Appendix 2.1.1), and based on the 

amorphous shapes, lack of distinguishing surfaces, heavy quartz temper, colouration, and size 

they were identified as ceramic furnace lining. All pieces showed areas of dense homogeneous 

fabric which were very heavily tempered with fine grains of sand leading to a dense, grainy 

texture and a dull brown colour. No tuyères were found amongst the retained material, though 

a lack of these pieces is not uncommon on Roman sites (4.4.2.3.2), and their different shape 

and potentially different construction and composition to furnace wall ceramic (e.g. Hein et al. 

2007, 147-9) may inhibit their survival. 

A large number of the ceramic samples examined were small in mass, friable, easily damaged 

and heavily contaminated with soil. Only a few were larger than 2-3cm in any dimension, and 

the majority showed no signs of heat damage beyond sintering of the clay. A few samples were 

larger, and had a relatively homogeneous dense black outer skin of vitrification indicating 

exposure to high temperatures, which gradually transitioned to an undamaged grainy ceramic 

fabric. Some of these were highly amorphous (e.g. Figure 5-19), but many were relatively 

smooth and homogeneous (Figure 5-20). The presence of bloating pores visible to the naked 

eye (Figure 5-20), indicates that these pieces were exposed to very high temperatures.  
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Figure 5-19 Ceramic piece with an irregular vitrified surface (top) (Con24c2sam17)  

The plate-like morphology of some of the pieces (Figure 5-21) suggests that either the depth of 

heat penetration was poor causing the remaining ceramic to be poorly sintered and friable, or 

that these inner surface pieces were detached from the furnace, potentially during relining. This 

might suggest that furnaces were used multiple times. The lack of curvature seen in any of the 

samples suggests that the furnaces they were attached to were of substantial size, though there 

is insufficient evidence to propose a diameter. In one case a curved piece, perhaps originating at 

the join between the base and wall of the furnace, was recovered, but no other pieces that 

might inform our understanding of the size or shape of the furnace were found. No outer 

surfaces were identified, and the maximum thickness of surviving pieces was 7cm, suggesting 

that the furnace heat did not penetrate for sufficient depth and/or sufficient time to sinter the 

clay in the outer furnace wall, leaving it prone to poor survival. Colour variation within the 

ceramic is attributed to exposure to differing temperature and reducing conditions during the 

smelting process.  
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Figure 5-20 Cross-section of ceramic (Con5c2sam4) showing bloating pores near top under a uniform 

vitrified surface 

Examination of polished specimens of ceramic with both optical microscopy and EPMA 

microscopy revealed a coarse and porous appearance with abundant fine quartz grains, the 

majority of which had consistent dimensions of c.200μm. These grains had a rounded 

morphology indicative of a fluvial origin, and probably originated in riverbed sands such as those 

in the valley below the site. Tempering ceramic with quartz causes microscopic cracks to occur 

during drying and heating, which act as a form of porosity within the ceramic which not only 

reduces heat transfer, but also prevents the propagation of larger, potentially damaging cracks 

within the ceramic (Freestone and Tite 1986). This is advantageous in furnace walls, increasing 

strength and reducing heat loss, and the presence of quartz can also improve the refractoriness 

of the ceramic (Hein et al. 2007, 142). From their abundance it is clear that the quartz was an 

intentional addition to the ceramic matrix. 
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Figure 5-21 Underside of a vitrified plate of ceramic (Con19c2sam4) sho wing cracking, irregular 

colouration and slate inclusions 

Examination of the areas of vitrification confirmed their relative macroscopic homogeneity, and 

in many cases revealed evidence of quartz grains melting into areas of vitrification (Figure 5-22, 

left), indicative of the high temperatures and corrosive nature of the conditions within the 

furnace. Some of the vitrification also showed iron oxide phases (Figure 5-22 right, bright 

phases), likely to be the result of contamination from the furnace charge.  

 

Figure 5-22 Optical micrographs of Clatworthy ceramic Sample Con5c2sam20 showing quartz grains 

melting into vitrified zone 

No samples of clay were recovered from the site, but EPMA-EDS analysis of polished ceramic 

specimens indicated that the matrix between the inclusions had an approximate Al2O3: SiO2 

ratio of 1:2 and a K2O to Al2O3 ratio of 1:5, suggestive of an illite clay (Appendix 2.6.3 Table 2-

49). In some cases poorly sintered areas were observed, with areas of platey clay particles 
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visible (Figure 5-23). As discussed above, clay minerals are abundant in the region, and whilst a 

specific origin for these clays has not been identified they are likely to be local. 

 

Figure 5-23 BSE image of ceramic fragment adhering to Con2pi2of2 showing slate particle (centre) and 

quartz grain (top left) in poorly sintered irregular platey clay particle matrix  

Ten pieces with sufficient regions of unvitrified material were sampled for bulk XRF analysis 

2.2.2, however due to equipment failure and time constraints chemical compositional data 

were not produced by WD-XRF, but by (p)ED-XRF and corrected using manual correction factors 

as outlined in Appendix 2.3.3 and presented in Table 5-6 and Table 5-7. The relatively high 

detection limits and poor analytical accuracy mean that no figures for MgO and Na2O content 

are available for these samples. Moderate Al2O3 (average 7.34wt%), relatively high FeO (average 

7.30wt%), and low CaO (average 0.51wt%) were all recorded, and all of these oxides were 

negatively correlated to SiO2 with the exception of MnO (mean 0.27wt%) (Appendix 3.1). This 

indicates the majority of oxides entered the ceramic matrix via the clay, except for MnO which 

perhaps entered from the environmental contamination.  

As expected by the abundance of macroscopically observed quartz, the heavy intentional 

tempering of the furnace wall with sand resulted on average SiO2 content of 81.89wt%. This is 

at the top, but still within, the range of compositions reported from furnace ceramic on UK 

Roman period iron smelting sites (Paynter 2006, 285). In light of the very pure ores which may 

have been in use on this site (5.4.2), the quartz tempering not only provided mechanical 

benefits to the furnace but also acted as a source of SiO2 for the formation of a liquid slag. 

There is also some limited evidence for a link between SiO2 content and context (Figure 5-24 
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right), with SiO2 content highest in Context 8 and lower in Context 5, 16 and 24, though a larger 

dataset would be necessary to provide strong proof of this trend.  

 

Figure 5-24 Graphs of CaO v K2O and Al2O3 v SiO2 from (p)ED-XRF analyses of Clatworthy ceramics  

Occasional elongated rock fragments were also observed within the matrix, the appearance and 

chemical composition (Appendix 2.6.3 Table 2-52) of which indicate that they are likely to be 

slate, which was abundant at the site during the 2009 site visit. This probably entered the 

ceramic matrix during mixing of the ceramic and/or construction of the furnace. Rare 

potassium-feldspar was also identified. The quartz grains were found to occasionally contain 

grains of ZrSiO4 (zircon), and there were occasional impurities which appeared to be rare earth 

phosphates, which in one case were identified as a mixture of minerals from the Rhabdophane 

group such as monazite. There was no evidence for organic temper. 
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Table 5-6 (p)ED-XRF analysis of selected Clatworthy ceramic samples (normalised major and minor 

oxides, wt%). V2O5 was below detection limits, Na2O and MgO were not detectable using this machine 

(Appendix 2.3.2) 

Context Sample Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO 

5 Con5c2sam13 6.83 83.70 0.09 1.23 0.38 0.95 0.06 0.17 6.47 

 Con5c2sam19 6.44 83.40 0.12 1.29 0.42 0.93 0.02 0.27 6.99 

 Con5c2sam20 7.11 82.77 0.12 1.31 0.37 0.97 0.22 0.20 6.80 

 Con5c2sam32 11.96 72.12 0.65 2.02 1.56 1.18 0.03 0.12 10.18 

8 Con8c2sam12 5.31 86.38 0.19 0.92 0.44 0.80 0.06 0.34 5.45 

 Con8c2sam17 6.64 80.85 0.13 1.19 0.41 0.95 0.09 0.22 9.39 

 Con8c2sam19 6.23 85.05 0.11 1.16 0.36 0.85 0.03 0.17 5.94 

 Con8c2sam20 6.15 84.42 0.12 1.14 0.42 0.82 0.04 0.20 6.59 

16 Con16c2sam8 8.68 79.50 0.13 1.76 0.38 1.17 0.03 0.66 7.55 

24 Con24c2sam1 8.03 80.74 0.05 1.74 0.39 0.96 0.02 0.33 7.63 

Max  11.96 86.38 0.65 2.02 1.56 1.18 0.22 0.66 10.18 

Min   5.31 72.12 0.05 0.92 0.36 0.80 0.02 0.12 5.45 

Mean  7.34 81.89 0.17 1.38 0.51 0.96 0.06 0.27 7.30 

RSD  26 5 101 25 72 14 101 58 20 

Median  6.74 83.09 0.12 1.26 0.40 0.95 0.04 0.21 6.90 
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Table 5-7 (p)ED-XRF analysis of selected Clatworthy ceramic samples from bulk (normalised trace 

oxides, ppm). ‘bd’ indicates no abundances above detection limits.  

Context Sample Co3O4 NiO CuO ZnO Ga2O3 As2O3 Rb2O SrO 

5 Con5c2sam13 283 26 31 58 21 22 89 98 

 Con5c2sam19 319 21 29 19 4 25 87 100 

 Con5c2sam20 286 31 31 46 21 16 90 103 

 Con5c2sam32 371 37 71 64 19 41 98 97 

8 Con8c2sam12 262 18 30 20 9 5 71 83 

 Con8c2sam17 349 24 44 20 14 6 90 109 

 Con8c2sam19 278 31 32 56 27 5 83 94 

 Con8c2sam20 273 32 41 94 18 4 77 91 

16 Con16c2sam8 381 37 54 78 23 8 119 128 

24 Con24c2sam1 372 30 50 116 17 13 85 99 

Max  381 37 71 116 27 41 119 128 

Min   262 18 29 19 4 4 71 83 

Mean  317 29 41 57 17 15 89 100 

RSD  15 22 33 57 39 82 15 12 

Median  303 31 37 57 19 11 88 99 

          

Context Sample Y2O3 ZrO2 MoO3 BaO La2O3 CeO2 PbO 

5 Con5c2sam13 43 185 bd 158 34 37 11 

 Con5c2sam19 40 205 bd 155 30 38 18 

 Con5c2sam20 42 199 bd 158 27 36 15 

 Con5c2sam32 46 214 bd 177 31 32 25 

8 Con8c2sam12 35 178 bd 147 14 28 16 

 Con8c2sam17 45 186 bd 171 29 39 9 

 Con8c2sam19 41 164 bd 151 28 39 25 

 Con8c2sam20 40 196 bd 149 35 32 19 

16 Con16c2sam8 47 200 bd 204 32 35 10 

24 Con24c2sam1 44 202 bd bd 23 28 46 

Max  47 214  204 35 39 46 

Min   35 164  bd 14 28 9 

Mean  42 193  163 28 34 19 

RSD  8 8  11 22 12 56 

Median  43 198  158 30 36 17 
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5.4.4 Tap Slag 

5.4.4.1 Morphology 

 

Figure 5-25 Characteristic upper surface of a tap slag (Con8c2sam11)  

A full list of slag retained for analysis is given in Appendix 2.1.2. Seventy-eight pieces of slag 

were selected, 59 of which shared common characteristic features, in particular the presence of 

a wave-like upper surface morphology created by liquid slag solidifying after flowing out from 

the furnace (Figure 5-25). The underside surfaces were also considered characteristic, being 

smooth, undulating and slightly irregular, often containing entrapped soil or small rock 

fragments, and in many cases suggesting that these pieces had cooled on top of a surface such 

as soil rather than clay (Figure 5-26).  
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Figure 5-26 Characteristic underside of a tap slag (Con5c2sam1)  

In section the slag pieces contained voids, usually present in the centre of each distinct flow or 

tap of slag (Figure 5-28), and longitudinal voids between chill surfaces and clear columnar 

structures were commonly visible, resulting from relatively rapid cooling. Individual tap slag 

samples were composed of anywhere between 1-3 individual taps of slag, with chill surfaces 

visible macroscopically. This indicates that slag was tapped repeatedly from the furnace into the 

same area, and that multiple taps were often allowed to build up before being. The 

compositional similarity between layers suggests they all originated from the same smelt 

(Appendix 2.8.3). Whilst there is some evidence of wrinkling on the surface of some slag pieces 

suggestive of disturbance during cooling, it seems unlikely that any experienced smelter would 

attempt to move the slag until it had fully cooled as the temperature of even solid slag is 

prohibitive. Likely removal, presumably to the slag heap from which the slag was excavated, 

took place sometime after the completion of the smelt. The presence of only small and 

occasional furnace fragments within the underside of the slag suggests that whilst some part of 

the furnace may have been removed to facilitate tapping, the front of the furnace itself was not 

broken open to any substantial degree until after the tap slag had cooled enough to solidify. 

Broadly speaking the flows of slag appeared to be quite thick, usually 1-2cm in diameter, 

suggesting that the slag had a relatively high viscosity at the point it left the furnace.  
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Figure 5-27 Tap slag Con2pi2of2 showing drop-down morphology 

Whilst the majority of the characteristic tap slag was flat in shape, indicating that it likely 

solidified within a tapping pit, the morphology of one of the pieces showed that it had formed 

from slag which had solidified after dropping down from a point above (Figure 5-27). This 

indicated that slag was tapped from an opening situated some distance above the place in 

which the slag solidified, suggesting that the tapping hole was situated some distance above the 

tapping pit.  

 

Figure 5-28 Fracture surface of a tap slag showing voids (Con16c2sam7)  

Fourteen fragments of plate-like slag without the characteristic flow texture of tap slag were 

also examined, found in all of the contexts examined excluding Context 5. These were often 

very thin (Figure 5-29) with depths of less than 1cm, and characterised by undersides which 

resembled tap slag but upper surfaces which were very flat, or sometimes highly irregular. Voids 

were present in these slag samples, tending to be elongated between the chill surfaces.  
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Figure 5-29 Characteristic plate slag (Con16c2sam11)  

These plate shaped pieces had the same underside morphologies as the characteristic tap slag 

samples, suggesting that they were a form of tap slag exposed to different tapping and 

solidification conditions from the typical pieces. One possibility is that water was thrown onto 

the slag before it solidified, leading to the smooth upper surfaces seen in some samples, but 

experimental work is necessary to explore this. Other pieces with more irregular upper surfaces 

may be the result of disturbance to the slag prior to complete solidification.  

Five pieces of tubular-shaped slag were selected from three contexts (Figure 5-30), and in one 

case (top left) the tube had a hole down the centre. This particular morphology is typical of slag 

solidified within an air passage or tuyère during a period when air continued to be pushed into 

the furnace, and suggests that the solid tube pieces which are of a similar size also formed 

within tuyères or air passages, likely after air stopped entering. In some cases something similar 

to a flow surface was visible, and the irregular surfaces of at least one example (Figure 5-30, 

middle) show that the slag flowed up and perhaps over the sides of some containing channel or 

passage. The diameter of the pieces is consistent, varying between c.2cm to c.2.5cm, which is 

below the c.4cm which Iles (2014, 425) considered typical of bellows-fed tuyères.  

Cylindrical ‘slag runners’ from Pannonian sites (Durman 2002, 26) and ‘cylinders’ from 

Ariconium (Starley 1995) are poorly reported, but together with the 10cm ‘slag plugs’ of 1-2cm 

diameter from Weald sites (Hodgkinson 2008) offer some indication of comparative evidence. 

Starley (1995) identified the Ariconium examples as runs of slag which had solidified inside the 

tap hole, but considering the narrow diameter and characteristic hollow shape of the 

Clatworthy samples an origin within a tuyère or air inlet is more likely and adds further evidence 

that the furnaces used at Clatworthy were run with forced draught. The narrow diameter of the 

Clatworthy samples may indicate their formation within a small tuyère rather than a furnace 
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wall air inlet (as seen in the Semlach-Eisner furnaces, 6.3.3.2), although there are no surviving 

tuyère fragments or vitrified tuyère nozzles to support this interpretation. The morphology of 

the pieces suggests that the passage or tuyères in which they formed were set at only a shallow 

angle to the ground, or entirely flat, and that the furnace walls were at least 10cm deep. 

 

Figure 5-30 Clatworthy tube slag, top to bottom, Con24c2sam12, Con5c2sam21, Con24c2sam18, 

Con24c2sam19, Con2c2sam6 

Sixty-six specimens of tap slag were prepared for XRF analysis (Appendix 1.1; Appendix 1.5.1) 

and analysed with WD-XRF (2.2.2.3) (see Table 5-11 and Table 5-12). No clear compositional 

distinctions were seen between the tap slag with characteristic morphologies, and those with 

flat plate morphologies (Figure 5-31, Figure 5-32). The plate and tube shaped slag samples fall in 
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the higher half of the FeO range, but all are within the range of the characteristic tap slag. 

Neither tube nor plate shaped samples show a higher proportion of ore oxides (MnO, BaO), or 

ceramic oxides (K2O, Al2O3), which could have been indicative of their formation during different 

smelting conditions than the characteristic tap slag samples. 

 

Figure 5-31 Al2O3 v FeO and MnO v FeO illustrated by subtype  

 

Figure 5-32 SiO2 v K2O and BaO v MnO illustrated by subtype 

If we examine the error bar charts for a selection of oxides (Figure 5-33; a comparative 

illustration of data mean and spread) it is clear that there is little evidence of meaningful 

difference between the plate shaped and characteristic tap slag specimens. The lack of overlap 

between the error bars of characteristic tap slag and tube-shaped slag in SiO2, FeO and BaO 

does suggest some meaningful differences between the chemical compositions of the two 

groups. The charts indicate that tube-shaped slag has generally lower SiO2 content, higher FeO 
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and lower BaO. However it is important to note that the higher variation seen in the tube-

shaped slag oxides is a factor of the small number of samples analysed (4).  

 

Figure 5-33 Error bar charts (95% confidence interval) comparing subtype com positions 

Without a clear understanding of what process created the tube-shaped slag fragments it is 

difficult to judge the cause of these differences in composition, but they are significant enough 

that these four samples are excluded from the following discussions on slag composition. The 

lack of significant differences between the plate shaped and characteristic tap slag oxide 

abundances confirms that the plate shaped slag pieces were probably the result of slag tapping, 

and that their odd external morphologies are the consequence of disturbance or other 

secondary effects after tapping. In the following discussions they are therefore treated as a 

single group. 
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5.4.4.2 Microstructure 

Optical and BSE examination of polished specimens revealed a variety of microstructures within 

the tap slag samples.  

 

Figure 5-34 Optical micrograph of lean slag with fine skeletal lath o livine (Con19c2sam3) 

 

Figure 5-35 Optical micrograph of olivine laths with fine spinel (Con5c2sam1)  
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Figure 5-36 BSE micrograph of euhedral spinel between oli vine masses (Con83of6) 

Olivine phases were highly variable, though predominantly all above >100μms in length. Cooling 

was variable and related to the thickness of the sample, with many olivine phases found in long 

thin laths, with fine wüstite phases indicative of relatively quick cooling (Figure 5-38) seen in 

plate shaped specimens. Substantial blocky olivine phases with well-developed wüstite 

indicative of relatively slower cooling (Figure 5-37, Figure 5-39) were observed in many pieces 

with characteristic tap slag morphology. EPMA-EDS (Appendix 1.2) analyses of a number of 

phases indicated that the olivines were almost pure fayalite, and that the wüstite was 

predominantly pure FeO, with little manganese substitution seen in either (Appendix 2.6.4.1). 

 

Figure 5-37 BSE micrograph of skeletal olivine with wüstite exsolution (Con82of6)  
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Figure 5-38 Optical micrograph of dense skeletal olivine with secondary wüstite dendrites (Con165of5)  

The largest proportion of specimens were very lean, and dominated by long thin olivine phases 

(Figure 5-34) indicative of relatively quick cooling, and often showed plenty of fine euhedral 

spinel phases in the groundmass between (Figure 5-35, Figure 5-36). Secondary wüstite both 

within the fayalite as exsolution (Figure 5-37) and between fayalite laths (Figure 5-38) was not 

uncommon. Within lean slag samples hercynite was found only in areas immediately adjacent to 

what appeared to be entrapped and partially melted ceramic, resulting from local Al2O3 

enrichment. 

 

Figure 5-39 BSE micrograph of primary wüstite, secondary olivine with wüstite exsolution (Con86of6)  
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There was also evidence of iron-rich slag samples with abundant primary wüstite (Figure 5-39, 

and in some cases (Con8c2sam8, Con8c2sam11) the presence of hercynite as both a secondary 

phase and an exsolution within the fayalite. No entrapped ore fragments were noted in any of 

the samples examined, although metallic iron droplets were found (see 5.4.5).  

5.4.4.3 Composition 

 Description 

Summary statistics for slag analyses are provided in Table 5-8. The percentage of iron oxide 

(FeO) present in the samples varies between 50.98wt% and 73.06wt%, but the range is within 

that of published analyses of Roman period slag from the UK (see Paynter 2007b, 204-5). Whilst 

the variation itself is relatively low when compared with that seen in the Semlach slag 

(6.4.4.3.1), it should be seen in the context of iron production in the UK during this period 

(3.3.2). There is a trend towards higher FeO content in later contexts (Figure 5-40).  

Table 5-8 Summary statistics for WD-XRF analysis of select oxides in tap slag. Top rows wt%, bottom 

rows ppm. 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

Max 0.38 0.29 6.89 35.99 0.35 0.50 1.08 0.56 0.17 0.03 0.04 5.99 73.06 

Mean 0.16 0.15 5.29 28.16 0.19 0.16 0.64 0.24 0.11 0.02 0.02 2.33 62.36 

Min 0.05 0.06 3.36 20.75 0.10 0.03 0.17 0.08 0.06 0.01 0.01 0.12 50.98 

RSD (%) 37 25 17 13 29 68 36 40 22 21 38 53 8 

              

 Co3O4 CuO Rb2O SrO Y2O3 ZrO2 MoO3 Ag2O CdO BaO La2O3 Ta2O5 Bi2O3 

Max 574 350 46 268 314 123 206 77 68 839 118 239 49 

Mean 484 140 30 90 87 86 144 44 35 305 49 110 22 

Min 277 42 5 6 bd 47 88 3 3 64 bd bd bd 

RSD (%) 10 47 34 65 51 17 18 37 44 60 56 48 53 

 

SiO2 content ranges from 20.75-35.99wt% with a strong negative relationship to FeO content 

(Figure 5-40), though the majority of samples fall between 25wt%-35wt% SiO2. Manganese 

oxide (MnO) levels are highly variable, ranging from the barely detectable up to almost 6wt%. 

This clearly indicates that the ore charge used on this site varied in composition over the period 

of occupation. MnO variation is related to context (Figure 5-41, left), with the very low MnO 

content slag originating in the later contexts. There is also some indication that samples from 

Contexts 24 and 16 have distinct patterns of MnO content, appearing to have higher MnO:FeO 

ratios than seen in the majority of the later Contexts, 2, 5 and 8. 
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Figure 5-40 Scatter plot of variation in FeO and SiO2 abundance in tap slag showing negative 

correlation 

The low-MnO ore (Figure 5-41) recovered from the latest context, Context 2, corresponds with 

the pattern for low-MnO slag from the later contexts. However the lack of detectable BaO in the 

ore sample means that it is not representative of ores smelted in Context 2, despite a general 

trend towards low BaO in conjunction with low MnO in the slag (Figure 5-43), and is therefore 

unlikely to be representative of any of the ores charged. Intentional fluxing of MnO is not 

evidenced, as the distribution of MnO abundance in the slag is on a continuum rather than 

clustered, and the levels are predominantly low when compared to that seen in slag from 

bloomery production where fluxing is suspected (e.g. western Uganda, see Iles 2014). There is 

also no evidence that producers were intentionally selecting ores for specific MnO content; the 

tendency of MnO to form intimate mixes in solid solution with iron minerals (Buchwald and 

Wivel 1998, 79) would have made it difficult for past producers to identify, let alone separate 

MnO-bearing ores from purer ores. Without additional evidence (such as ethnographic, see Iles 

2014) there is insufficient data to suggest the use of MnO fluxes.  
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Figure 5-41 MnO v FeO (left) and Al2O3 v FeO (right) content for tap and plate slag samples from 

Clatworthy 

Al2O3 content is relatively stable and low with an average of 5.29wt% and a maximum of 

6.89wt%. Al2O3 abundance is demonstrably related to context, with possible indications of a 

negative linear relationships between FeO and Al2O3 specific to each context. This likely relates 

to two factors; the dilution effect of unreduced FeO in excess of that required to form a liquid 

slag, and the connection between high reducing conditions and successful iron reduction which 

suggest that higher ceramic contributions (higher SiO2 and Al2O3) may occur in slag from more 

successful smelts. Considering this, differences in behaviour between contexts may be 

indicative of different ceramic compositions between these contexts. 

 

Figure 5-42 CaO v FeO (left) and BaO v FeO (right) content for tap and plate slag samples from 

Clatworthy 
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CaO content is low across the samples, with an average of 0.24wt%, though it is worth noting 

that this likely approaches the level at which detection is accurate, so small variations in this 

oxide are unlikely to be very meaningful and no clear trends are visible (Figure 5-42, left). The 

very low levels of CaO clearly rule out the use of a lime flux in the smelting process, and are in 

line with the use of a very pure ore (McDonnell 1986, 79). CaO levels do not compare well with 

the levels reported in Paynter’s 2007b (204-5) round-up of Roman period UK slag compositions, 

suggesting that the low CaO content of the Clatworthy slag may be characteristic of slag of this 

region. 

BaO levels are generally low (average 305ppm), in some cases approaching the detection limit 

of the equipment (minimum 64ppm), and certainly low enough for accuracy to be impacted. 

However there is evidence of a negative relationship between BaO and FeO, as might be 

expected to result from FeO dilution, and there is a suggestion of grouping with respect to the 

sample context, with samples from Context 16 in particular showing distinctive behaviour 

(Figure 5-43). EPMA-EDS analysis confirmed that BaO was present in a number of slag samples 

as microscopic barite crystals, the conditions within the furnace being insufficient to reduce this 

compound, and BaO likely passed directly from ore to slag. Comparing BaO and MnO levels 

showed a broad positive correlation (Figure 5-43), as well as some evidence that BaO and MnO 

levels are related to context, and Context 8 in particular shows distinctive low BaO/low 

MnO/high FeO characteristics.  

 

Figure 5-43 BaO (ppm) v MnO (wt%) (left) content for tap and plate slag samples from Clatworthy  

K2O levels are low (average 0.64wt%), not rising to more than 1.08wt%, and MgO is also very 

low (average 0.15wt%) as are TiO2 levels (0.11wt%). MoO3 was consistently detected in the tap 

slag (average 144ppm), likely entering from the ore. P2O5 presence was uniformly low (mean 
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0.19wt%), and unlike the majority of oxides had a positive relationship with FeO content 

(Appendix 3.1). P2O5 can be reduced into the metal during smelting, the degree to which this 

occurs relates to furnace temperature (Starley 1999, 1128) and reducing conditions. The 

positive correlation between P2O5 and FeO in the slag may therefore be indicative of lower 

furnace temperatures, which might have caused less FeO to be reduced. 

 Variation Between Contexts 

Error bar graphs give clear indications of the differences of spread of FeO content by context 

(Figure 5-45, left). The relatively high and narrow spread of Context 8 slag samples means that 

whilst they may not be meaningfully different from the later Contexts 2 and 5, they are distinct 

from the earlier Contexts 16, 19 and 24. This overall pattern is strong and can be seen 

overshadowing the behaviour of other oxides due to the closed nature of the dataset. However 

few conclusions with regards to Context 2 behaviour can be made for any oxide, due to the 

small (4) number of specimens from this context examined, and the wide spread of their 

compositions, leading to the wide spread seen on the 95% error bars. 

 

Figure 5-44 Error bar (95% confidence interval) graphs for FeO, Al2O3 and BaO slag oxides 

However it is Context 16 slag samples which show distinct behaviour if we examine Al2O3 

content (Figure 5-44, centre), which indicates that whilst the Al2O3 content of slag from the 

majority of contexts is not significantly different from each other, Context 16 stands out with 

lower values and a smaller spread. Context 16 again stands out when we examine BaO content 

(Figure 5-44, right), with much higher BaO content than the samples from other contexts which 

are broadly comparable, though Context 8 shows a lower BaO content which is significant when 

compared to the earlier Contexts (24, 19). TiO2 (not pictured here) also displays an almost 

identical pattern to Al2O3. 
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Figure 5-45 Error bar (95% confidence interval) graphs for K2O, MnO and SrO slag oxides 

K2O figures show similar patterns (in reverse) as FeO (Figure 5-45, left), with Context 8 

behaviour distinctive from the oxide behaviour earlier, in Contexts 19 and 24. However MnO 

behaviour (Figure 5-45, centre) is highly distinctive, showing a very clear disjuncture between 

the early contexts (24, 19, 16) and Context 8 and 5, with only the significant spread of oxide 

compositions in Context 2 (in part related to the low number of cases from this context) 

preventing this context from also standing out. This is similar to the behaviour observed in BaO 

content, though much clearer and more distinct. However the behaviour of SrO (Figure 5-45, 

right), which is usually considered to be an ore oxide alongside BaO, is distinctly different from 

the latter. Here fluctuations in Context 19 are visible, in addition to the Context 8 behaviour 

being distinctive. This may be due to some SrO entering the slag from the fuel ash, and the 

strong linear relationship between SrO and K2O seen in Figure 5-46 (left) supports this, though 

the fuel ash contribution is likely to be low overall. However the presence of relationships 

between the ore oxides BaO and SrO (Figure 5-46), which appear to be specific each context, 

suggests that some of the SrO is also entering the slag from the ore.  
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Figure 5-46 SrO (ppm) v K2O (wt%) (left) and SrO (ppm) v BaO (ppm) (right) in Clatworthy tap and pl ate 

slag 

The lack of a clear single source of origin for a number of the oxides within the slag hampers the 

interpretation of the behaviours illustrated here. However what is clear from these graphs is 

that there seems to be more than one pattern within the data. MnO and FeO data indicate that 

there is a disjuncture between Contexts 8 and 16, but although BaO and SrO data support this, 

their evidence is less clear cut. This may be because SrO may have entered the slag not only 

from the ore, but from other raw materials such as the fuel ash, leading to the expression of 

slightly different patterns within the individual oxides. It also appears that the disjuncture 

around Contexts 8/16 is not solely related to possible fluctuations in ore composition, as Al2O3, 

entering from the ceramic furnace lining, also shows distinctive behaviour in Context 16 when 

compared to Context 8 despite no evidence of disjuncture between early/late contexts overall.  

 Principal Component Analysis 

FeO is the dominant oxide within the dataset, and its abundance appears to be directly related 

to the strength of reducing conditions within the furnace and the extent to which iron was 

reduced to metal or lost into the slag. Above the abundance necessary to form iron-silica 

compounds with the available SiO2 and a liquid slag, FeO within the slag is the result of inclusion 

of FeO which could otherwise have been reduced to metal. It is assumed that where reducing 

conditions are not sufficient or slag is tapped too early, excess FeO is present within the slag, 

effectively diluting the other oxides which are not significantly affected by reducing conditions. 

It is therefore not surprising to see broadly negative correlations between the majority of oxides 

in the tap slag and FeO. The trend created by FeO fluctuations appears to be the strongest one 

within the dataset, and makes relationships between individual oxides difficult to isolate 

through simple visual means, as it can dominate visual representations of data (see Figure 5-41 
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left). This makes identifying changes of fluctuations to raw material use, which may be causal 

features of the underlying patterns, difficult.  

In order to tackle this, exploratory PCA was utilised (2.2.4.3), and interpretation informed by the 

discussions above. Due to the strong correlations between FeO and other oxides (Appendix 3.1) 

and the problems of the closed dataset (Appendix 3.3), a sub-compositional dataset was utilised 

for the initial PCA, composed of the major and minor oxides (excluding SO3 due to low analytical 

accuracy) and a selection of the relevant trace oxides (BaO, SrO, ZrO2). An iterative approach to 

PCA was taken (see Appendix 3.3.2.1), and the best results are presented below. 

Table 5-9 Abbreviated component matrix for PCA(1) of Clatworthy slag  

 Component 

 1 
42% 

2 
19% 

3 
9% 

Na2O (wt%) .634  -.293 

MgO (wt%) .354 .553  

Al2O3 (wt%) .509 .649  

SiO2 (wt%) .876 -.307  

P2O5 (wt%) -.577  -.425 

K2O (wt%) .924   

CaO (wt%) .670  -.495 

TiO2 (wt%) .614 .658  

V2O5 (wt%) .479  -.493 

Cr2O3 (wt%) .560 -.340 .401 

MnO (wt%) .622 -.524  

SrO (ppm) .732   

ZrO2 (ppm) .700 .460  

MoO3 (ppm) -.297  .675 

BaO (ppm) .449 -.779  

 

PCA indicates that the differences between Context 16 and the rest of the dataset are 

substantial, and that these are most strongly expressed in Component 2. The component matrix 

(Table 5-9) and loading diagram (Figure 5-47) indicate that the majority of oxides load positively 

onto Component 1, which accounts for 42% of the original variation in the dataset, making 

interpretation more difficult. Only MoO3 and P2O5 load negatively, the former weakly, and the 

oxides loading most strongly in opposition on the same axis are K2O and to a lesser extent CaO 

and Na2O, which likely originate from fuel ash. It is unlikely that this Component’s behaviour 

related to ore composition, as Brendon Hills ore is known to be low in P2O5 (5.1.2.2). 
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Figure 5-47 Loading of oxides with respect to components for PCA of Clatworthy slag  

A tentative interpretation indicates that Component 1 may be a proxy for redox conditions 

within the furnace, assuming that more reducing conditions were produced by increasing the 

charcoal to ore ratio, leading to higher fuel ash abundances in the slag. Higher reducing 

conditions could lead to more P2O5 being reduced into the metal, or perhaps driven off as a gas, 

leading to less P2O5 in the slag. This would correspond well to the distribution of the majority of 

oxides in Component 1, particularly considering the strong correlation between P2O5 and FeO. 

The weak negative loading of MoO3 may therefore derive from some reduction of the oxide and 

solution within the iron, a process possible within the furnace at smelting temperatures (Gruner 

et al. 2000), and may explain the difference in loading between MoO3 and the ore oxides BaO 

and MnO which are not reduced during smelting. If this could be verified, it might indicate that 

trace Mo presence in Roman period metallic iron in the UK could be an indicator of origin in the 

Brendon Hills. However it is important to note that the scale of variation in the component 

scores gives no indication of the scale of variation of redox conditions, and crucially it is not 

clear whether this variation results from direct human action or reflects fluctuations in 

conditions outside the control of producers. It is important to remember that during the smelt 

the compaction of fuel due to transport or use of different sized pieces can alter the mass of 

charcoal entering the furnace, even if the volume remains relatively stable, which is likely to 

create some natural variation in fuel ash contributions between smelts. 
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Component 2 accounts for 17% of the variation within the original dataset, and is most strongly 

influenced by the positive contributions of TiO2, Al2O3 and MgO, and the negative contributions 

of MnO and BaO. This seems to suggest that the component expresses variation between slag 

samples which are rich in ore oxides and those richer in clay oxides, and explains why the 

contribution by SiO2 is not particularly strong, as it likely entered the slag from both of these 

sources. Higher temperatures or duration of smelt causing the melting of more ceramic wall 

material might have played a part in this variation, as could extended smelting times causing 

more damage, or even the initial state of repair of the furnace itself.  

Component 3 represents only 9% of the total variation in the original dataset and the oxide 

loadings are weak, though they may suggest some variation in fuel ash composition. Natural 

fluctuations in the chemical composition of the fuel used may account for a certain amount of 

the variation, perhaps due to differences in species exploited rather than location produced, as 

charcoal is likely to have been brought in from a very limited local area.  

 

Figure 5-48 Component scores for PCA 1 of Clatworthy slag  

The strength of the difference between Context 16 (see Figure 5-48) and the rest of the dataset 

is clearly visible, however repeated PCAs of different choices of oxides and including/excluding 

the Context 16 data did not alter the fundamental structure of the PCA (Appendix 3.3.2.1); 

whilst there were some minor fluctuations in the oxide loadings on the 2-4 components, the 

majority continued to load onto the first component. The position of the Context 16 data is 

differentiated primarily with respect to Component 2, which suggests that ore oxides made a 

stronger contribution to the slag from this context than to the others, which received greater 

contributions from ceramic oxides. Considering no differentiation of Context 16 data from other 

contexts is possible with respect to Component 1, which may represent reducing conditions, it 
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is therefore not likely that fuel: ore ratios are the cause for the distinct positioning of Context 16 

samples. Instead it may be that the ores in use during Context 16 had a higher abundance of 

BaO and MnO oxides than those in use during the other contexts examined here.  

Less strong but still visible are differences in slag composition between other contexts, which 

are differentiated by their component 1 scores. These indicate that Context 8 does have distinct 

differences from earlier Contexts 19 and 24, and that broadly speaking these earlier contexts 

have higher Component 1 scores. Given the proposed interpretation above, this may suggest 

that the earlier contexts did not operate as high redox conditions as Context 8. The component 

scores of Contexts 2 and 5, the latest contexts, as well as Context 16, all show a substantial 

spread which may suggest less control over redox conditions was exercised during the periods 

represented by these contexts. 

The PCA did not provide any strong indication that MnO was entering the slag from an 

additional flux added to the charge. Whilst the loading of TiO2 and V2O5 partially in opposition to 

BaO and MnO (Figure 5-47) has been suggested as indicative of fluxing (Iles 2014, 434), at 

Clatworthy it instead appears to be an artefact of TiO2 and V2O5 entering from the ceramic, as 

the close loading with Al2O3, MgO and ZrO2 demonstrates. The loading of SrO visualised above 

(Figure 5-47) provides further evidence that at Clatworthy it may have entered via fuel ash.  

The distinctive appearance of Context 16 within the PCA, and the examination of BaO and MnO 

behaviour in 5.4.4.3.1 and 5.4.4.3.2, suggests that something about the ores in use during this 

period was different. One route for exploring this would be to apply PCA to slag from Context 16 

specifically, excluding the other contexts, but whilst there is considerable debate and 

consequent flexibility with regards to how many individual analyses would be necessary to 

produce a meaningful PCA, analysis of less than a dozen cases is unlikely to produce statistically 

rigorous results. However if we minimise the number of variables and consider the results of 

the analysis to be purely qualitative the analysis does present interesting evidence that, whilst 

the majority of oxides plot in a similar manner to that seen above, BaO and MnO do not load in 

a similar manner (Figure 5-49). Whilst interpretation of this PCA must be tentative due to its 

small number of samples, it does suggest that MnO and BaO are entering the slag from different 

routes. The overall MnO abundance is relatively low (mean 2.33wt%) in Context 16 slag, unlikely 

high enough to indicate a MnO ore was being intentionally added, but the PCA may suggest that 

a mixture of ores from different locations was used within the smelting charges of this period.  
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Figure 5-49 Component plot of PCA of Clatworthy Context 16 slag only 

 

As a result of the above discussions and the analyses of ceramic it is possible to summarise the 

possible origins of the oxides with the slag broadly: 

Table 5-10 Likely origins of select oxides in Clatworthy tap slag 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 V2O5 MnO SrO ZrO2 BaO 

Ore ? ? ? • ?   ? • • ?  • 

Furnace 

Lining 
 • • •  •  •   • •  

Fuel Ash •    • • •    •   
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5.4.4.4 Summary 

The material examined here presents clear evidence that smelting at the Clatworthy site 

produced a liquid slag, which solidified in both characteristic forms and in thinner shapes. The 

morphology of tube-shaped slag pieces suggests that slag solidified within tuyères. Although no 

ceramic tuyères have been recovered, the small diameter of the cylinder pieces may indicate 

their use, and suggests that the furnaces were likely driven by force through bellows rather than 

by ‘natural’ means.  

Visual and statistical analyses indicate that the substantial variation in FeO content is the largest 

source of chemical variation within the slag, and it is clear that this varies noticeably between 

contexts. Interpretation of the PCA suggests that another source of variation may be the redox 

conditions within the furnaces from which the slag originated. Within this model, slag from 

earlier Contexts 24 and 19 may have formed within less reducing conditions than slag from 

Context 8, although slag from other contexts is dispersed and shows no clear patterns.  

The PCA also indicates that some secondary variation relates to differences between slag with 

high ore-oxide contributions, and those with high ceramic-oxide contributions, though whether 

this suggests the influence of temperature is not clear. Both PCA and compositional analysis 

indicate the difference of slag samples from Context 16 from other contexts, based on their ore 

oxide contributions, and this may indicate the use of a different ore during this period. Context 

8 also stands out with distinctively high FeO, low ore-oxide and low fuel-ash contributions.  
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Table 5-11 WD-XRF analyses of Clatworthy tap slag (normalised major and minor wt%) 
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Table 5-12 WD-XRF analyses of Clatworthy slag (trace oxides normalised ppm) 

 

 



217 
 

 

 

 

 



218 
 

 



219 
 

5.4.5 Metallic Iron 

No pieces of metallic iron were recovered from the Clatworthy bulk samples, but microscopic 

iron droplets c.10-20μm in width and with indications that the slag solidified around them (e.g. 

Figure 5-50) were found in about a sixth of the specimens examined. They were present in all 

forms of slag and across the contexts, from the lean through to the spinel and wüstite rich 

(Figure 5-51). Etching revelled no microstructures, which suggests that the iron was not 

carburised, although the small size of the features may have hindered examination.  

  

Figure 5-50 Optical micrograph of iron droplet in Clatworthy slag samples Con5pi4of4 (left) and 

Con19c2sam3 (right) 

 

Figure 5-51 Optical micrograph of iron droplets in Clatworthy tap slag samples Con8c2s8 (left) and 

Con2c2s2 (right) 
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Figure 5-52 Sample Con16c2Sam1 

One specimen (Con16c2sam1) with tap slag characteristics (Figure 5-52), though it appeared to 

have solidified within a long shallow channel, contained a region rich in microscopic iron 

droplets which appeared to have been alloyed with carbon. There were several different phase 

structures visible within individual droplets (Figure 5-53), including hypoeutectic cast iron (top 

left) showing typical white cast iron dendritic structure to the left and some prior austenite 

grain boundary cementite and needles which might be indicative of a slightly lower carbon 

content. The bottom left droplet is similar in appearance, as to a certain extent is the bottom 

right, both likely white cast irons with relatively low carbon content. The top right may also be a 

white cast iron with fine eutectic carbides in an austenite matrix, though it is so fine to be 

difficult to distinguish at the available magnification. The round shape of these droplets 

indicates that they were probably molten at some point, but considering their relatively high 

carbon content this would not require exceptionally high furnace temperatures. 
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Figure 5-53 Optical micrographs of select droplets of iron from Con16c2s1  

Other very small droplets found in the specimen appeared to have only ferritic structures, and 

these were also dominated by pearlite with only a little visible cementite, suggesting a wide 

range of carbon content within iron droplets in a comparatively small area of slag. This suggests 

heterogeneous conditions within the furnace when the slag was tapped, as well as areas of 

highly reducing conditions facilitating the formation of carbon alloys. The presence of cast iron, 

formed accidentally during the operation of smelting furnaces when conditions became 

temporarily excessively reducing, is understood as an aspect of Roman period smelting (3.2.5, 

4.4.2.3.4), and these droplets should be seen within that context. However they are indicative 

that producers at Clatworthy were able to produce potentially strong, if heterogeneous, 

reducing conditions within the smelting furnaces during at least one production period.  
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5.4.6 Efficiency and Effectiveness 

With the focus of research on accessing change over time on individual sites, the efficiency 

calculations introduced in 3.3.3 were applied to data from individual contexts. By narrowing the 

time period covered, this also increases the chance that the raw material analyses will be 

representative of those used to produce the slag from each context, increasing the likelihood of 

a good match and reducing error within the calculations. Charcoal analysis from nearby 

Brayford showed the use of oak as fuel (Gale 2002), and consequently an average of the 

available oak ash compositions (Appendix 4.1) were used for fuel ash composition. However 

analyses of other raw materials and the slag samples are not evenly distributed by context 

(Table 5-4), which made calculating the efficiency of any one context, or even the site as a 

whole, challenging. In addition the only available ore sample was identified as not 

representative of the ore used in most of the contexts.  

Calculations of the efficiency using Thomas and Young’s method (3.3.3) exploring a variety of 

raw material data failed to produce efficiency figures of any confidence, and the lack of 

representative ore analyses proved the major hurdle. Attempts to substitute analyses of other 

Brendon Hill ores (e.g. Thomas 2000, App 1; Percy 1864, 201 & 227) also failed, as critically 

none of these had sufficient MnO content to have produced the analysed tap slag, even for 

Context 2 where MnO levels were the lowest. There is no evidence for a better match with any 

other ore analyses from across the southwest of England, so it remains likely that local ores 

were used at Clatworthy, despite the disparity in MnO values.  

Exploratory repetition of the calculations with substituted ceramic values, reducing the extent 

of tempering to likely clay compositions drawn from published material (e.g. Srondon et al. 

1992), or increasing MnO contamination of the ceramic also fail to produce a good match. 

There is no indication that the ceramic was the source of the MnO, nor that ceramic of 

differential composition e.g. melting tuyères could have been responsible (see Veldhuijzen 

2005; Veldhuijzen and Rehren 2007), and the MnO within the slag is most likely to have entered 

through the ore. Exploratory calculations indicate that an ore with as little as c.1-2wt% MnO 

could produce a good fit with the slag data from Clatworthy, but this is too low to have been an 

intentional addition to the ore charge.  

Interestingly, running iterations with different fuel ash compositions and contributions suggests 

that very low fuel ash contributions were made to the slag. The slag analyses have low CaO and 

K2O content, although it remains within the range seen for uncorroded samples (cf. Charlton 

2006, 191), so unidentified corrosion in the samples is not the obvious origin of these low 
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concentrations. However better evidence for the fuel ash compositions at Clatworthy is 

certainly necessary before these issues can be fully interpreted.  

Ultimately no technical efficiency figures could be calculated with any confidence. It is possible 

that ore charges smelted at Clatworthy were composed of mixtures of pieces from multiple 

mining sites, or a mixture of pieces of both surface and bedded ores. The slag composition 

could be a result of smelting together high FeO ores such as the piece recovered 

archaeologically, and high MnO bedded ores such as those analysed by Percy (1864). However 

without archaeological evidence, this remains hypothetical. 

5.5 Smelting at Clatworthy 

The archaeological evidence recovered from Clatworthy is limited only to that immediately 

associated with smelting, derived from a single slag heap dated to the 1st and 2nd centuries AD 

situated on the side of a valley, in a region known for iron ore. Whilst other slag heaps were 

identified by the excavator, no other features or installations have been recorded, and 

everything we know about the site is derived from the debris recovered from the slag heap, 

which included ceramic furnace pieces, ore and tap slag. Without the recovery of any bloom 

material, debris remains the primary evidence for the type of iron produced at Clatworthy, but 

the presence of tiny droplets of white cast-iron and other carburised iron phases within one of 

the Context 16 tap slag samples suggests that occasionally high reducing conditions were 

reached, at least in localised areas of the furnaces. This may have resulted in the production of 

heterogeneous and partially carburised iron on some occasions. 

The tap slag analyses plot solidly within the range of compositions seen in comparative data 

from the UK (3.3.2) (Figure 5-54), and give a likely minimum operating temperature at the 

hottest point of the furnace of c.1100-1200°C. The morphology of the slag confirmed that the 

smelting process produced a liquid slag which was tapped from the furnaces, though the 

remains of the furnace walls recovered were so fragmentary and damaged that little can be said 

about the furnaces other than that they may have been quite large and likely had walls at least 

10cm thick. The presence of slag cylinders, one of which was hollow, suggests that forced air 

was used to drive the furnace.  
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Figure 5-54 Clatworthy analyses with comparative evidence on phase diagram (from Charlton 2010)  

The single piece of ore recovered from the site was very rich in iron oxide, and the ores smelted 

at Clatworthy during the Roman period are likely to have been rich hematites. However the low 

MnO and low BaO content of the ore when compared to the tap slag indicated that it was not 

representative of the furnace charge, and consequently it was not possible to calculate 

efficiency figures confidently. There is no evidence for additional MnO fluxing, nor for the 

importation of ores from outside the local region, and the lack of match between ore and slag is 

likely an artefact of the extremely heterogeneous ore bodies in this region (5.1.2.2). There is 

some patterning of the MnO and BaO oxides derived from the ore with respect to 

archaeological context, suggesting that ores with slightly differing gangue mineral oxides were 

exploited during different periods. Considering the context, this may be the result of shifting 

chemical composition of ore at a single exploitation site, rather than an indication of changes in 

ore sources exploited. It is not clear whether ore exploitation took place at Clatworthy or 

nearby. 
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Table 5-13 Clatworthy contexts and their dates 

Stage Date Description Context 

1  Smelting slag deposit 24 
3 Late 1st to mid-2nd 

century AD 
Begins with mixed deposit suggesting 

remodelling or building of new furnace, 
then at least one layer of smelting slag 

19 

4 Early to mid-2nd century 
AD 

Begins with mixed deposit suggesting 
remodelling, followed by at least three 

layers of smelting slag 

16 

  8 
  5 

5 Second half 2nd century 
AD 

Begins with disturbed waste material, 
then one layer of smelting slag larger 

than previous and suggestive of 
increased scale of work 

2 

 

 

PCA indicates that SiO2 within the slag entered through both the furnace lining and the ores 

(5.4.4.3.3), and also suggested that one of the most substantial sources of variation within the 

tap slag composition was the redox conditions. The phase diagram (Figure 5-54) shows variation 

in the primary four oxides by context, confirming variation in production across the periods 

examined, though some clustering during specific contexts is visible. Compared to tap slag from 

other sites (Figure 5-55) it is clear that the variation at Clatworthy is not excessive, being less 

than that seen at some sites (Usk) and similar to others (Chesters Villa). It is also clear that 

compared to the UK comparative data, Clatworthy slag tends to exhibit lower levels of 

FeO(+MnO), suggesting either the inclusion of proportionally more SiO2 or higher reducing 

conditions, though conclusions cannot be drawn without confident efficiency figures.  

There is tentative evidence that variation in smelting at Clatworthy fluctuates over time, with 

some indication that variation increases in the later contexts, though interpretation is limited by 

the lower number of samples from Context 2. The PCA indicates that this fluctuation is likely to 

be primarily the result of changes in redox conditions, and secondarily to fluctuations between 

relative contributions of ore oxides vs furnace lining oxides, which again could be linked to 

temperature or duration of smelt. This, and the compositional data for furnace lining, suggests 

low level variation in the selection of raw materials at Clatworthy, but some fluctuation in the 

operating parameters of the smelting furnaces across the contexts examined.  

There is therefore broad continuity in raw material selection and smelting procedures across 

the period examined, from the late 1st century to the late 2nd century AD, though some 

fluctuations in furnace control do occur. Variation between time periods is visible but subtle, 

and whilst the excavator identified periods of demolition or rebuilding within the stratigraphy, 

these are not reflected by any substantial disjuncture to smelting practices.  
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Figure 5-55 Comparative data highlighting individual sites compared with Clatworthy data on ternary 

phase diagram (phase diagram from Charlton 2010)  

 During the late 1st -2nd century AD (Context 19, yellow) there is a tendency towards much more 

tightly controlled production (Figure 5-56). If we follow Charlton’s identifications of ‘optima’ 

(3.3.2), it could be argued that this represents a shift towards higher-risk higher-return activity 

during this period, but the positioning of the Clatworthy data overall shows very little evidence 

for any tendency towards either of the ‘optima’. It is possible that this shift towards lower FeO 

abundance is indicative of the use of more reducing conditions, and a possible tendency 

towards higher fuel ash contributions during this context may support this, but it is 

unsubstantiated due to the lack of confident efficiency figures. Context 19 occurs during a time 

immediately following the invasion of the region by the Romans, when military units were 

present in the region at Exeter and then nearby in south Wales. Fluctuations at this time may 

suggest that production on the Clatworthy site was affected by military activity, though 

interpretation of this requires caution. Direct military involvement at Clatworthy is highly 

unlikely considering the isolated nature of the area, and it is more likely that any link between 

military movements and production on the site is a result of the strength and value of the 

military market for iron, not just for weapons but for the construction of infrastructure or 

settlements which occurred extensively during this period.  
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Figure 5-56 Sequential illustration of tap slag from Clatworthy illustrated by context against 

comparative UK data on ternary diagram 

In the early-mid 2nd century AD variation again increases, and both PCA and compositional 

analysis indicated strong differences between Context 16 (purple) and all other contexts based 

on notably different ore oxide contributions. Fluctuations in the local ore body in use at 

Clatworthy may explain why variation again grows here, as increased gangue minerals in 

intimate mix could have raised the difficulty in maintaining a standardised process for iron 

smelters. However variation as depicted above does not appear higher than that seen in the 

earliest context (24, red).  

Immediately following this is Context 8 (black), where samples cluster around a region of lower 

SiO2 content, before returning in the mid-to-late 2nd century AD (Context 5 and 2) to levels of 

variation similar to the earliest contexts. Compositional analysis and PCA indicate that tap slag in 

Context 8 is characterised by comparatively low ore-oxide contributions and low fuel-ash 

contributions, perhaps indicating less reducing conditions were in use in this period. There is no 

clear trigger for the contraction in variation seen here, though it is a period of continued 

fighting and periodic retreats and reconquest in the north, possible troop movement to support 

the Dacian wars, and the construction of Hadrian’s wall c.AD 120. State demand for iron (4.2.1) 

could have had a substantial effect on iron production, and consequently preparations for the 

Dacian wars or more local struggles may have influenced the visible fluctuation in production of 

Context 8.  

The possibility of a hiatus between Context 24, the earliest examined here, and later contexts 

has been suggested (5.3), but whilst some differences in slag composition are seen, they are not 

extensive and the number of samples is insufficient to suggest any substantial change. There is 

no dating evidence for the earliest context, but if it is pre-Roman then this would indicate 

relatively strong consistency between pre-Roman and Roman period smelting at this site. This 

could be interpreted as evidence for continuity of settlement or ownership of the site, but at 

this stage the evidence is intriguing but insufficient.  
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Context 19, where higher reducing conditions are suspected and lower variation is seen in the 

dataset, corresponds to a period when military units were relatively close by, initially at Exeter 

and then in Wales finalising the conquest and its immediate aftermath. Context 8, where lower 

reducing conditions are suspected and lower variation is again seen, corresponds to a period 

when fighting in the north of the UK intensified and preparations for the Dacian war were 

made. Whilst these interpretations remain tentative, they do suggest that the state/military 

formed an important role in the consumption of iron produced at Clatworthy. This may indicate 

that the apparent halt to production at Clatworthy by the end of the 2nd century AD relates to 

the change in focus of military activity in Britain to the north, away from the nearer western and 

Welsh sites. These military movements may have resulted in difficulty reaching the regular 

consumers of Clatworthy iron, or a complete loss in contact with the consumers, though it is 

worth noting that iron produced at Clatworthy may not have gone directly to the military but 

through one or more intermediaries.  

The site may have been owned privately, or leased out by the state, but the relatively small 

scale and the distance from the nearest known town argues against municipality ownership. It is 

also possible that one person or group could have owned or leased the scattering of similar sites 

within the wider region (5.2.3.4), but the limited transport infrastructure, rugged location and 

distance suggests that if so, the sites likely operated relatively independently. The presence of 

fragments of waste from an elite settlement suggests instead that iron production at Clatworthy 

may have been part of a mixed economy associated with a villa or settlement which exploited 

multiple forms of local resources, within which iron smelting may have been seasonal or 

occasional, depending on need or fluctuations in the market. Raw materials may have been 

sourced from the villa estate as part of mixed economic activity that likely included woodland 

management, as proposed at other sites such as Chester Villa (Fulford and Allen 1992). Within 

this model, ownership was likely private (4.2.2.3), though iron production was probably taxed 

(4.2.4.3), and iron may have been sold to local markets in the southwest such as those around 

Ilchester, a region which saw the considerable expansion of settlement during the 2nd century 

(5.2.4), and through these or potentially directly sold to the military. 

The generally low levels of evidence for the Roman period in this region make it difficult to 

judge, but it is possible that the not all sites were as reliant on the military market as 

Clatworthy, allowing them to maintain production whilst Clatworthy failed. It is also possible 

that the movement of the military had a knock-on effect in local markets, reducing the number 

of local buyers and potentially reducing the profitability of iron smelting. If iron production 

occurred at Clatworthy as part of a mixed economy, other activities may have been more 

profitable, leading to the eventual abandonment of smelting.  
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A simple linear schematic representing the processes, archaeological debris and features is 

presented inFigure 5-57. The limited nature of the Clatworthy material means that only a few 

processes and their remains are directly evidenced. The identification of tap slag masses as 

containing only one to three separate and quite viscous flows of slag is particular to this site, 

indicating that each tapping event was distinct and, potentially, quite a standardised practice at 

this site. The disturbance to the surfaces of tap slag seen in a number of pieces is suggestive of 

an additional process associated with tapping, potentially the use of water to cool the surface 

sufficiently to allow working proximity, or possibly movement of slag, and these are also 

distinctive attributes of the activity at this site.  

 

Figure 5-57 Schematic chaîne opératoire, black evidenced activities, grey supposed activities  

 The archaeological record hints at remodelling or substantial changes to the ground plan of the 

smelting site multiple times, but whilst there are differences in smelting after remodelling (e.g. 

between Context 24 and Context 19), these are not substantial. If the Clatworthy site was part 

of a wider villa or settlement economy, where smelting was one occasional activity undertaken 

as an integrated part of the economic activity of the (wider) site’s occupants, it is possible that 

demolition/substantial rebuilding of furnaces was a necessary response to furnaces standing 

unused for seasons or years, rather than indicative of substantial change in the producers or 

control of the site.  

There may have been little involvement between those smelting and those working in 

extraction, as ore could have been purchased or gathered and transported to the site by others 
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outside the immediate production community. If smelting occurred as part of a mixed economy 

on this site, it is likely that fuel, clay and temper materials were also procured directly from the 

wider site, and woodland management could have been an important industry alongside 

smelting, providing construction timber and cooking and heating fuel to local communities in 

addition to charcoal for smelting. The relative value of these raw materials is difficult to judge, 

though considering the position of the site and the local environment it is likely that all could be 

sourced from the immediate environs. 

There is tentative evidence to indicate that the furnaces were powered by forced air, likely 

through bellows, but the lack of surviving furnace remains provide no evidence for the size of 

individual furnaces. Consequently it is not possible to judge whether multiple furnaces were 

running at the same time, the labour requirements for smelting and supporting work, or to 

discuss with any certainty the volume of production on the site. However considering the 

relatively small size of the known slag heaps, and the evidence that smelting slag was laid down 

over at least a century, it can tentatively be suggested that smelting occurred occasionally, 

perhaps seasonally or once every couple of years, in response to local need (for iron or for cash) 

or high demand. 
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6 SEMLACH-EISNER, AUSTRIA 

6.1 Geology 

6.1.1 Areas of Study 

The Roman province of Noricum was composed of the majority of modern Austria, and a small 

part of northern Slovenia. The exact bounds of the province, and particularly the western 

border, remain debated (cf. Hameter 2000; Šašel Kos and Scherrer 2002; Lehner 2012). The 

province is sometimes presented with a northern border over the Danube River (e.g. Šašel Kos 

and Scherrer 2002, 8-9) to illustrate the influence and reach of the military stationed along the 

river forts, but in this study I adopt a conservative outline of Noricum drawn from accepted 

examples (Alföldy 1974, Šašel Kos and Scherrer 2002), and utilising the Danube and Inn Rivers as 

natural borders. 

 

Figure 6-1 Provincial boundaries c. AD 50 based on Alföldy 1974, Šašel Kos and Scherrer 2002  

Positioned between the province of Italia and the Danube border, Noricum was close to the 

centre of the Empire (Figure 6 2). With its position protecting the passage south to Emona 

(modern Ljubljanica) in north-eastern Italica, and what may have been the easiest Alpine pass to 
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Rome (Šašel Kos 2010, 211), it was also a definitively border region. It is dominated by the 

eastern Alps, which cut across the province in an east-west direction (Figure 6-5) and, excluding 

the southeast corner, was a mountainous region with predominantly poor soils but significant 

raw material resources. 

 

Figure 6-2 Roman Empire as a whole (copyright Pearson education) right: province of Noricum and 

adjacent provinces in the 1st century AD 

The site of Semlach-Eisner is situated in the Austrian state of Carinthia, in the district of Sankt 

Veit an der Glan, and is currently used for grazing. The excavated area is at 960-962m aOD, with 

a hilltop peak to the northeast c.1220m aOD, and valley bottoms c.720m aOD to the west and 

c.780m aOD to the east. Waterways are present in both valley bottoms, combining just south of 

the site and continuing south until the southern foot of the Magdalensberg.  

6.1.2 Source Material 

Geological information on Austria is abundant, due to its complex and economically significant 

mineral resources, sustained research following the creation of modern Austria in 1918, and a 

number of large part-European-funded projects in the 1990s (see Neubauer and Hock 1999, 

11). Critical resources are the Metallogenetische Karte von Österreich (Metallogenic Map of 

Austria, Webber 1997c), the Handbuch der Lagerstätten der Erze, Industrieminerale und 

Energierohstoffe (Handbook of Deposits of Ores, Industrial Minerals and Energy Resources, 

Webber 1997b), and the Geochemischer Atlas der Republik Österreich (Geochemical Atlas of the 

Republic of Austria, Webber 1997a). These maps can be accessed via the IRIS (Interactive Raw 

Material Information System) service, part of the European Commission's Raw Materials 

Initiative. There are also traditional format geology paper and digital image maps from the 

1970s at 1:25,000 (e.g. Weissenbach 1978), 1920s geology data mapped onto 19th century 

geographic information (e.g. Beck 1931) available as layers through the ESRI ArcGIS web map 

services online, and a 1:500,000 Geology of Austria map in vector format at both tectonic and 

geology level (Geologische Bundesanstalt 2010).  



233 
 

6.1.3 Extractive Geology 

6.1.3.1 Extraction Sites 

As early as c.700 BC salt and copper were exploited in Noricum (Neubauer and Hock 1999, 10), 

and currently salt, scheelite, iron, talc, magnesite and clay are extracted. The area is considered 

“rich in poor deposits" (Neubauer and Hock 1999, 10), which has contributed to a lack of 

modern mapping of individual metalliferous deposits. Consequent here, as at Clatworthy 

(5.1.2.2), historic mines data are used as a rough proxy for the presence of metalliferous 

mineralisation. For this site the data are drawn from three available geological map editions 

(1931, 1978 and 1999-2000) which feature historic mining sites and their associated 

commodities where known: ‘medieval’ mines are indicated only on the 1999-2000 edition, the 

use of Au-Ag, Au-Ag-Fe and Au-As and ‘clay pit’ designations are limited to the 1999-2000 maps, 

and manganese-bearing designations are only seen on the 1978 map. 

 

Figure 6-3 Combined data on historic maps from 1931, 1978 and 1999 -2000 maps, with lithology data 

(cc.Geologische Bundesanstalt); the mineral isation data reflects original Geologische Bundesanstalt 

distinctions 

There is a high density of iron extraction sites in the region directly surrounding the Semlach-

Eisner site (Figure 6-3), as well as to the northwest and northeast. These are part of a larger iron 

ore deposit, the second largest in the Eastern Alps, which lies between the Hüttenburg region 

and the Koralpe Mountains 36km to the southeast (Prochaska 2008, 13). Figure 6-3 also 
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highlights the presence of clay within the quaternary deposits to the southwest of the site. The 

precious metal deposits indicated here are unlikely to have been economically viable during the 

Roman period, though the limited lead and copper minerals may have been. The presence of 

mines extracting manganese-bearing minerals is indicative of the high levels of this element in 

close proximity with the Semlach-Eisner site. The number and variety of historic mines in this 

small region underlines the variety and complexity of mineralisation in this region. A cluster of 

medieval mines can also be seen some 15km southwest of the Semlach-Eisner site, but their 

position off the Austroalpine Crystalline basement unit and in proximity to known historic 

copper, lead and silver extraction sites indicates that they are likely to relate to extraction of 

these minerals, and not to iron extraction. 

 

Figure 6-4 Historic iron ore, slag and mine features and unidentified mining features near Semlach -

Eisner 

Closer examination of the region surrounding the Semlach-Eisner site shows numerous 

recorded sites of iron ore mineralisation, in addition to historic mines, some slag heaps of 

unspecified date, and shafts and mines associated with unknown mineral extraction (Figure 6-

4). Iron-bearing mineralisation is found within the Austroalpine crystalline basement unit 

complex, having probably formed c.46MBP (Prochaska 2008, 13), and this is clearly seen in the 

strong link between extraction sites and the marbles and paragneiss (and mica schists). There is 

no evidence that historic iron ore extraction is associated with the peltic-psammitic sediments 

of the Gurktal nappe on which the Semlach-Eisner site is positioned. Consequently it is unlikely 

that Roman period ore extraction occurred on the excavated site area, and it is more likely that 

ores were brought to this site from extraction sites to the north/north-east.  
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6.1.3.2 Iron Minerals 

Iron production at the Hüttenburg Erzberg, close to the Semlach-Eisner site, occurred until 1978 

and relied primarily on siderite ores (Prochaska 2008, 13). These were characterised by vuggs 

and cavities, and have been estimated to contain 32-37% Fe, 3-4% Mn and 10-12% Si 

(Prochaska 2008, 14). Ore fragments recovered from the Semlach-Eisner excavation during 

earlier stages have been characterised by Prochaska (2008, 14) as typically botryoidal 

(globular/grape-like) aggregates of secondary hematite and limonite (i.e. intimately mixed 

hydroxides and oxides), with clear evidence that at least some were formed by weathering from 

siderite. Although not fully published, Prochaska's (2008, 14) analysis suggests a 80-90 wt% iron 

hydroxide content for these samples, with a 10-20 wt% relict gangue minerals content. He goes 

on to state that the gangue minerals intimately associated with siderite in the region are 

predominantly barite, pyrite, and SiO2 in quartz and chalcedony form, as well as calcite marbles.  

The relict gangue minerals recorded in the limonitic ores recovered from the early stages of the 

excavation were intimately mixed, and identified as quartz and mica, the latter likely sericite 

(Prochaska 2008, 14). Prochaska suggested that weathering of the siderites probably reduced 

CaO and MgO content through oxidation, and it is assumed that MnO may be enriched 

potentially above 4wt% within weathered ores.  

6.1.3.3 Woodland and Fuels 

Dominant tree species present in Austria today are Norway spruce, fir, larch, Scots black and 

stone pines, beech, oak, maple, ash and linden (Hasenaur, 1997), the majority limited to heights 

below 1200m on the north side of the Alps and below 1500-1700m on southern slopes. The site 

(c.950-965m aOD) and the hilltop above (c.1220m aOD) are both low enough for a wide variety 

of trees to have been present on the slopes and surrounding areas, with spruce and fir likely 

dominant (Hasenaur, 1997), although no environmental data are available. Whilst coal is 

present within the Gurktal nappe geological complex (Rantitsch and Russegger 2000, 220), and 

has been recovered from a site c.9.5km south from the Semlach-Eisner site during the historic 

period, no samples have been recovered from the excavation site and the primary fuel was 

likely charcoal supplemented with wood.  
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6.2 Archaeological and Historical Context 

6.2.1 Introduction 

After official incorporation into the Roman state in the 1st century AD, Noricum remained 

Roman for the lifetime of the Western Roman Empire. The region north of the Alps was given 

up in AD 488, whilst the region below continued to be governed from Italy until around a 

hundred years later (Alföldy 1974, 226).  

 

Figure 6-5 Province of Noricum in the Early Empire; the topography of the Alps visible as white  and 

green region left to right  

Although the province as a whole is discussed here, the focus of this section is on the area 

immediately surrounding Semlach-Eisner, in particular the probable civitates administrative 

region (Figure 6-6) around the town Virunum. Archaeological excavations within this region are 

limited, with poorly recorded excavations in Virunum in the 18th, 19th and early 20th centuries, 

followed by a period between 1930 and 1992 where no formal work took place. Some 

excavations occurred at Feldkirchen in 1867-8, and at Iuenna and Hemmaberg in 1906-7 (see 

Figure 6-8), however these are exceptions and most sites in the region were not subject to 



237 
 

formal excavation until the 1970s33 or later. Today those excavations which take place are 

relatively small-scale, seasonal in nature and academically focussed. 

 

Figure 6-6 Semlach-Eisner site and postulated late Empire administrative areas, with Roman road data 

from DARMC (2008). 

Secondary literature on Noricum and its regions is rarely published in English and much, from 

Alföldy’s classic Noricum (1974) through to more recent works (Scherrer 2002), is in the 

tradition of Classical Archaeology. Consequently it relies heavily on the considerable amount of 

epigraphy recorded in the region, much of which has been collected in the Index zu den 

Steininschriften aus der Provinz Noricum (ILLPRON; Hainzmann and Schubert, 1986; 1987). 

Much of the secondary literature is preoccupied by the difficult question of the apparently 

bloodless transition from regnum Noricum to province, and there is considerable native vs. 

Roman polarity, aggravated by the emphasis on the distribution of 'Celtic' against 'Italian' names 

as markers for 'Romanisation' (cf. Alföldy 1974; Scherrer 2002; Piccottini 2002, 111; Šašel Kos 

2008). Many of the current researchers remain committed to the 'Romanisation' paradigm (e.g. 

Scherrer 2002; Piccottini 2002; Šašel Kos 2008, 2010), though there is little explicit theoretical 

                                                           
33 Feldkirchen excavated in 1976; Santicum/Villach in 1962, 1970-1, 1980-1; Hemmaberg in 1976, 1978 
onwards; Virunum in 1992-8 and 1998. 
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discussion. The reliance on this older model of cultural contact and exchange presents 

difficulties when dealing with the complex evidence of this border region, and I believe 

contributes to the sometimes limited interpretation of the archaeological material (e.g. Dolenz 

in Piccottini 2002).  

Additional problems with the secondary literature stem from the heavy focus on the southern 

region, below the highest part of the Alps. The northern part of the province, with the Danube 

border and a history of much later urbanisation, is rarely discussed (i.e. Scherrer 2002; Šašel Kos 

2010), except with reference specifically to 'border' or 'limes' concepts and research. This focus 

over-simplifies the development of the province, and misses the opportunity to integrate the 

influences of the border and the northern military presence in discussions of the socio-

economic development of the southern region. The discussion presented here attempts to 

avoid the limitations of the Romanisation approach (2.1.2.2), but remains shaped and 

constrained by the available primary and secondary sources.  

6.2.2 Regnum to Province 

It is understood from pre-Imperial Roman literary sources (Livy, Polybius, Appian) that the 

cultural groups in the southern half of the region were united under a single regnum, and that 

this regnum Noricum had a capital, Noriea (Strabo Geog. 5, 1, 8). The exact location of this 

capital is unknown, although many researchers suggest that, barring any evidence of other 

significant pre-Roman settlements, the settlement on the Magdalensberg is a likely candidate. 

The proximity of Semlach-Eisner to this settlement makes it likely that any pre-Roman 

occupation was part of the regnum Noricum.  

Coinage in silver and gold was produced in two regions, broadly associated with the areas 

around the Roman period Virunum settlement, and the Celeia settlement to the west (see 

Figure 6-6). Authors such as Šašel Kos (2010) and Scherrer (2002, 62) believe that during the 

pre-Roman period Italian merchants were active within the region, establishing a chain of safe 

and potentially fortified stops on transport routes which facilitated their access further into the 

region. Some, such as Šašel Kos (2010, 209), see the establishment of Aquileia in 181 BC as a 

'decisive' moment in the origin of this pattern, tacitly implying a penetrative 'Romanisation' 

which would eventually supplant native settlement patterns and take centre-stage as the 

municipia of the Roman period.  

Fischer (2002) indicates that the presence of Caesar's headquarters at Aquilea periodically 

during the Gallic Wars (58-50 BC) is likely to have increased opportunities for trade from 

Noricum, bringing an intensification of contact between the states during which he believes a 
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greater demand for iron would have occurred. There is evidence for Noric troops both aiding 

the Roman military, and raiding against them (Alföldy 1974, 41), the latter instigating a 

campaign by Drusus and Tiberius in the Alps in 15 BC that appears to be the point at which 

Roman control over the regnum Noricum occurred. However it is not until AD 41 (Pliny Nat.Hist. 

3.146) that five urbanised municipia, a necessary part of the Roman provincial administrative 

system, were formally recognised. During this period between regnum and province there may 

have been disjuncture and military governance (Alföldy 1974), before an urbanised, citizen elite 

was available to self-govern under presidial procurators (Hassall 1977, 231). 

Limited evidence allows some suggestion of the names and locations of the Roman period 

civitates peregrinae at this time (Figure 6-7) (Alföldy 1974, 66-69; Scherrer 2002, 32 and 41; 

Šašel Kos 2010, 212), and places the Semlach-Eisner site within the area associated with the 

Norici, or potentially Ambilini, groups. 

 

Figure 6-7 Map of five early municipia, possible civitates boundaries and possible tribal locations in 

reign of Claudius 
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Between the late 1st century BC conquest, and the mid-1st century AD formal recognition of the 

municipia, lies a c.50 year period where our understanding of the political and military control 

and administration of Noricum is limited, though there is no evidence for battle or war. Various 

models of power transfer have been suggested. Alföldy (1974, Chp 5) argues for a bloodless 

military take-over, whereas Hassall (1977, 231) argues that, with the apparent evidence that the 

gold mines passed to the Roman Emperor, the kingdom itself passed to the Emperor upon the 

death of the last Norican king. Formal annexation of the region within the Tiberian period (AD 

14-37) has also been proposed, based on potentially confused interpretations of literary 

evidence, though there seems little support for this in the literature (cf. Alföldy 1974, 62; Šašel 

Kos 2010, 211).  

Archaeological evidence of administrative and religious buildings in the Magdalensberg 

settlement has been posited to represent establishment of physical facilities associated with 

Roman administrative control of the region in the period immediately following 15 BC (Thiedig 

and Wappis 2003, 36). There is evidence part of the Legio VII Augusta was stationed at Virunum 

(CIL III 2858) during the Augustan period (27 BC - AD 14), along with part of the Cohors 

Montanorum prima (CIL II 4847), who have been interpreted as originating from Noricum (Šašel 

Kos 2010, 212). This suggests that the Magdalensberg/Virunum sites were certainly a central 

part of early Noricum, and may have been key to controlling the province. It also indicates that 

administrators and the military, who were possibly both iron consumers and controllers, were 

located close to the Semlach-Eisner site during this transitional period. 

6.2.3 Virunum  

The pre-Roman hilltop Magdalensberg settlement may have been the capital of the regnum 

Norici, and excavations have uncovered gold melting furnaces, and gold bar moulds carrying the 

name of the Emperor Caligula (Piccottini 1995) giving them a data of AD 37-41. This has been 

taken as evidence that the Magdalensberg continued to be of importance as a central site 

during the transition between regnum and province (Piccottini 2002; Scherrer 2002), although it 

confirms only the site’s continued use for gold processing. Piccottini (2002, 104) assigns the end 

of occupation of Magdalensberg to c.40 AD, associating its fall into disuse with the formal 

recognition of the Virunum settlement in the valley below as a municipium and capital of the 

province.  

Exactly when the Virunum settlement was built is not certain, and there is the assumption that 

many of the municipia were established by Italian traders (Alföldy 1974), but the earliest firm 

evidence is for a military presence at Virunum during the Augustan period. This suggests that 

both Virunum and Magdalensberg were in use concurrently during the early 1st century AD, 
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even if for slightly different purposes. The settlement was built in a structured manner, though 

not laid out on a strict grid plan (Dolenz in Piccottini 2002, 116). This may indicate that the 

earliest form of the settlement was established on an ad hoc basis prior to Roman civil or 

military governmental involvement. It is situated in a region of comparatively dense road 

provision, linked not only to the other major urban sites of the province, but also to the iron 

producing regions to the north.  

The expected municipal buildings associated with Roman rule (theatre, amphitheatre, capitol, 

forum) have been identified at Virunum, as well as temples to local deities, and at least two 

temples to Mithras and one to Isis (Piccottini 2002, 113-114). However the majority of these 

have not been recently excavated, and although aerial photography has enabled the 

identification of some features, little of their character or date has been published. Excavations 

on the western outskirts of the settlement indicate that this area remained agriculturally active 

(Piccottini 2002, 105), suggesting that the early Virunum was small. Whether the settlement 

was established in an agricultural area, or this form of activity grew up around the town in a 

market-garden style, is uncertain. The town continued to expand into the agricultural outskirts 

during the 2nd century AD, by which time rich occupants were able to afford, and desired, 

Roman architectural and decorative forms. Excavations have shown well-built streets and 

subterranean drainage systems, as well as evidence for extensive richly decorated 3rd century 

AD buildings utilising hypocausts, wall paintings and marble (Piccottini 2002, 106-7). The 

construction and restoration of municipal buildings continued into the 3rd century AD (Piccottini 

2002, 105).  

The dominance of ‘Italian’ names in the epigraphic record has led to the interpretation that 

local municipal councils were dominated by the families and descendants of Italians (Scherrer 

2002, 62), or by those who adopted Italian names (Alföldy 1974), rather than members of the 

pre-Roman elites. However the use of names as ethnic indicators is problematic and built on a 

number of unsupported assumptions; e.g. that local elites had identifiably ‘native’ names, that 

they kept these after conquest, and that they were equally as interested in epigraphic 

monuments as ‘Italians’. Names as ethnic indicators are particularly challenging due to the 

presence of Romans in the region more than a century before Roman state control. This is also 

an area of research strongly affected by the polarised nature of the Romanisation paradigm, 

and emphasis has been placed on the presence/absence of Italians vs. pre-Roman elites. Whilst 

limited, the archaeological evidence suggests the continuation of native elite expressions such 

as 'tumuli' burials in the central and eastern areas during the Augustan period (Lehner 2012, 

46). Rather than consider this a resurgence of ‘native’ expression in resistance to Roman 

governance (Egri 2012), it can be seen as a unique elite burial tradition arising out of a 
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combination of indigenous practices and the Roman cultural tradition for display through burial 

architecture. The presence of hilltop and lowland settlements in immediate proximity during 

the pre-Roman and early Roman period can also be seen as the result of interaction between 

traditions, rather than as polarised native vs. Roman expressions. 

In the wider territory a limited number of Roman period sites are known, and villa construction 

appears to have begun around the second half of the 1st century AD (Lehner 2012, 47), although 

the limited archaeological excavation means that few are well known (Figure 6-8). Very little 

field-walking or metal-detecting has occurred or been reported in the region, and only two coin 

hoards are known; one small (102 coins) hoard with a terminus post quem date of AD 258 from 

the north gate of Virunum, and one much larger (1360 coins) with a terminus post quem date of 

AD 256/7 from within the territory. This low density of archaeological evidence has given rise to 

the interpretation that Noricum had a relatively low population (Scherrer 2002, 65), but this 

may be an artefact of the limited excavation. 

 

Figure 6-8 Known Roman sites from the Barrington Atlas (Talbert and Bagnall, 20 00) within the 

Virunum area 
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Roman period grave and altar fragments are known from modern-day Villach, which may be 

identified with Roman Santicum (Piccottini 2002, 108), and there is also evidence of a 2nd to 3rd 

century AD villa-style residential building (Piccottini 2002, 115) near the western edge of the 

settlement. Road routes were well established in the Virunum area, though not numerous, and 

road stations have been recorded archaeologically across the wider province. A road station 

between Virunum and Celiea, the other major early south Noricum municipia, is situated at 

Iuenna, near to the Roman period pass at Karawankenblick (Luschasattel). It may have been 

associated with a pre-Roman and Roman period sanctuary on the Hemmaberg above, but the 

valley settlement appears Roman in date with evidence of rich small finds and mosaics (Glaser 

1982). 

Waterways are likely to have been as, or more, important transport routes than roads, with the 

rivers Nauportus (Ljubljanica), Savus (Sava) and the Danube relatively close by the Semlach-

Eisner site. Strabo indicates that when bound for outside Noricum cargo passed through the 

province; carts were required to move goods between Aquilea and Nauportus, but then the 

river could then carry them through to Segestica/Siscia in Pannonia to the east (V 1.8 C 214; IV 

6.10 C 207, VII 5.2 C 314). The frequency of altars dedicated to river or water deities is likely 

indicative of the importance river transport in Noricum held for those in the region with money 

to dedicate altars.  

6.2.4 Ferrum Noricum  

6.2.4.1 Literature and Epigraphy 

The earliest reference to Noric iron is made by Strabo, probably writing no later than 24 AD, 

who mentions iron works near Noreia in terms implying their success (Hofeneder forthcoming), 

and Pliny also makes casual reference to high-quality mines in Noricum (Nat.Hist. 34). The latest 

reference to the province as an area of iron production is from the early 5th century AD (Rutilius, 

De Red. 1349-1356, c.418 AD), though the author may be referring not to something 

contemporary, but to a historical (Hofeneder, in press), or different and now lost literary work. 

No literary evidence for iron production past the 4th century AD has been published, though 

other 5th century AD Noric industries are known from sources such as Diocletian’s edict on 

maximum prices (Alföldy 1974, 206).  

The majority of references to ‘Noric iron’ in literary work are in the form of metaphors or 

comparisons, with associations to Noric iron used to imply something about the subject of the 

work, and there are no direct descriptions of the material. Reading these literary references it is 

possible to identify themes of elemental power (Ovid’s Metamorphoses 14.712, c. AD 8; 

Horace’s Odes 1.16 c.23BC), expression of extreme wealth and extravagance (Petronius’ 
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Satyricon 70, Neronian period), and martial strength (Horace Odes 1.XVI, Epod.17; Marshal 

Liber.26 late 1st century AD). Swords are the weapons most frequently described as made of 

Noric iron, though it is also used for spears and scalpels (Galenos, Anat.8, late 2nd century AD). 

Critically Horace’s words ‘swords out of Noricum’ implies that finished weapons, and not just a 

raw material, were exported from the province. 

Evidence for manufacturing techniques is scant; Ovid’s reference to ‘tempering’ cannot be 

established as more than a literary device, and 6th C AD references to lost 1st century AD texts 

(Hofeneder, in press) implying high shininess when sharpened are not particularly informative. 

Whilst attempts to understand Pliny’s technical descriptions and relate them to established 

techniques are not uncommon (e.g. Hofeneder in press), his work demonstrates highly variable 

technical understanding and clarity, and caution should be used when drawing any conclusions 

about manufacturing technique. However the use of elemental references of fire and sea by 

Horace (Od.1.16, trans by L. Gloyn 2011, pers. comm.) imply an undefeatable, almost primal 

strength to the iron, and the repeated references to superior toughness, sharpness and 

persistence by Ovid, Petronius and Galenos suggest superior physical characteristics. From 

these references it is clear that Noric iron stood out in the minds of the Roman urban elite of 

the 1st century AD as an expensive product, predominantly utilised for weapons and particularly 

sharp and durable.  

The use of the province name to describe the iron (i.e. ‘Noric’) suggests that the strongest 

identifier of the material in the eyes of the urban elites was the geographic origin. Whilst the 

number of sources is limited, the timeframe of the majority of these references (late 1st century 

BC to 1st century AD) corresponds to the period covering the initial loss of independence and 

the establishment of Noricum as a province. This period is likely to have been a time when the 

region was more prominent in the Roman public eye, and this may have contributed to elite 

awareness of Noric iron. Additionally, the presence of the Roman military in Noricum, and the 

administrative changes occurring with integration into the Empire, may have seen the 

looting/seizure of property and industries. This could have resulted in a much larger quantity of 

‘Noric iron’ becoming available to Roman markets, as new owners sold off the products of 

conquest, increasing its economic visibility. The significant reduction in references after the 1st 

century AD suggests that the region and its iron dropped out of the urban elite view, possibly 

due to the regularisation of the region as a province, and a resulting regularisation of 

production and availability. If this model is accurate, then the value of Noric iron may have 

been, at least in part, novelty and status-related rather than specifically due to superior 

mechanical characteristics. However the survival of these references, often loaded with 

metaphor and the only ones to refer to a specific type of iron in the history of the Roman 
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Empire, have resulted in modern archaeologists considering ferrum Noricum as a technically 

superior iron product, despite the limited evidence to support this. This analytical study and 

comparison intends to shed light on these issues. 

6.2.4.2 Archaeology 

Working within the assumption that ferrum Noricum was a technically superior form of iron, 

both Straube et al. (1964) and Cleere (1981, 52) believed it to have been a steel produced 

within the bloomery furnace. Analyses of iron objects from the Magdalensberg (Straube 1989, 

2000; Pleiner 2000b) confirms the production of objects from hardened and tempered iron, and 

from multi-layer forge-welded irons, all of which had high carbon contents. Bloom fragments 

were also recovered, and found to have heterogeneous steel microstructures between 0.8-

1.1wt% carbon, in places showing rapid cooling (Straube 1989, 2000). Preßlinger’s (2008) 

analysis of tool fragments also indicated that they were composed of welded pieces of steel, 

though blade-edge hardness had also been achieved by carburisation within a charcoal bed 

followed by slow cooling. Together this evidence supports the idea that ferrum Noricum was a 

heterogeneous bloomery steel, worked in a number of ways to mitigate heterogeneity and 

increase toughness and hardness. This may indicate that ferrum Noricum itself was not the raw 

iron, but the finished or semi-finished products, which are known from graffiti to have been 

exported from the Magdalensberg (Egger 1961). However the number of samples so far 

analysed is relatively low, and limited to a site abandoned early in the Roman period, potentially 

before the activity at Semlach-Eisner.  

The assumption by researchers (e.g. Edmondson 1989, Straube 2000) that Noric iron was 

associated with the military seems to be based on the contemporary understanding that such a 

steel product would be preferred for weaponry, rather than clear archaeological, literary or 

epigraphic evidence. The iron itself was probably produced in multiple locations (Alföldy 1974, 

Pleiner 2000a), in the Carinthian-Syrian Alps, particularly the rich iron-ore regions of Hüttenburg 

and Erzberg (Pleiner 2000a). Extraction sites have been identified at Hüttenburg (Cech 2008a), 

Gurina, Lolling, Semlach and Wiesnau in Carinthia (Piccottini and Glaser 1989), and there is 

evidence that the regions of Neumarkt, Friesach and Eisenerz in Upper Styria were also 

exploited in the Roman period (Alföldy 1970, 167). There is also epigraphic evidence for the 

presence of a conductores ferrariarum (ILLPRRON 598 and 604) at Feldkirchen, a site with 

extensive slag heaps, early settlement and iron smelting from the 1st century AD onwards 

(Piccottini 2002, 108).  

The reliance on 19th century reports of galleries or workings, the limited archaeological 

evidence, and the focus on Roman period iron extraction, makes identifying the extent of pre-
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Roman iron production difficult. However the literary evidence discussed above makes it clear 

that iron production was extensive in pre-Roman Noricum, and some bloomery material has 

been noted to the south of Semlach-Eisner (Cech 2014, 12). Iron has been suggested as the 

underlying reason for Italian immigration (Šašel Kos 2010, 209) into the region, and the most 

important regional export (Alföldy 1974, 43). However these positions are strongly influenced 

by literary rather than archaeological evidence, and the identification of objects as ‘Italian’ 

smiths tools (Dolenz 1998) is doubtful. Producers of iron were likely members of groups within 

the regnum Noricum, though their specific cultural or ethnic identity is not known. 

Ownership models for extraction and production of iron in Noricum during the Roman period 

have been discussed extensively in 4.2.4, but the evidence indicates that state or Imperial 

ownership should not be assumed. The region was likely relatively densely populated by iron 

extraction sites of varying size, in a mixture of private, state and potentially municipally 

ownership. Many of the names recorded epigraphically in administrative posts associated with 

iron extraction have been identified as ‘Italian’, and taken as indicative that ‘locals’ were unable 

to access these positions (Hirt 2010, 286) and did not own mines (Scherrer 2002, 29). However, 

as discussed earlier, the use of names as ethnic indicators is problematic and cannot be taken at 

face value, and the identity of owners and workers within iron smelting in the Roman period has 

not been established. Researchers also assume that the conductores positions indicate mine 

ownerships, when this is not clearly evidenced, and they may instead have been collectors of a 

tax on iron mining (4.2.4). The existence of these positions clearly shows state oversight during 

the 2nd and 3rd century but should be considered, with the presence of toll stations around the 

iron production regions, as indicative of extensive state taxation rather than monopolistic 

ownership.  

6.2.5 Virunum and Territory during Late Empire 

Virunum was the provincial capital of Noricum until the reign of Marcus Aurelius, when political 

governorship of the province switched to Ovilava briefly around AD 175, and then switched to 

Lauriacum where Legio II Italica were situated (Figure 6-9). At this time Virunum became the 

seat of the financial procurator (Hirt 2010, 54), potentially as a result of its proximity to the iron 

producing regions. In AD 293 the reforms of Diocletian split the province into the northern 

Noricum Ripense34 and the southern Noricum Mediterraneaum35, making explicit the separation 

                                                           
34 ‘by the river’ i.e. the northern region against the Danube. 
35 ‘landlocked’ i.e. the southern section 
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between the two areas which can be seen in the archaeology and settlement patterns of the 

earlier Empire. 

 

Figure 6-9 Probable Roman roads and major settlements in the Noricum  region by the 2nd century AD, 

and the approximate area of the Virunum civitates. 

Although there is possible evidence of plague in the late 2nd century (cf. Piccottini 2002, 112 vs. 

Hameter 2000, 44), as well as multiple fires in the 3rd century (Dolenz in Piccottini 2002, 121-3; 

(Jernej in Piccottini 2002, 128), and invasions by Alemanni, lutungi, Marcomanni, Seminarians, 

Vandals and Suevi, Virunum and the wider province continued to flourish. Excavations in the 

western outskirts of Virunum indicate that the greatest extent, standard of buildings, and 

density of population in Virunum, occurred in the early to mid-3rd century AD (Piccottini 2002, 

105). Epigraphic evidence appears to intensify in this period, particularly under the Severan 

dynasty (AD 193-235). With restoration works on public buildings including the theatre and 

amphitheatre (Piccottini 2002, 105), and the building of a new second temple to Mithras 

(Piccottini 2002, 112-4) occurring during this period, there is tentative evidence that the town 

experienced a late flowering under the Severan dynasty. This may not have been entirely 

voluntary; Caracalla is known to have instructed wealthy families to undertake local 
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construction projects. However it may be that the state focus on the army, and the military 

campaigns during the Severan period, led to increased currency entering this border province. 

Unfortunately the position of ancient Virunum under modern agricultural land has resulted in 

extensive damage to the upper strata, and as a result of this, and post-Roman stone-robbing, 

very little is known of the post-3rd century occupation (Piccottini 2002, 106-7). However there is 

evidence that previously rich buildings in the northwest corner were disused and subject to 

dumping and possible burials by AD 400 (Dolenz in Piccottini 2002, 119-21), and from this we 

can interpret that, like many Roman towns, Virunum contracted at the end of the 4th century. 

Although there is evidence that luxury good production continued into the early 4th century 

elsewhere in the province (Lazar 2008, 138-9), during the 4th century it appears that the villa 

complexes of south Noricum were gradually abandoned, with only limited building or reuse on 

these sites during this period (Lehner 2012, 47). 

The northern half of the province, Noricum Ripense, was given up in AD 488 (Alföldy 1976, 226) 

and Eugippius, writing the life of San Severino c. 510 AD, suggests only two small military units 

(Flaviana and Batavis) were defending Noricum by that time. By the end of the 5th century AD 

incursions by Alamanni, Heruli, Ostrogoths and Rugians occurred, resulting in the loss of the 

southern half of Noricum. The presence of fortified hilltop settlements at Hemmaberg, 

Kadischen and Katherinkogel (Piccottini 2002, 115; Gloser in Piccottini 2002, 129) suggest that 

during the 5th and 6th century AD settlement patterns in the region shifted from the plains 

towns to defendable sites on adjacent hill and mountain tops, followed by entirely different 

(Lehner 2012, 48) forms of Slavic settlements in the 7th and 8th centuries. Evidence for 

continuity of settlement on sites established in the Roman period is limited, due to the lack of 

surviving archaeological evidence for the later periods on many, but settlement at the Roman 

period iron production site of Feldkirchen appears to continue into the post-Roman period 

(Piccottini 2002, 116). It has not been established whether iron production also continues, and a 

much greater body of evidence is necessary.  

6.3 Excavation and Features at the Semlach-Eisner Site  

The Semlach-Eisner site is situated in an irregular mountainous region, and the surrounding 

landscape is comprised of folded and undulating wooded hillsides, and occasionally narrow river 

valleys (Figure 6-10). The excavated area is positioned on a hillside promontory overlooking the 

western valley and the north-south road. This route was not a primary road linking any of the 

major settlements, but appears to connect the immediate region into the wider road network 
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and Virunum. Although this road does not approach the excavated site directly, some subsidiary 

route probably existed.  

 

Figure 6-10 The Semlach-Eisner site in its modern geographical context (left), with probable Roman 

road routes and sites, and with topographic data (right).  

6.3.1 The Archaeological Excavations 

 

Figure 6-11 Layout of all trenches (Copyright B. Cech)  
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Geomagnetic survey carried out in 2003-5 (Walach 2008) on a limited area of the hillside 

identified anomalies, and initial excavation recognised these as furnace and slag heap features, 

with the latter likely to extend further in all directions. Dr Brigitte Cech conducted excavation 

seasonally until 2010, on a single main area composed of trenches 1, 2, 5-14, and on two 

separate trenches (3 and 4) to the north and south respectively (Figure 6-11; Figure 6-12). 

Archaeological deposits vary in thickness, with at least 2m recorded in the northern trenches, 

and the largely unexcavated western slag heap, which formed as a result of slag dumping down 

the hill to the west beyond the trenches, is upwards of 3m in depth. 

 

Figure 6-12 Multi-period diagram of trenches 1,2, 5-8 (southern area enclosing furnaces (red) and 

smithing hearths (blue)), and Trenches 9-14 (northern half containing stone built buildings and water 

cistern) copyright B.Cech. 
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6.3.2 Summary of Excavation Results and Chronology 

The following information is extracted from the publication of trenches 1-8 in a German 

language monograph with extensive English summaries (Cech 2008a), the in-press report on 

trenches 9-14 (Cech in press), the site synthesis (Cech 2014), and a number of personal 

communications from the excavator between 2010 and 2014. Available information on the 

contexts and their dates have been examined, along with the chronology and phasing structure 

of the site proposed by the excavator (Cech in press), and the following simplified phased 

representation of the chronology of the site is presented below.  

 

Figure 6-13 Simplified chronology of Semlach-Eisner site, with trench 3 separated. PM = 

palaeomagnetic date; RC = radiocarbon date, Dend = dendochronological date. Furnace 4's position is 

uncertain. 

The earliest deposits are the result of a landslide during the 1st century AD moving material 

which contained Bronze Age pottery sherds down from higher up the hill, and suggests a 

settlement of this date perhaps on the hilltop itself. Late La Tène to early Roman period pottery 

sherds were also recovered from the landslide, indicating that late pre-Roman occupation may 

have also occurred in the area. Slag fragments within the landslide material may suggest late 

pre-Roman smelting, but may be re-deposited early Roman material. The positioning of many of 

the later Roman features on bedrock effectively removed any earlier features or material.  

During Phase 1 (mid-end 1st century AD), at least one timber building c.5-6m in length was 

present in the northern half of the main area prior to the landslide. This occurred c.100AD and 

covered most of the excavated area. The excavator suggests this may have been caused by 

heavy rains and deforestation, the latter potentially the result of iron smelting. Although no 
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furnaces prior to this period have been recovered, the presence of slag in the postholes, 

possibly supporting timber posts, has been interpreted as evidence of earlier smelting prior to 

the timber building. After the landslide, a period of disuse is suggested, during which the timber 

buildings were removed and soil formed. From this period, until the end of the 3rd century AD, 

slag was dumped over the edge of the hillside to the west.  

During Phase 2 (end 1st century to early 2nd century AD), the presence of postholes, ditches, pits 

and four parallel beam slots sunken into the landslide layer indicates the construction of 

another timber building, 4.5m square, in the northern area. Four small smithing hearths 

(Hearths 6-9) were in use during this period, suggesting processing occurred on site.  

After the timber building of Phase 2 went out of use, a wall was constructed on the northwest 

of the site in Phase 3 (first half 2nd century AD), along with a cistern, a furnace (6) and an ore 

roasting pit, all situated in the northern part of the excavation area. There is also evidence for 

other possible timber buildings, along with pits, soil, and clay lenses suggestive of working 

surfaces or furnace or hearth construction. 

 

Figure 6-14 The youngest floor of building 1, looking west (copyright B.Cech)  

Phase 4 (second half 2nd century to mid-3rd century AD) is marked by significant changes within 

the excavated area, which the excavator has interpreted as an increase in smelting activity. 

Within the northern part the furnace, ore roasting pit, and cistern of Phase 3 were levelled, 

filled with rubble, and a stone-footed wattle-and-daub structure with a mortar floor built. This 

stayed in use long enough to be remodelled and refloored. At the same time a further wall was 

constructed in the southwest, enclosing the southern area in which four furnaces (2-5) (Figure 

6-15) and five smithing hearths (1-5), along with two features identified as lime pits, were 
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constructed. After the middle of the 3rd century AD the southern area appears to be completely 

abandoned, and the building in the northern area also falls out of use.  

After the mid-3rd century AD (Phase 5) the gaps between the western and south-western walls 

were closed, and a second building constructed partially over the area of the first building. This 

second building was much larger, up to 15m in length, with a 3m wide doorway on its broad 

side. The excavator interpreted this as a storage hall, with a possible cart entrance. Further slag 

was deposited in the northern area during this period, confirming that although there were no 

active furnaces within the main excavation area, smelting continued in the immediate vicinity. 

Further walls supporting the second building were then built, and two trenches which the 

excavator interpreted as evidence for charcoal production were also in use (Figure 6-16). The 

southern area remained abandoned during this period. 

 

Figure 6-15 Furnaces (ofen) 2-5 from above during excavation (copyright B.Cech) 
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At some point after Phase 5 there is evidence that the second building went out of use and the 

walls collapsed. The site was purposefully levelled, with additional slag present in the levelling 

layers. Soil formation occurred, and the excavated area was unused until the medieval period 

when two pits were dug, and filled with what has been interpreted as hunting waste. Material 

from the post-Roman period is referred to as Phase 7, whilst Phase 6 is used to describe furnace 

1 and the material uncovered in trench 3. Whilst this may belong to a later part of Phase 5, the 

stratigraphy has not been firmly linked, and may be later or separate. Evidence of artificial 

terrain was uncovered in the lower trench 4, but not securely dated.  

 

Figure 6-16 The remains of the charcoal production area (Copyright B. Cech)  

There is extensive small finds evidence of pottery, coins, broaches and quern stones for grinding 

food, in addition to the bones of children and female small finds (Cech 2014, 19). This, and the 

evidence for woodworking, leatherworking and stoneworking tools (Cech 2014, 19) suggest the 

presence of substantial long-term settlement, and give tantalising evidence for smelting as a 

community activity. 
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6.3.3 Smelting and Smithing Installations 

6.3.3.1 Ore Roasting, Lime Pits and Fuel 

Ore was likely mined away from the smelting site (6.1.3), with the majority of processing 

probably occurring at the extraction site, but there is evidence for a possible ore roasting pit at 

Semlach-Eisner (Figure 6-17). This 100cm x 110cm depression was recorded to the west of 

furnace 3, cut into the bedrock, and lined with lightly fired clay mixed with fragmentary 

charcoal.  

 

Figure 6-17 Ore roasting pit in Trench 12 looking west (Copyright B.Cech)  

Two possible lime production pits were recorded in trenches 1 and 2, one 3.1m x 2.3m and 

60cm deep, and the other 3.0 x 4.4m and 50cm deep. Both retained some fill identified as lime, 

the latter also containing a fragment of AD 130/140 terra sigillata from Lezoux. Both were 

probably used to produce lime on a relatively small scale for the construction of House 1. 

Although lime can be used to flux the iron smelting process (3.2.3.2), the low CaO levels present 

in the slag (Figure 6-62) suggest that it was not used for this purpose at Semlach-Eisner. 

A possible charcoal production pit was recorded in Trench 12, 100cm x 110cm and probably 

dating to the late 1st century to early 2nd century AD. It went out of use by the end of the 2nd half 

of the 1st century, when the area was levelled to construct the first masonry-footed building. In 

trenches 11 and 12 a round heap of charcoal was excavated (Figure 6-16), which may be the 

remains of a charcoal production mound dating to after the mid-3rd century AD. It could also 

represent the remains of a mound of charcoal stored in this position for smelting or smithing. 
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Charcoal remains from the ore roasting pit were identified as "fast growing coniferous wood" 

(Cech, forthcoming), and samples examined by Phil Austin at UCL (P. Austin 2014, pers. comm.; 

Appendix 4.1.3) were identified as predominantly Norway spruce from furnace 1, and beech 

and spruce from smithing hearth 10. It is interesting that the beech samples were found only 

within the context of smithing, and not within the smelting furnace, though the sampling is 

insufficient to be more than indicative.  

One of the pieces of Norway spruce was large enough to be identified as mature branch wood, 

with the presence of spores which indicated that it had decomposed, potentially in storage or 

on the forest floor, and was therefore not of the highest quality. No evidence of coppicing was 

found in any of the fragments examined. The identified species in the archaeological material 

correspond with those known from the region (6.1.3.3), but the lack of coppicing or reliance on 

coppicable woods is surprising, considering the high fuel demands of facilities on this site. The 

evidence for the landslip implies deforestation early on in occupation of the site, but however 

the occupants responded to this (e.g. by bringing in fuel from further away, of replanting the 

hills) it did not appear to include a programme of coppicing. The dominance of Norway spruce 

likely contributed to this, and suggests an overwhelming reliance on this large, locally grown, 

hardy, and fast growing tree. Any silviculture associated with these woods is likely to have been 

limited to replanting, rather than active management via coppicing. It is possible that the 

proposed deforestation may have been the result of late La Tène clearance for pasturing; pollen 

core data from the region would be beneficial to resolve some of these questions.  

6.3.3.2 Smelting Furnaces 

Table 6-1 Furnace dimensions and features. Missing values indicate insufficient preservation.  

Furnace Linings Height 
above base 
of highest 
surviving 

point 

Internal 
diameter at 

highest 
surviving 

point 

Internal 
diameter 
at base 

Wall 
thickness 

Air holes 
preserved 

Height 
above base 
of air hole 

entrance to 
furnace 

1  88cm 80cm 100cm 30cm 2 40cm, 50cm 

2  96cm 80cm 100cm 30cm 3 45-60cm 

3 1  130 by 140cm  
Up to 
30cm 

2  

 2  100 by 130cm   2  

 3  100 by 110cm   3  

 4 103cm 75 by 90cm 80cm  2 45cm 

4  76cm 80cm 80cm 40cm 1  

5 1 86cm 80cm 115cm 20cm   

 2  70cm 80cm 40cm 2 60cm 

6 1  100cm 100cm 20cm 2 40cm 

 2 40cm 80cm 85cm  2  
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The remains of six large furnaces were recorded during excavation and are summarised in Table 

6-1, where the ‘base’ refers to the internal bowl of the furnace. The position of many of the 

furnaces on the bedrock, within working pits dug down from the contemporary ground 

surfaces, resulted in the survival of a significant portion of most of the structures, though little 

of the furnace wall survived above the contemporary surface (Figure 6-19). 

The dating of the furnaces (Table 6-2) is based on stratigraphic relationships supplemented by 

palaeomagnetic and dendrochronological data, but is problematic for furnace 4. Whilst it is 

grouped with furnaces 2, 3 and 5, stratigraphically it was in use before furnaces 2 and 3, and 

glass fragments found within the wall of the furnace give a terminus post quem of c. late 1st 

/early 2nd century AD. This may push the date of this furnace back as early as the end of Phase 

2/beginning of Phase 3. Palaeomagnetic dating of material from furnaces 2 and 3 gave a date of 

AD 247 for the final smelt (Cech 2008a, 89), which ties in with the fill of the working pit of 

furnace 3 which contains material dating to the 3rd century. Furnace 5 remains undated, though 

is presumed to belong to this phase. 

Table 6-2 Furnace dates (collated from Cech (2008a, 89) and Cech (forthcoming)  

Furnace Dating methods Probable date 

 Stratigraphic and finds Palaeomagnetic Dendrochronology 

of charcoal  

1 Roman period 400 AD 315/319/329 AD 1st half of the 4th C 

AD 

2 Younger than Furnace 4 247 AD  Mid 3rd C AD 

3 Younger than furnace 4; 

middle of the 3rd C AD 

247 AD 337/350 AD Mid 3rd C AD 

4 Older than furnace 2 

and 3; 1st/2nd C AD 

'No useful 

result' 

 2nd to early 3rd C AD 

5 Roman period 'No useful 

result' 

 2nd to early 3rd C AD 

6 1st half 2nd C AD End 1st/early 2nd 
C AD 

 Late 1st/early 2nd C 

 Construction 

In the majority of cases the furnaces were positioned directly on the bedrock (furnace 2, 3, 4, 

5), though in the case of furnace 1 the base of the furnace was floored with stone slabs under 

which was a layer of small slag fragments, which the excavator believed represented additional 

insulation (Cech 2008a, 93) (Figure 6-20). Furnace 6, probably the earliest, was sunk 50cm into 
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the ground, but did not sit on bedrock, nor was it stone floored. The furnaces showed a habit of 

dropping slightly towards the front of the structure, even the artificially floored furnace 1, 

perhaps to allow easier raking out into the working pit, which was situated at the same level as 

the base of the majority of furnaces. The furnaces appear to have been constructed in a 

bulbous, bottom-heavy shape (Figure 6-18), though there is evidence that this shape was 

emphasised by loss of ceramic in the region immediately below the air inlets (Figure 6-21). 

 

Figure 6-18 Profile of Furnace 2 (copyright B. Cech), a representative example  

Furnace walls were constructed with clay heavily tempered with siliceous material (6.4.3), 

although the earliest, furnace 6, was constructed of "sundried bricks" (Cech, forthcoming). All 

had multiple air inlet holes in their walls, up to three of which were preserved on any one 

furnace (Figure 6-19), though with all the furnace fronts damaged or missing more could have 

been present during operation. If the spacing of the remaining inlets is indicative, up to five or 

six may have been used on any one furnace, though the excavator considered four the likely 

original number (Cech 2008a, 94). These inlets all slope downwards at an angle of between 35-

50° from the vertical, and have been recorded as c.6cm in diameter (Cech 2008a, 87).  

The surviving structures of furnace 1 (Figure 6-20), 4 and 6 (Figure 6-21) incorporated two 

standing stones at the front of each furnace where it opened into the working pit. These could 

have been capped by a lintel stone supporting any chimney above, but no furnace survives at 

sufficient height to confirm this. However the presence of the upright stones suggests that an 

allowance was made for the need or common habit of regularly removing or replacing the front 

section.  
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Figure 6-19 Furnace 2 looking north, clearly showing three air inlet holes. Pole shows 20cm red 

sections. Copyright B. Cech 

 

 

Figure 6-20 Diagram of Furnace 1 showing stone paved floor, upright entrance stones (stehender stein), 

surviving air inlets (windkanal). Copyright B.Cech 
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 Operation 

The ground matrix around the majority of furnaces clearly indicated that very high 

temperatures were reached within parts of the furnaces during smelting operations. Furnace 1 

had clay furnace walls of 20-30cm thickness, but heat penetration continued as much as 10cm 

into the surrounding matrix, and a similar depth of heat penetration was seen around furnaces 

2 and 3. The high temperatures reached inside the furnaces resulted in intense vitrification of 

the inside surfaces of the ceramic furnace wall, visible just above the base to just below the air 

inlet holes of most furnaces, and in the case of furnace 6 resulted in clearly visible damage to 

the bottom walls of the furnace (Figure 6-21). This damage appears substantial when compared 

with established archaeological evidence for Roman period furnaces (4.4.2.3.2), and could be 

attributed to extensive re-use prior to relining, individual smelts occurring over long periods of 

time, or the presence of very high temperatures depending on the refractoriness of the ceramic 

walls. 

 

Figure 6-21 Furnace 6 looking north showing significant heat damage to walls (white sections on pole 

20cm) (Copyright B.Cech) 

There is no clear evidence for how these furnaces were driven. They lack the consistent 

orientation usually associated with furnaces which harness wind to induce draw (e.g. Sri-Lankan 

wind-blown furnaces, Juleff 1998). A furnace relying on the chimney effect to draw air in to the 

air inlets draws more strongly the taller the chimney, but there is no evidence of the supporting 

structures (e.g. buttressing, timber supports) that may have been necessary to support a tall 

stack. The surviving structures seem unlikely to have had particularly tall stacks, but this remains 

difficult to judge; the top sections are missing, and the ceramic making up the stack would not 
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have been exposed to the high temperatures of the body of the furnace, making its survival less 

likely. The presence of carburised wooden sticks within the air inlet holes in four furnaces (2, 

3.4, 4 and 5) has been interpreted as attempts to regulate the air intake of the furnaces, and 

therefore as evidence that they were driven via the chimney effect (Cech 2008a, 94), however 

such blocking might have been used to protect the air-inlet passages even where the furnaces 

were bellows-driven. The lack of recovery of any tuyères does not provide much evidence in 

either direction, as tuyères have been used in both natural draught (Juleff 1998) and forced 

draught furnaces (Ackerman et al. 1999). Whilst the excavator leans towards a natural draught 

driven furnace (Cech 2008a, 94), the archaeological evidence remains tentatively supportive of 

forced draught but largely inconclusive. 

The large internal diameter of the furnaces (usually c.1m), and the relatively limited number of 

air inlet holes, suggests that rather than combining to form a single large 'hot spot' within the 

furnace and consequently a single large bloom (3.2.5), 'hot spots' may have occurred in front of 

each air inlet individually, producing multiple blooms. This is a model previously suggested by 

Jackson and Tylecote (1988, 295) for the Iron Age Klostermarienberg and Unterpullendorf 

furnaces to the north, near Vienna, which have slightly smaller diameters.  

Whilst the slag (6.4.4) indicates the production and tapping of a liquid slag, no tapping holes 

have been recorded. The working pits of each furnace were substantial features of considerable 

size, positioned at the same level as the base of the furnace. They were as wide as the furnaces, 

and usually stretched at least two metres in length from the front of the furnaces. This provided 

a relatively large area into which slag could be tapped or raked, and in the case of furnace 3, 

may have also been the place where a smith stood when working the blooms in the adjacent 

smithing hearth. The front of all of the furnaces were missing, though we can assume a tapping 

hole or coverable opening was present. The consistent lack of furnace fronts suggests all were 

broken open, presumably at the end or after a smelt. The substantial size of the furnace walls 

(c.30cm thick), and the lack of any slag showing entrapped ceramic material, suggests that the 

fronts may not have been broken open immediately, but may have been left in place until after 

tapped slag and furnace had partially cooled. 
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Figure 6-22 Furnace 3 looking north, showing multiple layers of furnace opening into the large working 

pit. (Copyright B. Cech). 

Furnaces 3 (Figure 6-22), 5 and 6 are described as having multiple furnace linings (Figure 6-23), 

but they can clearly be seen to have been not just re-lined but effectively entirely rebuilt, with 

each successive rebuilding occurring inside the previous furnace. At furnaces 3 and 5 the 

previous heavily vitrified furnace walls were left in place, and new walls constructed of 

comparable thickness to the originals: effectively a new furnace within the old one. Furnace 6 

was relined with ceramic material, rather than being rebuilt with the sundried bricks noted in 

the original build, and may show the point at which the construction method shifted from 

sundried bricks to unshaped ceramic material. Furnace 3 was notable in that it displayed four 

iterations of furnace wall, and although only partially preserved, it had an upper diameter of 

130-140cm, making it the largest recovered.  
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Figure 6-23 Simplified view of Furnace 3 illustrating multiple linings (grey/whi te alternating areas 

indicating regions of grey/orange ceramic). Adapted from image copyright B.Cech.  

 

6.3.3.3 Smithing Hearths 

Nine smithing hearths were excavated (Table 6-3), and hearths 1-5 were found within the 

walled area associated with furnaces 2-5, with some (e.g. smithing hearth 1 and furnace 2) in 

close proximity. This leads to their interpretation as bloom smithing facilities for primary 

smithing, and potentially shaping of the bloom immediately following smelting. However the 

smithing hearts were consistently small, clay-lined depressions capable of heating only relatively 

small blooms. This appears to support the suggestion above, that the Semlach-Eisner furnaces 

produced multiple smaller blooms rather than one single large one. Exact dates are not given, 

but hearths 1-5 probably date to a similar period of use as the furnaces, i.e. late 2nd to mid-3rd 

century AD. It is notable that the length of hearth 5 could have made it suitable for smithing or 

heat-tempering of long objects such as bars. 
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Table 6-3 Summary of available information on smithing hearths from Cech (2008a) and Cech 

(forthcoming) 

Hearth Dimensions Lining Finds Notes 

1 40 cm 
diameter; 
rounded 

Clay Pit filled with fragments 
smithing slag and furnace lining 

70cm from furnace 2, 
shares pit with hearth 2 

2 75cm x 40cm 20cm thick 
clay on 

bedrock 

Pit filled with fragments 
smithing slag and furnace lining 

Cuts into wall of furnace 
3.4, so postdates 3, shares 

pit with hearth 1 

3 80cm x 20cm Thin clay 
layer on 
bedrock 

In situ smithing slag 2m from furnace 3 

4 80cm x 60cm Clay In pit filled with smithing slag, 
contained in situ smithing slag 

Within a pit 

5 120cm x 
40cm 

Clay on 
subsoil 

Some smithing slag attached to 
clay lining 

3.5m from furnace 5 

6 130cm x 
50cm 

Clay Traces hammerscale and 
smithing slag 

Possibly 2 hearths 

7 85cm x 60cm Clay Traces hammerscale, few small 
slag fragments, tiny charcoal 

fragments 

 

8 50cm 
diameter; 
rounded 

Clay Traces hammerscale, few small 
slag fragments, tiny charcoal 

fragments 

 

9 40cm 
diameter; 
rounded 

Clay  Badly preserved 

10 80cm x 
80cm+ 

Clay  Continues beyond 
excavated area 

 

Hearths 6-9 were excavated north of the enclosed smelting area, cut into landslide material, 

and likely date to the late 1st century AD. Whilst they do not have the direct connection to the 

furnaces that hearths 1-5 have, the excavator maintains that their simple design points towards 

their use in bloom smithing (Cech, in press). Much less smithing slag was recovered from these 

hearths, though limited hammerscale was noted, and they may instead have been used for the 

production of semi-finished pieces of ferrum Noricum. The long oblong shape of hearth 6 may 

have made this suitable for working or tempering longer objects such as bar iron. Hearth 10 is 

contemporary with furnace 6, corresponding to the same time of use as the cistern, c. late 1st to 

early 2nd century, and may have been a bloom smithing hearth. 

 

 

  



265 
 

6.3.4 Site Interpretation 

The presence of slag in the earliest layers of the excavation prior to the end of the 1st century, 

and the presence of Late La Tène pottery sherds in the landslide material from higher up the 

hillside, suggests that iron smelting was taking place on the hill during the beginning of Roman 

control of the area. There is no substantial evidence for continuity of occupation from pre-

Roman to Roman periods, and it is not possible to confirm the presence of pre-Roman iron 

smelting.  

Iron smelting took place on the site from the 1st century AD alongside several phases of building 

activity, including masonry-footed structures, and slag was dumped extensively down the 

steeper slope to the west of the main occupation area. Smithing hearths and furnaces are 

present from the mid-2nd century AD onwards. A peak of activity occurs in Phase 4, covering the 

second half of the 2nd century until the mid-3rd century. This is a period of relative stability in the 

Empire during the reigns of Marcus Aurelius’ and the Severan dynasty which was likely 

beneficial for trade, as well as military activity in the Marcomannic Wars of AD 166 to 180 on 

the edge of the province and under Septimus Severus and his descendants, which may have 

strengthened demand for iron.  

The southern half of the site falls out of use around the middle of the 3rd century AD. This is at 

the beginning of a period of ‘crisis’ precipitated by Roman military defeat to raiding German 

peoples, a problem which continued during the mid to late 3rd century, and was made worse by 

the rapid succession of Emperors, civil war for control of the Empire, and plague36. Together 

these problems are likely to have damaged long distance trade during a time when inflation due 

to coinage debasement conducted by short-lived Emperors seeking to control their troops and 

German enemies through payments was already problematic. The defeat of the Danube border 

legions, and the movement of a number both to Eastern campaigns and in support of various 

civil war factions (Dixon and Southern 2014, 21), is likely to have reduced the immediate 

military market for iron in the province. At the same time the breakdown of social stability, the 

Germanic raids, and the plague all created a period around the end of Phase 4 where civilian 

markets and long distance trade became more problematic (see Tyler 1975; King and Henig 

1981; Liebeshuetz, 2007 for further discussion). That the scale of activity at the site dropped at 

this point fits within this context, although there may be further evidence for occupation 

outside the area so far excavated. However iron production continues on the site into the early 

4th century, and potentially beyond, and the large storage building was constructed after the 

mid-3rd century, suggesting that occupation of the site continued to be significant. The last 

                                                           
36 Plague of Cyprian, c. AD 250-270. 
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excavated furnace went out of use c.400 AD, but it is possible that smelting simply moved to an 

area outside that currently excavated.  

Whilst the earliest furnace (6, c. 1st half 2nd century) has minor differences in construction to the 

later furnaces, the overall approach to furnace construction is broadly consistent across the site 

from the late 1st /early 2nd century through to the early 4th century AD. The clay necessary for 

the construction of the furnaces and hearths was probably readily accessible in the quaternary 

deposits of the western valley, and water easily obtainable in the valleys even when not 

collected on the hillside in cisterns. Fuel was probably easily available, and evidence indicates 

that it was predominantly composed of local woods which were not subject to coppicing. The 

site is adjacent to, but not on, the nearest geological formation associated with iron-bearing 

mineralisation, and iron ore was likely not extracted in the immediate area of the excavation 

but brought to the site from nearby areas to the north. This positioning of the site may be the 

result of continuation or reoccupation of earlier settlements, though the proximity to water 

likely also played an important role (4.4.2.4.3). Its position on a promontory with possible sight-

lines of the road in the western valley for some distance north and south, and the choice to 

erect stone-built buildings, may indicate that site position was influenced by its potential for 

display. If the historic mine data represent a reliable proxy for metalliferous mineralisation, 

Semlach-Eisner is situated at the most southerly point of the ore region, indicating that it may 

have been placed for its proximity to the Magdalensberg settlement/Virunum, and access to the 

more central Roman markets. All of these aspects likely played a part in the choice of position of 

Semlach-Eisner, in addition to balancing the raw material requirements.  

Without quantification of the slag present on site, particularly the western slag deposit which 

remains unexcavated, estimating the quantity of iron produced at Semlach-Eisner is not 

possible. The extent of the site has not been established, as the trenches have not exposed the 

edges of occupation. In addition the lack of survey or excavation in the surrounding area means 

that we lack evidence for supporting settlements or other iron smelting sites in the immediate 

region, and consequently it is not clear whether Semlach-Eisner should be seen as an isolated 

site, part of a mixed occupation local community, or one of a network of smelting sites. The 

reputation of ferrum Noricum in the Roman period, the extensive road network in the region, 

and the importance of trade during the pre and early Roman period lead me to believe that iron 

smelting was likely widespread in this region, but further evidence is necessary to explore this.  
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6.4 Archaeometric Analysis of Remains 

6.4.1 Sampling Strategy and Summary of Samples  

In 2011 the site, physical archive, and material were examined in the company of the excavator. 

The assemblage was assessed and, in line with the sampling strategy (2.2.1), extensive tap slag 

material, in addition to possible smithing slag pieces, furnace lining, ore, and metal samples 

were selected. In many cases the large, dense nature of the samples required subsampling in 

the field prior to shipping to the UK. Amorphous and furnace slag were seen within the 

assemblage, but not selected for analysis due to their limited analytical benefits within the 

project limitations. There was no evidence of blast furnace slag. 

The dating of each sample was simplified in line with Figure 6-13, and the phase system 

outlined within that diagram adopted. Some material assigned to Phase 4 is from the fills of the 

Phase 4 furnaces, and is included due to its physical and chronological proximity. Due to the lack 

of specific dates, material from the western slag deposit which was in use between Phases 1 

and 5, is referred to separately as Phase 0 for ease of reference, and does not imply that the 

material actually predates any of the other remains.  

 

Table 6-4 Samples of Semlach-Eisner analysed by WD-XRF by phase and type 

Phase Ore Ceramic Slag 

1   1 

2   1 

3 1 2 38 

4 4 7 10 

5 2   

6 3 1 7 

7 4  10 
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6.4.2 Ore Samples  

6.4.2.1 Morphological and Phase Analyses 

Seventeen pieces of ore were recovered from all phases excluding Phase 1 (Table 6-5), and a 

select number were subject to bulk WD-XRF, XRD and laboratory roasting.  

Table 6-5 Summary of Semlach-Eisner ores including XRD analysis  

Phase Sample Visual ID Lab roasting XRD analysis 

   
Roasted prior 
to deposition 

Total weight 
loss at 950°C 

% 
Goethite Hematite 

0 103 Yes 1     

  105 Yes 3 4 96 

2-3 186 Yes 0   

3 163 Yes 2 32 68 

4 12 No 11     

  13 No 11     

  147 No 11     

  165 No   89 11 

5 14 No 7   

  50 No 9 53 47 

5-6 172 No 10     

6 54 No 8 57 43 

  55 No 10     

7 102 Yes 3   

  111 Yes 3   

  110 No 10   

  51 No 9 74 26 

 

Six of the samples were dark red to purple in colouration, relatively low density, and with the 

dull and earthy surface lustre and friable surfaces indicative of roasting (Figure 6-24). 

Considering the high iron-oxide content of many of these pieces, there is no technical reason 

for them have been purposefully excluded from smelting. Some samples (e.g. 186) had similar 

features, but also showed limited cleavage, and a partially degraded lustrous botryoidal skin on 

one side.  
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Figure 6-24 Left: Sample 103. Right: Sample 105, sectioned.  

Eleven of the ore samples were orange-brown to black in colour, dense, hard, and with visible 

crystal forms within the rock pieces. Mica (likely muscovite, Appendix 2.6.2) inclusions were also 

visible in many of these samples, which had platy mineral forms and frequent voids (Figure 6-

25). The rhombic shape of the plates suggests the mineral may originally have been siderite, 

now present in weathered, oxidised forms i.e. goethite/hematite. Other samples also featured 

rhombohedrum-shaped forms indicative of pseudomorphic minerals of siderite. Many of these 

unroasted pieces were of substantial size, and showed no signs of processing for charging. 

 

Figure 6-25 Sample 147, showing outer surface and section  
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One sample was a small octahedral shape (Figure 6-26), with an additional mass on one side, 

probably an attachment point. Its reddish colouration suggests hematite, though the shape 

indicates that is likely to be a pseudomorph of magnetite. Many of the unroasted samples also 

featured mica inclusions. 

 

Figure 6-26 Sample 172 

Some samples showed internal grains and irregular porosity. Under optical microscopy some 

areas of relict internal structures, idiomorphic SiO2 grains, and bright, long, thin, platy mica 

grains (Appendix 2.6.2), and iron-rich features often hexagonal in shape were identified within 

both roasted and unroasted samples (Figure 6-27). Cubic mineral formations surviving in some 

of the samples may indicate the presence of goethite replacing, and pseudomorphic to, siderite.  
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Figure 6-27 Optical micrograph of Semlach ore Sample 105 showing ore body microstructure, gangue 

mineral grains and iron-rich features (top right, middle right)  

EPMA-EDS analyses indicated that in some of the roasted samples (e.g. 186) two different 

minerals could be discerned (Figure 6-28). The majority of the ore was composed almost 

exclusively of iron oxides, but there were regions which contained manganese-rich minerals of 

inconsistent composition, with MnO contents between 6.8wt% and 85.6wt% (Appendix 2.6.2). 

XRD was unable to identify the nature of these MnO-bearing minerals due to their relatively low 

abundance and the semi-quantitative nature of the technique. It seems likely that the 

manganese is present in an oxide form(s) for which substitutions of Mn for Fe and vice-versa 

easily occur, such as a combination of bixbyite (Mn2O3) and hematite (Fe2O3). 

 

Figure 6-28 BSE micrograph showing manganese-bearing minerals in regions between larger areas of 

iron-bearing minerals 
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Figure 6-29 Optical micrograph of Semlach ore Sample 186 showing microscopic surface cracking  

 

Figure 6-30 Optical micrograph of Semlach ore Sample 186 showing hexagonal feature and extensive 

microscopic cracking to ore body 

In roasted samples, iron-rich features and the surrounding mineral matrix displayed 

characteristic cracks. These were visible in both the mineral matrix (Figure 6-30), and the c.50-

100μm deep iron-enriched surface crusts (Figure 6-29), though the former was often too fine to 

be resolved on the optical microscope. As cracking of hematite and hydroxide minerals is a 

characteristic of exposure to significant heat (Pomiés et al. 1999; de Faria and Lopes 2007), this 

is in line with the visual identification of this sample as roasted prior to deposition.  

In a number of the unroasted ores no clear mineral structures were seen microscopically, 

though enriched high-purity iron-oxide hexagon-shaped features were noted in EPMA-EDS, and 
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the difference between these in roasted (Figure 6-30) and unroasted samples (Figure 6-31) is 

clear. Both iron sulphide minerals and α-hematite can form hexagonally-shaped minerals, and 

due to the poor detection of light elements by the EPMA-EDS, the lack of detected sulphur does 

not necessarily rule out the identification of these minerals as sulphides. The driving off of 

sulphur, and oxidation of these formations, might explain the cracking and loss of structure 

seen in examples found within roasted samples, and may argue for a sulphide rather than oxide 

identification.  

 

Figure 6-31 BSE micrograph of Semlach-Eisner ore Sample 051 (not roasted) showing unstructured ore 

matrix with voids and central hexagonal iron-rich phase 

Select laboratory roasting of ground homogenised samples broadly supported the visual 

identification of the ores as roasted vs unroasted (Table 6-5), with weight loss of 0-3 % of 

original mass for those pieces identified as likely to have been roasted prior to deposition, and 

7-11% of original mass for pieces identified as unroasted. This was supplemented by semi-

quantitative XRD analysis (Appendix 2.2.1) on select samples. Broadly speaking the samples 

which exhibited low weight loss during laboratory roasting are also those with proportionally 

lower goethite detected by XRD, suggesting that the roasting protocol was effective at 

identifying the presence of hydroxides. However XRD of one sample (163) indicated the 

presence of goethite, even where the visual appearance and low weight-loss suggested that it 

had been roasted. This may be the result of poor peak matching between sample and ideal 

diffractograms (Appendix 2.2.1.1), or incomplete roasting during the Roman period. XRD 

indicated that the proportion of hematite to goethite varied in an essentially intimate mix, 

supporting the identification of the ore as limonitic (6.1.3.2).  
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Considering the presence of hydroxides, roasting would have been beneficial to the smelting 

process (3.2.3.1). However whilst roasting clearly took place at Semlach-Eisner, the evidence 

suggests that it was limited to Phases 2-3 (the period of the ore roasting pit), and the post 

Roman period. It is not clear whether the lack of roasted ores or roasting pits from phases 4-6 

indicates that roasting was not employed on the site, or is simply a result of the vagaries of 

archaeological deposition and survival. 

6.4.2.2 Bulk Chemical Composition 

 Description 

Bulk WD-XRF analyses were undertaken, and the results are presented in Table 6-6 and Table 6-

7. As the samples were roasted within the laboratory prior to analysis, iron is presented as 

Fe2O3. This varies considerably, from 45.5wt% to 96.3wt%, although this is due to three samples 

(12, 102, 163) with low (c.50wt%) abundances substantially below the median (c.86.84wt%). 

These may not have been considered suitable for smelting, and may have been intentionally 

discarded.  

MnO content was also variable, from less than 1wt% (sample 012) through to more than 7wt% 

(samples 111, 014). The average (4.9wt%) and median (5.2wt%) both indicated a mid-to-high 

MnO content overall. There appeared to be no link between Fe2O3 or MnO content and 

archaeological phase. CaO content was generally very low, the majority between 0.1wt% and 

0.7wt% with two samples showing 1.1wt% content, indicating that the CaO content of the slag 

should also be low. The majority of K2O values varied between 0.02wt% and 0.84wt%, with two 

higher values at 1.2wt% and 1.9wt%. As can be expected, SiO2 content had a direct negative 

relationship with Fe2O3 and was consequently as variable as iron content (<1wt % to 48wt%).  

Like SiO2, Al2O3 was highly variable, recorded between 0.09wt% and 9.06wt%, the majority lying 

below 5wt% with a mean of 2.18wt%. MgO was broadly low, at 0.03wt% to 0.59wt%; ores 

therefore seem unlikely to have contributed strongly to MgO levels within the slag. Cr2O3 and 

V2O5 content were all so low as to be negligible. TiO2 content varied between almost 

undetectable to c.0.4wt%, again indicating a low contribution from ore to slag TiO2 levels. Na2O 

is uniformly low, partly due to the difficulty in detecting this light element (Appendix 2.4.2), but 

primarily reflecting a broadly low presence of this oxide within the ore. Of the trace elements 

many are at such levels (<50ppm) that they are presented here only semi-quantitatively, 

however all the ores showed relatively high levels of BaO with a mean of 2150ppm. SrO levels 

are relatively low (mean c.130ppm). The identity of the minerals bearing the CaO and Al2O3 

were not discernible or identifiable as individual mineral phases through EPMA microscopy or 

XRD. 
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Table 6-6 Major and minor oxide components of ore Samples from Semlach -Eisner site (WD-XRF), 

normalised wt% 

 

 

 

 

  



276 
 

Table 6-7 Trace oxide components of ore Samples from Semlach-Eisner site (WD-XRF), ppm  
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 Relationships within the Data 

The negative linear relationship between SiO2 and Fe2O3 is clearly illustrated below, and the 

limited deviations from a truly linear relationship likely relate to the low but variable presence 

of gangue minerals. The generally high Fe2O3 content highlights the non-representative nature 

of the three samples with the lowest Fe2O3 content. 

 

Figure 6-32 Graph of Fe2O3 and SiO2 content for Semlach-Eisner ores 

Some limited relationships between the Fe2O3/ SiO2 content and archaeological phase can be 

discerned (Figure 6-32), suggesting that Fe2O3 abundance was moderate in Phase 4 ores and 

high in Phase 5, but low sample numbers for each phase prohibits firm conclusions. MnO 

content is highly variable (Figure 6-33, right), but broadly speaking higher Fe2O3 content is 

related to higher MnO content. The relationship between BaO and MnO illustrated in Figure 6-

34 (left) is clearer, showing a broadly positive linear relationship between the two oxides. This 

may be due to the common occurrence of barium in iron ores as part of psilomelane, an 

amorphous hydrous manganese oxide mixed mineral. 
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Figure 6-33 Graphs of MnO and SrO content, and Fe2O3 and MnO and for Semlach -Eisner ores 

A strong relationship is visible between MnO and SrO in Figure 6-33 (left), and this also 

highlights the anomalous SrO content of Sample 014, which has the highest MnO and SrO 

contents. Excluding this sample the ores display a relatively uniform SrO vs. MnO content, with 

no clear pattern with respect to phase. Figure 6-34 (right) illustrates the Al2O3 content with 

respect to MnO, and whilst there is a tendency for samples with higher MnO to have higher 

Al2O3, this is not a strong pattern.  

 

Figure 6-34 MnO (wt%) and BaO (ppm), and MnO and Al2O3 (wt%) content for Semlach-Eisner ore 

excluding <60wt% Fe2O3 samples 

Examination of correlations within the data (Appendix 3.1) indicates that MnO is strongly 

positively correlated with CaO, and this is partially supported by the presence of trace (<1wt%) 

levels of CaO in the manganese-rich areas examined by EPMA-EDS (Appendix 2.6.2.1). Both are 

strongly correlated with SrO, suggesting that this trace oxide may also have been present in the 
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manganese-rich areas of the mineral. All three were less strongly correlated to BaO, though 

none correlated at all with Fe2O3, indicating that their relative abundance was not related to the 

abundance of iron but probably the presence of manganese-rich mineral areas. None of these 

four oxides correlated with SiO2, underlining the fact that SiO2 was present in the ore as distinct 

gangue mineral grains, rather than as iron or manganese silicate minerals. P2O5 correlates only 

with CaO, so some specific relationship between the two oxides is indicated, but both are 

present at such low levels that the reduced analytic accuracy makes exploring this difficult. 

Al2O3, SiO2, K2O and TiO2 formed a group positively correlated to each other, likely due to their 

origin almost exclusively within the mica gangue mineral grains.  

6.4.2.3 Summary 

Seventeen pieces of ore were recovered from the site and a selection subject to visual, 

microscopic, laboratory roasting, bulk WD-XRF, bulk XRD protocols and EPMA-EDS phase 

analysis. Six ore fragments from phases 2-3 and the post-Roman period were identified as 

roasted prior to burial, though in at least one case roasting may have been incomplete. The 

unroasted ore pieces were composed of a variable mixture of goethite and hematite, though 

the former dominated, and pseudomorphic mineral structures indicated that they originated 

from the weathered/near-surface limonitic deposit associated with a bedded siderite deposit.  

Bright flake inclusions frequently noted in the ores were identified as a mica, likely muscovite, 

and idiomorphic SiO2 grains were also commonly seen. Regions of manganese-rich minerals 

were found within some samples, although manganese was also found intimately mixed with 

iron oxides within the body of all of the specimens. There is no evidence for a compositional 

pattern within the ore samples with respect to their archaeological context, though this may be 

the result of the relatively small sample numbers. This makes it difficult to judge whether the 

variation in Fe2O3/ SiO2 content or trace oxide content in the ores is an artefact of the natural 

variation within the single ore crops, subject to heterogeneous weathering and enrichment, or 

indicative of the reliance on multiple ore outcrops at the same time or during different periods 

of activity.  

One of the key questions regarding the ore samples and their potential utility to this study is 

whether they are representative of the ores smelted on the site. None of the pieces have visible 

gangue masses nor morphological reasons for their isolation and exclusion from smelting, and 

almost all the ores have the high iron contents suitable for bloomery smelting. Many of the 

pieces were too large to have been smelted, and are therefore unlikely to have been lost during 

charging. On balance it seems likely that the pieces were unintentionally lost and that, excluding 
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outliers, their chemical composition is broadly representative of the ores used on this site 

during the relative periods.   

6.4.3 Ceramic 

6.4.3.1 Morphology and Phase Analysis 

Fourteen samples of ceramic furnace wall, stratigraphically associated with all six excavated 

furnaces, were cut from larger pieces on site (Table 6-8). 

Table 6-8 Summary of Semlach-Eisner ceramic samples 

Furnace Code Phase Find 
number 

Details Bulk 
Analysis 

Microscopy 

1 0096 6  Heavily vitrified, very heavily 
tempered with white rock 

  

 0173 6 920 Vitrified surface, bloated, 
tempered with white rock 

Yes  

2 0175 4 1190 No external surfaces, heavily 
tempered large white rock 

Yes  

 0183 4 1183 Very heavily vitrified showing very 
melted white rock, flow/slumping 
of ceramic 

  

3 0138 4 1387 At least 2, perhaps 3, re-layers 
showing plenty of white rock, 
bloating between layers, vitrified 

  

4 0176 4 1372 Vitrified surface, bubbling, black 
to red transition, white rock 
temper 

Yes Yes 

 0177 4 1372 Vitrified surface with bubbling, 
black to red transition, white rock 
temper. 

Yes Yes 

 0178 4 1442 No external surfaces, grey/black Yes  

 0181 4 1402 Two+ layers, showing two vitrified 
surfaces, thin inner layer, white 
temper 

Yes  

5 0094 4 1368 Vitrified surface, heavily heat 
damaged inside, white temper 

Yes  

 0126 4 1367 Vitrified surface, bloated, fine 
white temper 

Yes Yes 

6 0179 3 1587 Little area of vitrification, white 
temper, well fired 

Yes  

 0182 3 1587 Vitrified surface, tempered with 
large white pieces of rock 

Yes  

- 0174 - - Vitrified surface, possible 2 or 3 
linings 

-  

 0123 3 3570 Lens of raw clay Yes  

 



281 
 

Many of the pieces displayed characteristic vitrified inner surfaces, with a typical black, bubbled 

skin under which significant bloating was visible. In most cases a significant mass of sintered 

ceramic adhered behind these vitrified crusts, although there were no examples where the 

original outside wall of the furnace could be identified. The region immediately behind the 

vitrified crust was bloated and of a black colour suggestive of exposure to a reducing 

atmosphere. This transitioned slowly to a warm oxidised red-orange colour with no bloating 

visible to the naked eye (Figure 6-35).  

 

Figure 6-35 Above: Sample 182, sectioned. Below: Sample 179, sectioned. Vitrifie d surfaces to the 

right. 

Inclusions of white rock identified as quartz were visible within all of the ceramic samples, and 

appeared to be intentional temper. There was no discernible distinction in the size or 

morphology of the quartz inclusions, and they varied from the large (c.1cm diameter and above) 
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to the fine (below 100μm in diameter), and were highly abundant (Figure 6-36). These 

inclusions were poorly sorted, and individual examples were anything from rounded and 

smooth to sharply angular. Their origin has not been established, as although their frequently 

irregular shape may indicate an origin as gangue minerals associated with ores, the presence of 

some rounded inclusions may argue for an origin in one of the fluvial deposits present in the 

river valley just to the west of the site. 

 

Figure 6-36 BSE micrograph of Sample 177 showing irregular quartz inclusions within clay matrix  

In some cases (Sample 096) vitrification was particularly heavy, resulting in a highly glassy 

appearance, and some of the quartz fragments appeared cracked, degraded or melted, 

probably as a result of the high temperatures to which these pieces were exposed (Figure 6-37). 

The majority of ceramic pieces had no morphological characteristics which would allow their 

location in the furnace to be identified, although the presence of vitrification argued for 

relatively close proximity to the air inlet passages. 
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Figure 6-37 Sample 096. Heavily vitrified black glassy ceramic with very heavy tempering.  

Sample 138 (Figure 6-38) was recovered from the innermost furnace (3.4) of the Furnace 3 

installation, which had furnace walls approximately 20-25cm thick, and is clearly composed of 

three individual layers ceramic. These have partially separated as a result of the evolution of 

gasses from each new layer during smelting being unable to pass into the furnace wall, due to 

the presence of the far less permeable vitrification surface of the previous layer. This confirms 

that the individual rebuilds of the furnaces discussed in 6.3.3.2 were also subject to relining. All 

of the layers appear to be broadly similar in fabric and temper, and the substantial vitrification 

indicates that the region was likely close to the hottest area of the furnace, and all of the smelts 

reached similar temperatures. The vitrification of the sample and the high likelihood of slag 

penetration indicates that bulk analysis is unlikely to produce results which accurately reflect 

the original composition of the furnace wall prior to smelting, which is unfortunate as a 

comparison of the composition of layers would be informative. 
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Figure 6-38 Sample 138, section of one of the furnace walls showing multiple layers, the innermost 

below 

Sample 181 also showed evidence of relining, despite coming from furnace 4 which is not 

believed to have been rebuilt, which suggests that furnaces were relined and repaired even 

when not in need of substantial structural rebuilding. Multiple layers again separated by bloated 

areas resulting from trapped gas were visible, though showing substantially less vitrification 

(Figure 6-39) and likely originating from a region further away from the hottest part of the 

furnace. Relining could have occurred in only localised areas as required, with other regions 

such as those seen in Figure 6-35 being insufficiently damaged to require repair. Examination of 

the samples via EPMA-EDS revealed a dominant matrix of platy clay minerals, and fine quartz 

grains in unvitrified regions (Figure 6-40). 

 

Figure 6-39 Sample 181 showing three layers, vitrified surface at bottom.  
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Figure 6-40 BSE micrograph of Sample 126 showing fine platy sintered clay minerals and SiO2 grains, 

with titanium-rich features in white 

A lens of raw clay was recovered from Phase 3, though not in direct contact with Furnace 6 

(Figure 6-41). Visual examination showed that it was a composed of a fine clay of pale white to 

yellow colour which was wet prior to selection and transportation to the UK. No quartz 

inclusions were visible, suggesting that inclusions seen in the furnace ceramic were deliberately 

added. 

 

Figure 6-41 Sample 123, part of a lens of raw clay from Phase 3  

The utility of XRD analysis for the clay samples was hindered by the need to press the powdered 

analyte onto a sample plate, a method suboptimal for clays, as it results in preferential packing 
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and orientation of the clay minerals (Appendix 2.2.1). Automatic matching of the peaks in the 

diffractogram was not possible, and instead these were manually matched to suitable clays 

within the available database. Consequently whilst the mineral identifications are confident, the 

analytical results are semi-quantitative, and suggest that the clay is composed of equal parts 

illite and kaolinite, with c.10wt% quartz. This does not mean that the producers were mixing 

clays, as natural kaolinite-illite mixes are not unknown nor necessarily uncommon (Aras 2004).  

 

Figure 6-42 Graph illustrating variation in EPMA-EDS analyses of Al2O3 and SiO2 in ceramic matrices 

Comparative data were generated by EPMA-EDS analysis of clay minerals within three ceramic 

samples (126, 177 and 178) via spot analysis (Appendix 2.6.3) (Figure 6-42). The total wt% of Al 

and Si for any of the results varies as a consequence of the inability to resolve and target fine 

features during EPMA-EDS analysis, and the consequent inclusion in the analytical volume of 

adjacent features, however two distinct patterns are visible. In the main pattern the Al level 

drops with Si content, and in the secondary pattern the Al level rises roughly in line with the Si 

content.  

Illite clays do not have a static chemical composition; substitution of Al for Si and Mg and Fe for 

Al is quite common and leads to a highly variable chemical composition, 

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)], and this is probably behind the primary trend. The 

secondary trend, and the high Al results, are likely to be kaolinite clays [Al2Si2O5(OH)4], which are 

far less prone to substitution. The presence of two patterns confirms the presence of two types 

of clay minerals within the furnace walls, and confirms that the raw clay sample is 

representative of that used to produce the furnace wall ceramic. The low number of features 

identified as kaolinite clays compared to the number identified as illite is likely to be a factor of 

the analytical technique, rather than an underlying paucity of kaolinite within the sample. 
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Relatively large (>10μm in length) platy or dendritic minerals comparable to illite (Brockamp and 

Clauer 1990, 249) were visible in polished section, but sintered kaolinite minerals, which are 

often much smaller, were difficult to identify and isolate analytically.  

6.4.3.2 Bulk Chemical Composition 

Homogenised samples from unvitrified areas of the ceramic samples were analysed with WD-

XRF, and the results are presented in Table 6-9 and Table 6-10. The dominant component of the 

ceramic samples was SiO2, at 60.44wt%-91.90wt% with an average of 80.41wt%, a consequence 

of the high proportion of quartz inclusions within the fabric. The high level of variation in SiO2 

content is consistent with the observed high level of variation in abundance and size of 

inclusions between, and within, each specimen.  

Al2O3 content varied significantly between 4.50wt% and 22.92 wt%, in a negative relationship 

with SiO2 abundance. K2O content was low, between 0.64wt% and 3.05wt%, and was also 

negatively correlated to SiO2 abundance (Appendix 3.1). These relationships indicate that the 

oxides are present almost exclusively within the clay matrix, and that varying levels of quartz 

temper dilute them proportionally. The ratio of K2O to Al2O3 varies between 5.2 - 11.0. With 

respect to the stratigraphically associated furnaces (Figure 6-43), SiO2 and Al2O3 content shows 

little overall pattern. Whilst there is some indication that the samples associated with furnace 6, 

phase 3, are compositionally similar, there are no strong compositional patterns discernible 

with respect to furnace or phase. 

 

Figure 6-43 Al2O3 and SiO2 content from WD-XRF analyses 

MgO content (2.04wt% to 0.19wt%) showed a broad negative relationship with SiO2, though 

there were deviations from this pattern indicating other relationships were present within the 

dataset. MnO levels were predominantly low (0.02wt% to 0.08wt%), but did not vary in direct 
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relation to SiO2, and CaO levels also seemed highly variable (0.11wt% to 1.31wt%) and did not 

appear to relate to SiO2 abundance. Examination of CaO and K2O behaviour with respect to 

furnace area and phase indicates some limited patterning may be present (Figure 6-44), as the 

two samples from the furnace 6 area have a comparable CaO content, as do the two samples 

from furnace 5 area, although they all have variable K2O values which are unrelated to the CaO 

content.  

 

Figure 6-44 CaO and K2O content from WD-XRF analyses of Semlach-Eisner furnace wall  

CaO exhibits few correlations with other oxides (Appendix 3.1), excluding P2O5 at the 5% level 

and the trace oxide Cs2O at the 1% level. CaO presence in the ceramics is therefore not clearly 

linked to either the clay, where a correlation with Al2O3 would be expected, or to the temper, 

where a correlation with SiO2 would be expected. Considering this and the origin of all the high-

CaO ceramics in Phase 4 contexts, it is likely that CaO entered the ceramics through 

environmental contamination, during either Roman period production of the ceramics or burial. 

In either case, the overall low detected levels of CaO mean that its fluctuation is of limited 

importance to this analysis. 

Strong negative correlations are present between SiO2 and virtually all the other oxides, as a 

result of the abundance of SiO2 inclusions within the ceramics. The presence of iron-oxides may 

be partly due to the penetration of slag contaminants, but as samples were specifically 

extracted from non-vitrified areas, and there are strong positive correlations between FeO and 

the illite clay minerals K2O, Al2O3 and MgO, it is more likely to result from the substitution of 

iron for Al2O3 in illite clays discussed above.  
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Table 6-9 Bulk WD-XRF analysis of selected ceramic samples 



290 
 

Table 6-10 Summary statistics for WD-XRF analysis of ceramics  
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6.4.3.3 Summary 

Fourteen pieces of furnace wall material representing the stratigraphic contexts of all six of the 

furnaces, and one raw clay sample, were analysed morphologically and with optical and 

electron microscopy, XRD and WD-XRF. Vitrification was present on many of the samples, the 

extent of which is thought to relate to the relative proximity of the samples to the hottest part 

of the furnace.  

All of the samples examined were composed of a clay fabric with a high proportion of quartz 

inclusions. XRD and EPMA-EDS analyses of the raw clay sample and the ceramic matrix of the 

furnace wall samples respectively indicated that the clay used was a natural mixture of illite and 

kaolinite minerals, in roughly equal proportions. All of the samples showed intentional 

tempering with fragments of white quartz of highly variable morphology and size, and there was 

no evidence of organic temper. WD-XRF analysis of homogenised furnace wall samples showed 

highly variable SiO2 content, resulting from the variable density, size and distribution of the 

quartz temper within the furnace ceramic.  

Two samples were composed of multiple layers of furnace ceramic, each applied after the 

vitrification of the previous layer. These layers were c.2-5cm in thickness, and were heavily 

vitrified and bloated. This suggests that heat-damaged areas of furnaces were repaired locally 

with a relatively thin layer of furnace material, in addition to the major rebuilding noted in 

Furnace 3.  

  

  



292 
 

6.4.4 Tap slag 

6.4.4.1 Morphology 

Eighty-one samples (Appendix 2.1.2) firmly identified as tap slag were selected, and these fell 

broadly into two types; those that showed evidence of being formed from multiple trickles of 

slag accumulating over time (n=50), often piled up into a cone-like shape giving the impression 

that the slag had dropped down from a height, and those which appeared to be solid pieces 

composed of one or occasionally two or more substantial flows of slag which had settled in 

thick, usually flat, chunks (n=30). One additional sample was cylindrical in shape (Figure 6-51). 

 

Figure 6-45 Tap slag sample 106 showing characteristic multiple slag flows  

Those slag pieces formed from trickles (Figure 6-45) were found in all phases of occupation, 

though particularly within the fill of Furnace 6, in part due to the excellent survival and recovery 

of pieces from this context. Not all of the pieces of this form were retained during excavation, 

and there is likely to have been some bias towards the best preserved pieces. The majority of 

pieces were several kilograms in mass, almost always broken, and probably originally much 

larger. Many appeared to have solidified whilst flowing down the side of something, possibly a 

furnace, and into a flattened area, presumably the working pit. However a larger number had 

accumulated from trickles of slag dropping directly down from a point above the place of 

solidification (Figure 6-46). The slag was dark grey to black in colour, and the surface 

predominantly smooth and unwrinkled, indicating that it had not been disturbed during 

solidification. Entrapped material was rare, though voids were common and clay was noted on 
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the edges of pieces where they appeared to have solidified against a wall or pit side. The slag 

trickles appeared to have had a relatively low viscosity, forming thin runs and almost splashing 

down as they accumulated.  

 

Figure 6-46 Tap slag Sample 53 showing characteristic 'cone' morphology as well as superficial dirt  

Of the pieces which formed into plates, the majority featured the characteristic smooth, flowed 

upper surface and chilled, irregular undersides of tap slag, and again featured little to no 

entrapped material (Figure 6-47). These pieces were fragments of substantial flows of slag 

which had solidified into solid masses, with no evidence of trickles or splashes. The collection of 

such a mass of slag in the base of a pit, rather than as trickles accumulated into a cone-shaped 

mass, may be due to a different tapping practice, or differences in viscosity. Pieces of this form 

have been recovered from all phases of occupation, though slightly more have been recovered 

from the post-Roman layers (Phase 7).  
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Figure 6-47 Selection of slag samples showing thick tap morphology  

WD-XRF analyses of samples of both forms were undertaken. Visual illustration of the 

compositions shows limited differences between the forms (Figure 6-48, Figure 6-49), once the 

lower number of plate shaped fragments (n=22) to cone-shaped fragments (n=48) analysed is 

taken into account. However, a slightly higher variation in some oxide abundances is visible in 

plate slag fragments (MnO, Al2O3, BaO) when compared to analyses of cone slag fragments.  
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Figure 6-48 FeO v Al2O3 and MnO (wt%) illustrated by slag type  

 

Figure 6-49 FeO(wt%) v CaO(wt%) and BaO(ppm) illustrated by slag type 

These differences in oxide distribution can be seen if we examine the error bar charts for select 

slag oxides (Figure 6-50), which show a potentially meaningful difference in behaviour in MgO, 

TiO2 and BaO oxides for the two slag types. This was confirmed as statistically significant 

(p<0.05%) using non-parametric tests comparing the means and medians of oxides for BaO, 

Na2O, MgO and TiO2. However the most important oxides, SiO2, FeO, MnO and Al2O3, were not 

found to be substantially different between the two slag type groups, and consequently it is 

unlikely that the two forms originate from significantly different production processes. That 

significant differences are present only in the minor and trace oxides associated with ores, and 

to a certain extent fuel contributions, suggests that the differences between cone and plate 

shaped tap slag pieces may originate from variation in fuel:ore ratios, or possibly mild variation 

in the composition of ores.  
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The oxide evidence suggests that the difference in morphology may relate to tapping occurring 

earlier or later in the smelting process, resulting in more or less fuel/ore oxide contribution, but 

the differences are so slight that it is clear both forms represent slag tapped during active 

smelting. Potentially the plate shaped masses could represent the product of the first tap, 

where a relatively large quantity of slag was released in one mass, and the cone-shaped pieces 

represent later frequent tapping, but this is hypothetical. It is also possible that the slight 

differences in chemical composition between forms is an artefact of underlying chronological 

variance, as the slag types are unevenly distributed between the contexts: the western slag 

deposit and Phase 3 is dominated by cone-shaped tap slag, whilst the post-Roman and Phase 4 

layers are dominated by plate shaped tap slag. If sampling had been equal this might indicate 

some changes in furnace operation, but preferential recovery and unequal archaeological 

survival prevent this from being confirmed. In conclusion the compositional variances between 

the two tap slag morphologies are very slight, and the difference in forms likely stems from 

some mechanical difference in the tapping techniques, rather than different underlying 

smelting processes. Critically the morphology of the slag pieces supports a standard bloomery 

practice, and offers no supporting evidence to the manganese-cast-iron and refining process 

proposed for ferrum Noricum production by Truffaut (2008, 268-71; 2014) (see 3.2.5).

 

Figure 6-50 Simple bar charts showing mean oxide content and 95% confidence intervals, comparing 

oxide abundances between Semlach-Eisner slag types 
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The morphology and considerable height of a number of the cone-shaped pieces suggests that 

the slag was regularly tapped from a height of at least 20-30cm. The furnaces were sunken into 

the ground at the back, and had working pits cut at the front at the same height as the base of 

the furnace, which was often up to c.80cm below the ground level (6.3.3.2). Consequently the 

slag cannot have been tapped from a hole at the base of the furnace, and the height of the 

cone-shaped slag indicates that it must have left the furnace c.10cm below the level at which 

the air inlets breach the inside surface of the furnace. The height of the ground supporting the 

back of the furnace is such that tapping cannot have occurred there, and must have taken place 

at the front and over the working pit of the furnace.  

Tapping at 20-30cm above the working pit surface would have been around the point the 

furnaces reached their maximum diameters, and suggests that the smelters were not trying to 

empty the body of the furnace of slag, but may have been attempting only to reduce the level 

of slag in order to prevent it swamping the air inlets. The relatively high tapping point means 

that a substantial mass of slag was retained within the furnace. This would have protected the 

forming bloom(s) from the oxidising air blast, and helped maintain furnace temperature, and 

the choice to do this may indicate that the producers were empirically aware of these benefits.  

 

Figure 6-51 Sample 146 showing round cross-section and tube-like shape 

The relatively limited distance between the tapping point and the air inlets suggests that, once 

slag built up to this point within the furnace, frequent tapping would have been required to 

keep the air inlets clear as charge continued to drop. Frequent low-quantity tapping might 
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account for the morphology of the cone-shaped slag, and the small distance between tapping 

point and air inlets might have been an attempt to maximise the furnace volume covered by 

slag, maximising the size of bloom(s) protected from the oxidising air blast.  

Whilst some of the cone-shaped slag pieces were clearly formed by slag running down the side 

of the furnace, the morphology of the majority suggests that they were formed by slag dropping 

off something, and falling and accumulating below. This indicates that the diameter of the 

furnace at the point where slag was tapped was wider than the base of the furnace, or that a 

there was a ledge or pipe at the tapping point, though no evidence of these has been recovered 

in the furnace remains. However the morphology of one piece of slag (Figure 6-51), with a tube-

like shape and composed of a small trickle of slag over which a mass of slag had flowed and 

solidified, does suggest some form of tube or pipe may have been used. The piece clearly 

solidified within a tube or passage, and the surfaces of the sample suggests that the material of 

this tube was smooth with some granulation, unlike the furnace ceramic so far recovered. This 

may indicate a tuyère or pipe was used to construct a tapping hole, but the recovery of only one 

piece of this shape suggests it may have not been a regular feature.  

6.4.4.2 Microstructure 

The microstructures of the slag samples were broadly similar; all featured abundant olivine and 

a dark glassy groundmass. However the presence or absence of wüstite, and the presence of 

spinel varied significantly between, and often within, the samples examined, even within the 

same regions between chill surfaces. Samples varied from those exhibiting typical dendritic 

wüstite (Figure 6-52), to those where wüstite was not found but extensive skeletal spinel was 

visible. This spinel varied in size from occasional phases small enough to challenge the 

resolution of the optical microscope, to large chains over 100μm long (Figure 6-53). It was of 

comparative brightness under the optical microscope to wüstite, always secondary and strongly 

euhedral (Figure 6-54). 

The sub-surface interaction volume diameter (c.10μm +, Appendix 1.2.3.2) of the EPMA-EDS 

(2.2.3.1) spot analyses (Appendix 2.6.4.1) means that some of the analyses of the relatively 

small wüstite phases likely included surrounding features (Table 6-11). This may account for the 

presence of some oxides (K2O, CaO, TiO2, Al2O3 and SiO2) in the analytical results, but the 

presence of consistent MnO content (mean 3.5wt%) suggests some partial substitution of Mn 

for Fe within wüstite occurred. This has been seen in both the Mwenge slag analyse by Iles 

(2014, 439) and iron-rich slag from manganese-rich ores exposed to high reducing conditions at 

Palaia Kavala (Photos 1987, 192). The presence of MnO within the wüstite suggests that MnO 

from the ore is involved in some reactions within the furnace, rather than passing unreacted 
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from ore to slag, and that conditions may have been highly reducing, but as discussed (3.2.5) 

the routes by which MnO influenced iron smelting are not clearly understood. 

 

Figure 6-52 Optical micrograph of Sample 100; primary olivine, secondary wüstite and secondary 

olivine with wüstite exsolution 

 

Figure 6-53 Optical micrograph of Sample 38 showing skeletal spinel, primary skeletal euhedral olivine 

and a dark glassy groundmass  

EPMA-EDS (2.2.3.1; Appendix 2.6.4.1) spot analyses of the spinel phases (Table 6-11) recorded 

significant aluminium in all examples examined. However the interpretation of these results is 

complicated by the small size of the phases, which are typically skeletal and only 10μm-20μm in 

width or less. Again these analyses were probably effected by the analytical beam size, and 

consequently the results presented in Table 6-11 are unlikely to be representative of the spinel 
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phases, but of a mixture of both spinel phases and the surrounding groundmass caught within 

the analytical beam’s interaction volume. As a result, it is not possible to accurately state the 

composition of the spinel phases, other than to suggest that they likely contained both TiO2 and 

Al2O3 in addition to predominant iron oxide. 

 

Figure 6-54 Optical micrograph of Sample 22 showing large primary skeletal olivine with secondary 

spinel (right) and secondary wüstite (left)  

 

Figure 6-55 Optical micrograph of Sample 22 showing internal chill surface (off centre, white)  

Spinel was present in these samples with greater frequency than seen in other Roman period 

tap slags, e.g. the Clatworthy slag samples (5.4.4). Bloomery smelting likely reduces the ore 

oxides in steps (3.2.1) from Fe2O3 to FeO (assuming an oxide ore), with the latter iron oxide 



301 
 

dominating a successful bloomery furnace slag as a result of the high temperatures and strong 

reducing conditions. Consequently the presence of higher iron oxides within bloomery smelting 

is usually confined to the chill surfaces (e.g. Figure 6-55) of Roman period bloomery slag, and 

where present within slag is usually indicative of tap slag exposed to oxidising conditions 

outside the furnace, or perhaps of slag systems outside of equilibrium (Fells 1983, 78).  

The presence of spinel beyond the chill surfaces suggests that this slag was exposed to oxidising 

conditions on exit from the furnace, enough that oxidation of FeO occurred at greater depth 

than just the chill surfaces. This may be due to the proportionally higher surface area of the slag 

trickles which accumulated to form these specimens, allowing greater oxidation during the 

tapping process. Differences in viscosity and temperature upon tapping could have resulted in a 

longer cooling period and deeper oxidation beyond the immediate surfaces. Additionally the 

structure of the furnaces, with multiple air-inlets, may have created more heterogeneous 

furnace conditions than seen in single air-inlet furnaces, and produced small areas of slag 

outside equilibrium with higher chance of spinel formation. How large the tapping holes were, 

and how long it remained open, are also thought to affect the formation of spinel within 

tapping slag (Truffaut 2008, 268), though the lack of physical remains of this part of the furnace 

makes it impossible to judge.  

 

Figure 6-56 Optical micrograph of Sample 100 showing fine feathery olivine with exte nsive wüstite 

exsolution 

The shape and distribution of the olivine was very variable, with some areas of samples showing 

densely packed small (c.100μm) olivine laths with extensive wüstite exsolution (Figure 6-56) 
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suggestive of quick cooling, and others such as Figure 6-54 showing very large well developed 

olivine laths hundreds of micrometres in length, often randomly oriented. Broadly speaking the 

olivines in all samples examined were well developed, with crisp structures unlike the 

amorphous masses seen in smithing slag (Figure 6-80), though the predominance of skeletal 

shapes does suggest that almost all cooled quickly. EPMA-EDS (2.2.3.1) area analyses of the 

olivine phases (Appendix 2.6.4.1) indicated that they contained significant levels of MnO in all 

the examples examined, suggesting that rather than a pure fayalite (Fe2SiO4), they were likely 

composed of a mixture of tephroite (Mn2 SiO2) in close association with fayalite, with occasional 

forsterite (Mg2SiO4), known to form a solid solution series.  

 

Figure 6-57 Optical micrograph of Sample 98 showing SiO2 grains and ore fragments breaking down into 

slag 

In some cases there were areas of slag which encompassed possible ore and quartz fragments 

in the process of being incorporated into the slag (Figure 6-57), suggesting that tapping 

occurred when charge was still being actively reduced within the furnace. In these samples the 

nearby slag was heterogeneous and contained complex, sometimes amorphous, olivines, areas 

of leucite with dense wüstite rod exsolution, and hercynite (Figure 6-58).  

The microstructures of the plate shaped tap slag show few distinctions from those of the cone-

shaped tap slag (cf. Figure 6-52 and Figure 6-59), and were as variable. However hercynite, 

usually in small euhedral blocks (Figure 6-60), was noted in a number of plate slag samples. 

Whilst usually rare, hercynite was abundant in plate slag Sample 120, in addition to round and 

rhomb-shaped metallic iron prills. There is some indication that hercynite formation might be a 

result of equilibrium conditions not being reached, indicative of a lower temperature furnace 

preventing full melting and mixing of slag (Fells 1984, 77-8). However in this case the hercynite 
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appears to correlate with higher Al2O3 content slag samples (e.g. 120, see Table 6-13) which, as 

can be seen in the ternary phase diagram (Figure 6-82), do plot within the hercynite phase 

region as expected, and hercynite presence is probably due to Al2O3 abundance in the clay, 

rather than significant failure to reach equilibrium conditions. There is no clear relationship 

between Al2O3 content and FeO (Figure 6-61 left).  

 

Figure 6-58 Optical micrograph of Sample 98 showing area in close proximity to possible ore and SiO2 

grains showing amorphous olivine, leucite and hercynite  

 

Figure 6-59 Optical micrograph of Sample 80, a plate shaped tap slag 

EPMA-EDS analysis of the glassy matrix (Table 6-11) revealed a complex mixture of oxides. 

Dominated by FeO, CaO, SiO2 and Al2O3, this was the last part of the slag to solidify and 
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consequently retained all oxides which did not solidify in specific phases. The presence of high 

but variable levels of BaO within the matrix suggests that barium compounds are concentrated 

within this phase. The complex chemistry of the phases, in particular the presence of MnO in 

non-olivine phases, and the presence of hercynite, therefore argues against the use of RII 

measurements (Charlton et al 2010) as a proxy for reducing efficiency, as this assumes all FeO 

and MnO are present within the olivine phases. 

 

Figure 6-60 Optical micrograph of Sample 120 

 

Table 6-11 Summary of EPMA-EDS analyses of phases within Semlach-Eisner tap slag (normalised wt%) 

  Analytical 
total 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO BaO 

Wüstite Min 96.0   0.3 0.6 0.4 0.7 0.3 3.1 89.1  

 Mean 97.4   1.2 2.4 0.4 0.8 0.8 3.5 91.4  

 Max 98.2   1.9 3.6 0.4 0.8 1.4 3.9 95.3  

             

Spinel Max 99.5   20.8 18.6 1.5 1.7 4.5 4.2 82.9  

 Mean 95.9   13.3 6.6   2.8 3.2 72.7  

 Min 92.1   8.7 1.0 bd bd 1.5 2.7 57.9  

             

Olivine Max 106.4  1.4 5.1 32.4 1.3 3.1  17.9 60.1  

 Mean 100.8    29.5  0.8  12.1 55.4  

 Min 98.3  bd bd 25.5 bd 0.3  7.4 48.9  

             

Matrix Max 102.2 1.2 0.2 20.4 45.8 6.9 9.8 1.4 5.7 30.2 4.4 

 Mean 98.1 0.9 0.2 16.8 41.5 5.2 6.4 0.8 3.5 23.3 2.3 

 Min 95.5 0.6 0.1 11.0 38.1 3.2 3.5 0.1 2.0 18.8 1.2 
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6.4.4.3 Composition of Tap Slag 

 Description 

Samples were prepared and analysed with WD-XRF (2.2.2.3) (Table 6-13, Table 6-14.) The 

percentage of FeO varied considerably, from 41.11wt% to 83.60wt%, however overall the 

samples have a low FeO content (mean 56.92wt%) and Sample 33 (83.60wt% FeO) is clearly 

anomalous (Figure 6-61). Broadly speaking slag pieces with greater abundance of wüstite were 

found to have higher levels of FeO.  

MnO content shows considerable variation, from 1.00wt% through to more than 16.52wt%. The 

average (7.99wt%) and median (8.27wt%) both indicates a mid-to-high manganese content 

overall. Whilst there is little direct link between FeO and MnO content, MnO content does vary 

with respect to phase (Figure 6-61, left). This is particularly clear in Phase 4, where low MnO 

contents (c.1-3wt%) are visible for a majority of samples, compared to other phases where MnO 

content is generally 5wt-12wt%. Excluding this group, the remainder of the samples examined 

form a coherent group with respect to MnO content. 

 

Figure 6-61 FeO v MnO (wt%) and FeO v Al2O3 (wt%) for bulk chemical analysis of Semlach-Eisner tap 

slag 

CaO content is generally low, with a minimum of 0.43wt% and a mean of 1.40wt%, but a small 

number of higher CaO samples had a maximum of 4.58wt% (Figure 6-62, left). There is some 

evidence of a pattern of CaO content with respect to phase, with samples from Phase 3 and the 

post-Roman phase grouping together. However, overall the CaO levels are very low, and 

consequently of limited importance. It is clear that CaO was not used as a flux here, despite the 
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presence of lime pits on the site, and CaO likely entered the slag from the fuel ash during 

smelting, or as a result of burial contamination.  

 

Figure 6-62 FeO(wt%) v CaO(wt%) and FeO(wt%) v BaO(ppm) for bulk chemical analysis of Semlach -

Eisner tap slag 

K2O varies between 0.22wt% and 2.06wt%, with a mean of 1.11wt%, and does not show any 

meaningful variation. As expected, SiO2 content had a direct negative relationship with FeO 

(Figure 6-64), and is consistently as variable (5.57wt% to 32.72wt%) as iron content, with an 

average of 25.78wt%. The FeO v SiO2 relationship presents no immediate evidence of a 

relationship between these oxides and the archaeological phase of the samples. Like SiO2, Al2O3 

is highly variable (1.16wt% and 10.34wt%), and has a mean of 5.09wt%. There is no clear link 

between higher FeO abundance and high Al2O3 abundance (Figure 6-61 right).  
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Figure 6-63 FeO and SiO2 (wt%) for WD-XRF analysis of Semlach-Eisner tap slag 

MgO is broadly very low, at 0.33wt % to 1.09wt% with an average of 0.63wt%, and this is likely 

the result of low levels of MgO in the ores (6.4.2.2). Cr2O3 and V2O5 content are all so low as to 

be negligible. TiO2 content varies between 0.03wt% to c.0.26wt %, very low values again likely 

an artefact of the low ore TiO2 levels in the ores. Na2O is uniformly low, partly due to the 

difficulty in detecting this light oxide (Appendix 2.4.2), but primarily reflecting a broadly low 

abundance within the ore.  

Of the trace elements many are at such levels (<50ppm) that they are presented here only 

semi-quantitatively, however all the slag samples show relatively high levels of BaO (mean 

c.3575ppm). The relatively low levels of SrO (mean c.231ppm) are in line with the low levels 

seen in the ores (6.4.2.2). BaO abundance shows some differentiation with respect to phase 

(Figure 6-62, right), with groupings differentiating Phases 3 and 4, and to a certain extent the 

post-Roman phase. Samples from Phase 4 are particularly distinctive, showing low BaO content, 

distinctive low MnO content, and relatively high FeO content. Calculations show that whilst 

there is a broad linear relationship between BaO and FeO content within this phase (Figure 6-

64), the BaO content seen in high FeO content slags is far lower than would be expected simply 

if the increased FeO was causing dilution of the slag oxides37, say if a bloom was not produced 

or a smelt failed to fully reduce the charge. The MnO contents of these samples also show little 

                                                           
37 Assuming Phase 4 slag with higher BaO is representative, take Sample 32, 8000ppm of BaO in a slag 
with 41wt% FeO: treble the FeO content and renormalise gives 4395ppm BaO in a slag with 67.58wt% 
FeO. This is much higher than the low BaO, high FeO Phase 4 Sample 65, which has a FeO content of 
65.82wt% and a BaO of 607ppm. 
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to no fluctuation no matter the FeO (Figure 6-61 left), again suggesting that the low BaO is not 

(or not only) the result of dilution. The causal factors behind the low oxide abundances within 

this phase are not clear, but whilst FeO dilution may play a part, there are clearly other factors. 

Considering that it is the BaO and MnO oxides, which enter the slag from the ore contribution, 

which show such distinct patterning it seems likely that fluctuations in ore composition play a 

part in these patterns. 

  

Figure 6-64 BaO(ppm) v FeO(wt%) for Phase 4 WD-XRF tap slag data from Semlach-Eisner 

The moderate-low FeO and correspondingly moderate-high SiO2 content are notable aspects of 

this dataset, resulting in a lean slag. Although a lean slag is not necessarily indicative of a high 

proportion of iron liberated to the bloom (3.3.3), the relatively high MnO content of the slag 

with respect to relatively low-to-medium MnO content in the ore does suggest that in this case, 

relatively low levels of iron were lost to the slag. The low abundance of SiO2 in the ore, and the 

high relative abundance of SiO2 to Al2O3 seen in these slag samples, suggests that the majority 

of SiO2 and Al2O3 content entered the slag from the furnace wall ceramic, where very high SiO2 

to Al2O3 ratios have been identified. BaO levels are relatively high (Figure 6-65, left), but again 

this may support a relatively high liberation of iron to the bloom. The lack of very distinctive 

groups within the data suggests that the same broad production process was undertaken 

throughout the occupation of the site, and that the archaeological material forms a coherent 

body of evidence. 
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Figure 6-65 Bivariate plots of ore and fuel oxides for WD-XRF analysis of Semlach-Eisner tap slag 

Some differences in SrO and CaO oxide abundance with respect to phase can be seen (Figure 6-

65, right). Some slag samples from Phase 4 (the period with the majority of excavated furnaces), 

and the post-Roman levelling layers show distinct differences, and whilst compositionally slag 

from Phase 6 (furnace 1) overlaps that from Phase 3 (furnace 6) there are some clear patterns 

within those phases. SrO is often considered an ore oxide, and does have a strong relationship 

with BaO content within the tap slag (Figure 6-65, left). However SrO levels are generally low 

with a positive relationship to MnO content within the ore (Figure 6-67, left), but high and 

without such a relationship in the slag (Figure 6-67, right), suggesting that ore contribution does 

not account for all of the tap slag SrO content. Instead it is likely that some contribution to SrO 

content in the slag is made by fuel ash oxides, which also likely account for the majority of the 

CaO content. Consequently the presence of groups within the slag samples linked to SrO/CaO 

content and Phase suggests that there may be some underlying patterns within the chemical 

compositions of the slag which reflect fluctuations in both fuel use and ore.  
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Figure 6-66 MnO vs SrO for ore (left) and tap slag (right) samples  

The broadly linear MnO/BaO relationship seen within this dataset (Figure 6-67) has been 

identified in smelting slag elsewhere (Heimann et al. 2001, 237) as indicative of the exploitation 

of a single ore body with a relatively stable Ba:Mn ratio. However what constitutes a ‘single ore 

body’ is rather broad and likely strongly related to the nature and genesis of each specific ore 

body, as the same BaO/MnO ratios have been recorded in ore bodies 50km apart (e.g. Heimann 

et al. 2001, 237; Iles 2010). The reliance on enriched surface/near-surface ores deposits, which 

may not have been sizable, during the Roman period means that movement of mining locations 

over time is conceivable. Small clusters of tap slag samples with respect to ore oxides within a 

generally positive linear relationship (Figure 6-67) might therefore represent exploitation 

shifting between small surface deposits of a larger ore body. However this does not easily take 

into account the potential for fluctuations in FeO abundance within the slag to effectively dilute 

the minor and trace oxides. Considering the complexity of this multivariate dataset, further 

statistical investigation is necessary to identify and quantify any ore oxide fluctuations. 
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Figure 6-67 BaO(ppm) v MnO(wt%) for WD-XRF analyses of tap slag from Semlach-Eisner 

 Principal Component Analysis 

In order to facilitate the extraction of meaning PCA was performed on a sub-compositional 

dataset, utilising only those trace oxides (e.g. BaO and SrO) whose archaeological value was 

known and understood, and excluding SO3 due to poor analytical accuracy. Due to the strong 

correlations between FeO and other oxides (Appendix 3.1), and the problems of the closed 

dataset (Appendix 3.3), a sub-compositional dataset as utilised for the initial PCA. An iterative 

approach to PCA was taken (see Appendix 3.3.2.2), and the initial explorative PCA (1) indicated 

that the anomalous low BaO samples in Phase 4 dominated the PCA due to the strength of 

difference between these and the Phase 4 samples. This supresses the utility of the PCA for 

facilitating differentiation within the other samples. 
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Figure 6-68 Component scores 1 and 2 from initial PCA(1) analysis of all analysed Semlach -Eisner tap 
slag 

Excluding the Phase 4 data from the set and rerunning the PCA (2) produced factors which show 

some distinction between phases, particularly in the case of the post-Roman (red) slag, but also 

possibly in Phase 3 (grey), and to a certain extent Phase 6 (yellow) (Figure 6-69). However the 

low numbers of samples in Phases 1 and 2 prevent any conclusions with regards to these phases 

being made, and also means that data smoothing operations such as Kernel Density Estimation 

(KDE) as used by Charlton (2006) are not employed here. 

  

Figure 6-69 Component score bivariate plots for PCA(2) of Semlach-Eisner tap slag excluding Samples 
form Phase 4 
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Examining how the oxides load onto each component (Table 6-12) gives us some insight into 

what each of the PCA(2) components represents. The strong loading of Al2O3, which from the 

earlier analysis of the ore and ceramic we know derived primarily from the ceramic, onto 

component 1 along with other indicative oxides (SiO2, K2O, TiO2) suggests that this component is 

strongly related to fluctuations in ceramic furnace lining contribution. Strong ore-oxide (SrO, 

BaO, MnO) contributions to component 3 suggest a link between this component and 

fluctuations in the contribution of ore oxides.  

  

Figure 6-70 Loading plot for components 1 and 2 of main PCA(2)  

However both component 2 and 4 are more difficult to pin down; the strong contribution of SrO 

in the same direction as CaO suggests a relationship with fuel oxides, as CaO in particular likely 

entered this system primarily from the fuel (3.3.3.2.3). The presence of Na2O loading strongly in 

the opposite direction to these fuel oxides may indicate that increased fuel ash contribution, i.e. 

increased fuel to ore proportions, resulted in higher temperatures and consequent increased 

loss of Na2O from the system. Component 2 may therefore be better understood not as just the 

fuel ash contributions, but as a combination of those aspects controlled by fuel use; i.e. furnace 

temperature and conditions, potentially including fuel:ore ratios. However the limited accuracy 

of Na2O measurements means some caution must be employed in this interpretation. 

Component 4 remains unidentified, although the presence of BaO may suggest a link to ores or 
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ore processing, but as it only contains 7% of the variation in the original data set it is of limited 

interpretive use here.  

P2O5 behaviour was notable, loading positively onto components 1, 3 and 4. Unlike in the 

Clatworthy tap slag where the correlation is positive, in the analyses of Semlach material P2O5 

correlates negatively with FeO. The positive correlation in the Clatworthy data between P2O5 

and FeO led to the interpretation that lower temperatures/less reducing conditions, leading to 

lower P2O5 loss, could have led to less effective reduction and higher FeO abundance within the 

tap slag. However in the Semlach data the presence of a strong negative correlation, and the 

loading of P2O5 onto component 1 with SiO2, would seem to suggest that the factors behind 

P2O5 abundance are different, and more complex. This is supported by the loading of P2O5 onto 

components associated with ceramic and ore contribution (1, 3), rather than that most closely 

associated with fuel variation (2). This may suggest that fluctuations in temperature and/or 

reducing conditions may have been more limited at Semlach-Eisner than Clatworthy, and that 

they affected the composition of the tap slag far less than fluctuations in ceramic or ore 

contribution.  

Table 6-12 Abbreviated table of component loading scores where these are greater than 0.3 for PCA(2) 

excluding Phase 4 of Semlach-Eisner tap slag (total variance explained: 75%)  

 Component 

 1 
Ceramic 

2 
Fuel 

3 
Ore 

4 

% variance 36% 17% 14% 7% 

Na2O (wt%)  .735 .079 -.323 

MgO (wt%) .484 -.562  -.370 

Al2O3 (wt%) .829 .409   

SiO2 (wt%) .692   -.356 

P2O5 (wt%) .435  .455 .507 

K2O (wt%) .799    

CaO (wt%) .650 -.531  .316 

TiO2 (wt%) .847    

V2O5 (wt%) .663  -.313  

Cr2O3 (wt%) .719  -.483  

MnO (wt%)   .857  

SrO (ppm) .550 -.629 .322  

BaO (ppm)  .578 .521 .313 

 

The initial PCA(1) sheds some light on the distinctive nature of the low BaO/low MnO content of 

Phase 4 samples, and confirmed that the differences between these samples and the rest of the 

slag data were the most significant source of variation in the dataset as a whole. The PCA(1) 

component (2) which differentiated these samples from the body of the evidence most 
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strongly, was the one onto which MnO, SrO and BaO loaded most strongly (see Appendix 

3.3.2.2), confirming that it was likely fluctuations in the chemical composition of the ore used in 

the smelt/s which produced these samples which contributed most strongly to the differences 

in chemical composition seen here. 

PCA(2) shows that, whilst compositionally the data (excluding Phase 4) are broadly cohesive, 

distinctions between phases of activity can be seen within the oxide abundances. Whilst these 

differences are generally low, they are indicative of underlying differences in smelting 

parameters between these phases. This suggests that the stratigraphic distinctions on which the 

phasing is based represent differences in actual activity on the site. In particular the most 

notable distinction between phases comes as a result of differences in component 2, which 

probably represents fuel ash contributions. This suggests fluctuation either in total fuel ash 

contribution, perhaps as the result of different charge/air regimes, or differences in the fuel 

composition itself. The distinctiveness of Phase 3 (furnace 6) material seen in PCA(2) may be the 

result of compositional coherence, but caution must be taken as the larger number of samples 

analysed from this phase may influence visual assessment. The coherent grouping of the post-

Roman slag analyses (Phase 7) in PCA(2) is notable, indicating that these were compositionally 

distinct, but notably PCA(1) indicates that they were compositionally closer to the general body 

of slag analyses than the Phase 4 samples. This suggests that material from the post-Roman 

levelling layers probably represents a distinct period of smelting, rather than re-deposited 

material from multiple phases, but that smelting at this time was coherent with what had 

occurred on the site previously (excluding Phase 4). This may mean that smelting activity on the 

site continued into the post-Roman period, which is not firmly dated on this site but at the 

earliest began in the 5th century AD. 

6.4.4.4 Interpretation 

The chemical compositional analysis of the tap slag demonstrated that the analyses form a 

coherent set of data, and whilst there are discernible variations within this dataset, no large 

differences were seen. This suggests that despite the relatively long chronological period over 

which these samples were deposited, they represent the products of a smelting practice which 

was not subject to significant change across the period of occupation of the site. The extraction 

of PCA components which can be identified with individual raw materials confirms this, 

indicating that differences between samples are the result of relatively low level fluctuations in 

raw material use. 

Despite the identification of two different morphologies of tap slag, compositional differences 

between the two types are present only in the levels of variation of individual oxide abundances 
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and the resulting mineral phases present. This suggests that rather than representing two 

different processes, they represent two different products of the same process, perhaps an 

initial tap (plate slag) and the product of regular small taps (cone slag). The resolution of the 

EPMA beam was insufficient to allow a firm identification of the spinel phase found commonly 

within a number of samples, although it appears to be magnetite. The presence of high levels of 

magnetite within tap slags, away from chill surfaces where it is commonly found, appears to 

occur only in the cone slag. This is likely to be the result of greater oxidation of slag of this form 

due to its particular morphology and formation, though it is also possible that this slag was 

tapped during periods of greater heterogeneity within the furnace.  

The tap slag samples show significant variation in FeO content unrelated to chronological phase, 

however there are notable exceptions in the low SrO/BaO/MnO slag samples of Phase 4, which 

have high FeO. The low ore oxide content of these samples cannot be solely attributed to 

dilution by the high FeO content, and initial PCA of the whole dataset confirmed that the strong 

differentiation between these samples and the rest of the dataset is based on the ore oxide 

contributions. The distinctly lower SrO/MnO/BaO content within Phase 4 slag samples suggests 

that a different ore was in use during part of this period, though this is difficult to substantiate. 

PCA of the dataset after removal of Phase 4 samples shows chemical compositional grouping 

reflecting the chronological origin of the slag, particularly in the case of the samples recovered 

from the post-Roman period. The components facilitating these distinctions most strongly are 

those which reflect fuel ash contribution, suggesting that there were changes either in the 

origin of the fuel between these periods, or in the fuel:ore ratios.  

The presence of mid-to-high levels of MnO within the slag is in line with the relative abundance 

of the oxide within the ore pieces examined, giving no suggestion that MnO was added as a 

separate flux/ore addition. However the chemical composition of these slag samples sheds little 

light on the complicated issue of manganese presence in iron/steel production (3.2.5), and 

analysis of supporting material and mass balance studies are necessary.  
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Table 6-13 WD-XRF analysis of 

Semlach-Eisner tap slag 

(normalised major and minor, 

wt%). ‘Trace’ indicates that the 

oxide was detected but not 

consistently measureable above 

0.01. 
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Table 6-14 WD-XRF analysis of 

Semlach-Eisner tap slag 

(normalised trace ppm). ‘bd’ 

indicates where abundance fell 

below detectable limits. 
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6.4.5 Metallic Iron  

6.4.5.1 Iron in Slag 

Microscopic metallic iron was a common feature in a number of the slag samples, identified in 

etched samples and unetched samples where preferential corrosion and polishing revealed 

microstructures, and within etched samples. Iron droplets are common features in Roman 

period slag (e.g. Fells 1983), and were found both as grains with morphology which implied they 

had formed as solids, and as rounded droplets suggesting that they had been molten. Droplets 

were commonly very small in size (<10μm in diameter) (e.g. Figure 6-71), though a number 

were up to 50μm diameter (Figure 6-72) and most appeared to have formed around other 

phases, suggesting that they had been liquid at some point during the tapping of slag. Metallic 

droplets were found both in relatively lean slag samples with magnetite (Figure 6-71), in rich 

slag with primary wüstite (Figure 6-72 right), and in both plate and cone tap slag types. 

  

Figure 6-71 optical micrograph of sample 85 showing single iron droplet  

 

Figure 6-72 optical micrograph of metallic iron droplets in sample 121  
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Sample 112 contained an iron pellet c.1cm diameter, which was composed of a large number of 

low-carbon globules of iron within a matrix of grey cast iron. There was also what appeared to 

be white cast iron on one side (Figure 6-73), which due to preferential abrasion during sample 

preparation was clearly visible. The slag in which this iron was found was lean and highly 

vesicular, dominated by thin branching olivine. The slag surrounding the iron had abundant 

microscopic spinel phases. 

  

Figure 6-73 optical micrograph of sample 112, unetched, showing white cast iron region (top left), grey 

cast iron (middle), rounded regions of low-carbon iron (bottom) and voids (black, right)  

Sample 99, a cone slag, revealed when sectioned a rounded mass of iron c. 1cm in diameter 

within the peak of the cone (the last part to be tapped). When sectioned a round, friable mass 

of c. 5mm diameter was found at the centre of the iron. It was entirely encompassed by the 

iron, and had the same colour as a number of the ore samples. Examination of the pieces under 

optical microscope (Figure 6-74) indicated that, unlike the corrosion products which occurred 

around and within the metallic iron and which were usually pseudomorphic of the surrounding 

iron, the red mass was largely homogeneous and finely granular. Exploratory EPMA-EDS analysis 

of corrosion products recorded peaks associated with sulphur and occasionally chlorine, but 

analysis of the red mass only produced iron peaks. On this basis the red mass is identified as an 

unreduced ore fragment. 
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Figure 6-74 sample 99. Left: optical microscope image of central mass. Right: se image of corrosion 
within iron matrix revealing white cast iron structures  

Corrosion had preferentially affected some phases of the iron droplet in Sample 99, revealing 

the phases of the iron clearly under optical microscope. The droplet was composed of a 

hypoeutectic white cast iron (carbon 2-4wt%) indicative of fast cooling, surrounded by 

pseudomorphic corrosion, and contained voids into which corrosion had grown (above right). 

The slag which surrounded the iron droplet was relatively lean, dominated by primary olivine 

and containing a glassy matrix in which tiny spinel phases were visible (Figure 6-75). Beyond the 

chill surfaces dividing them, other slag layers also featuring skeletal spinel were noted.  

  

Figure 6-75 Optical micrograph of Sample 99, field of view 350μm  

The presence of white cast iron in these two samples suggests highly reducing conditions were 

in operation, which appears to be contradicted by the presence of spinel which is associated 

with oxidation of slag. However, as discussed above, it is likely that the spinel occurred as a 

result of exposure of the slags to oxidising conditions, probably contact with the air during 

tapping and cooling or potentially proximity to the air inlets.  
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Overall the microstructures of the two large metallic droplets suggest strong reducing 

conditions occurred in at least some parts of the furnaces. However both large droplets were 

discovered by accident, and are rare examples within a dataset which is dominated by 

microscopic metallic iron droplets with no evidence of carburisation. Whilst these samples, 

particularly 112 with its uncarburised iron globules entrapped within grey cast iron, support the 

model of bloom formation via temporarily carburised iron (3.2.5; see also Charlton 2006, 92; 

Pleiner 2000a, 132), the small number of samples means that they cannot be taken as solid 

evidence and may be anomalous with respect to the regular processes at this site.  

6.4.5.2 Iron Pieces 

In the early stages of the excavation, one piece of grey iron and one piece of ferritic bloom 

material which was found to contain trace levels of manganese (<0.02wt%) were recovered 

from the western slag deposit (Preßlinger 2008, 249-50). From Phases 3-5 and the post-Roman 

layer another 14 pieces of metallic corroded and irregular iron were identified through 

magnetic survey of the stored finds at the end of the 2010 season (Figure 6-76). The majority of 

these pieces were subject to optical microscopy with nital etching, SEM-EDS analysis of phases, 

and the Vickers Hardness test by Tom Birch (In press b), and are summarised in Table 6-15. 

As Birch has indicated (In Press b), the iron pieces are clearly lumps, rather than ingots or 

finished work of any kind. Some appear fluidal in shape, others are amorphous masses, and a 

number of the latter have significant concretions which are likely post-depositional in origin. It 

seems clear from the morphology that a number of the pieces were molten at some point, and 

some cooled within a shallow depression creating a gentle concave/convex shape. None show 

any morphological or microstructural evidence of smithing or secondary working. All show 

internal porosity in section, and two contained mineralised wood outlined by corrosion or other 

non-metallic phases. This was identified as conifer or pine (Birch, in press b), which ties in well 

with the evidence for fuel used on this site (6.1.3.3). 

Birch (in press b) identified a mixture of quickly cooled steels and white cast irons, and slower 

cooled grey and 'chilled' cast irons, and believed that this was suggestive of a number of 

differing processes or conditions. The presence of mixed grey and white cast irons corresponds 

well with the pellet-sized piece of iron in sample 112 above. Birch noted the very limited nature 

of slag inclusions within the samples, although he was able to analyse a set of between 3 and 6 

inclusions for three samples. As he has identified, the slag inclusions of the steel show 

considerable compositional differences to those of the two white cast irons (Table 6-16), with 

significantly higher minor oxide content in many cases, except for CaO which was comparable. 

The FeO content of the inclusions in the steel was less than 1wt%, considerably different to the 
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54.6wt% and 47.4wt% of the white cast irons. Birch believed that the higher SiO2 content of the 

slag inclusions in the steel suggested higher reducing conditions within the production furnace, 

and/or higher contribution of furnace lining/flux. This presumably infers overall higher reducing 

conditions across the whole of the furnace, compared to regular iron production, instead of the 

localised areas of high reducing conditions likely responsible for the production of the small cast 

iron pieces. 

 

Figure 6-76 selection of iron samples from Semlach-Eisner (with thanks to T Birch for layout).  

The presence of cast iron at Roman iron production sites is relatively uncommon but 

increasingly accepted as the result of accidental extremes in reducing conditions (4.4.2.3.4). If 

high-carbon steels or cast irons were being intentionally produced on Semlach-Eisner we would 
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expect to see evidence of a generally consistent process, but the irregular morphology, 

microstructures and slag inclusions of these pieces indicate that they are the product of 

unintentional and uncontrolled variations in the operation of the relatively standardised 

bloomery smelting process. The differences between the composition of the slag inclusions and 

the typical composition of tap slag (6.4.4.3) also indicates that these samples are not the typical 

product of the smelting process identified at Semlach-Eisner. This, and the lack of evidence for 

secondary processing, indicates that the Semlach-Eisner samples are likely to be intentionally 

discarded pieces produced accidentally, and does not provide any clear evidence to challenge 

the established understanding that cast irons were not intentionally produced in the Roman 

period. The recovery of these pieces does not represent enough evidence to support assertions 

like that of Truffaut (2008), that ferrum Noricum was pig-iron produced within bloomery 

furnaces and then decarburised. The idea that producers on this site made pig iron (Preßlinger 

2008, 250) is also not substantiated by the evidence examined here. 

Despite this, the presence of these pieces on the site is informative. In particular the accidental 

production of cast iron indicates that very high reducing conditions within the smelting furnaces 

occurred repeatedly. The creation and maintenance of high reducing conditions requires 

significant alterations to standard bloomery fuel:ore ratios and the provision of significant 

quantities of air, even taking into account the possibility that the MnO within the ores facilitated 

reduction (Grandin & Hjärthner 2008, 74; Charlton 2006, 106; Tylecote 1962, 191; Crew and 

Charlton 2007; Hauptmann 2007, 235). The necessity for these deliberate choices means that, 

whilst the cast iron pieces indicate that the reducing conditions were too strong for an 

indeterminate period in a number of cases, the overall choice to operate the furnace with high 

reducing conditions is unlikely to have been accidental, and probably produced iron with some 

carbon content. 

The presence of these pieces only in contexts in Phases 3-5 and the post Roman levelling layers 

(phase 7) may indicate a chronological limitation on the use of strong reducing conditions, or a 

limitation on the failure to properly manage those reducing conditions. The general paucity of 

evidence from the other phases indicates that the apparent chronological restriction is likely to 

be an artefact of the excavation. No compositional analyses of the iron samples were carried 

out by Birch, but specimens of samples 113 and 141 were subject to EPMA-EDS (2.2.3.1) 

revealed no detectable (c.>0.1wt) elements, excluding iron. None of these pieces offer any 

supporting evidence for the theory (e.g. Truffaut 2008, 249) that ferrum Noricum was a 

manganese alloy iron. 

  



329 
 

 

Table 6-15 Metallic iron finds from 

Semlach-Eisner incorporating 

Birch (In Press b) analysis 

(identification, C estimate, 

microstructure, hardness) 
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Table 6-16 Normalised weighted 

average SEM-ED analysis of non-

metallic inclusions from Birch (In 

Press b, Tab.2) 
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6.4.5.3 Probable Failed Blooms 

Nine samples of large, irregular slag masses, highly porous in nature and containing a large 

number of charcoal inclusions, were examined and sectioned in the field. Morphologically they 

are notable for their large size and mass, some over 2kg in their original form, and particularly 

for the presence of metallic iron revealed in section (Figure 6-77, left). The presence of complex 

corrosion products and potential for microscopic metallic iron precluded their accurate analysis 

by WD-XRF. 

 

Figure 6-77 sampling and cross section of sample 104 from Semlach-Eisner showing metallic iron foils 
and rims 

The metallic iron was present as rims around voids within the slag, as well as layers or foils often 

in close proximity to those voids, which in many cases contained or appeared to have previously 

contained, charcoal. Unfortunately this metallic phase did not survive the shipping conditions, 

which appeared to include exposure to moisture, and samples arrived in the UK highly corroded 

and in many cases so fragile that they had crumbled to fragments and powder. However the 

original presence of metallic iron in some of these samples suggests that other pieces with 

similar morphology noted at the samples storage site which initially showed no metallic iron, 

but in many cases clear corrosion products, may have originally contained metallic iron in a 

similar morphology to those seen above. 

During the primary sectioning and sampling in the field these pieces were identified as failed 

blooms, and their similarities in cross-section with material identified as 'failed' blooms from 

experimental work such as Crew and Charlton (2007, 223), where iron also appears to have 

conglomerated from multiple foils or rims surrounding voids of charcoal pieces, supports this 

interpretation. The iron appears to have formed in solid-state around the charcoal pieces, 

suggesting an insufficiently reducing atmosphere and/or temperature within the furnace. The 

dominance of slag and the shape of these masses indicates that these pieces have never been 

subject to any bloom-smithing, which would likely have broken them; their survival therefore 
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shows that producers were well aware that these were not successful blooms, a testament to 

their working knowledge of the production process. All the pieces originated from within Phase 

5 or the western slag deposit (in use during this phase), suggesting that these failed blooms may 

have been the product of an activity occurring specifically within this period. Whilst some iron 

pieces have been found, it is notable that very little tap slag has been recovered from Phase 5 

strata. 

 

Figure 6-78 Irregular masses from Semlach-Eisner after shipping to laboratory; missing sample 31 and 
156, too fragmentary for photography.  

Whilst the body of evidence is not large, and absence of evidence is not evidence of absence, 

the lack of smelting slag during the same restricted period when these masses were deposited 

may be indicative that some problems occurred during smelting operations at this time. These 
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failed blooms and the recovery of iron samples suggests that smelting did take place during 

Phase 5, but that it may have been less consistently successful than smelting operations of 

other phases. A possible drop in successful smelting may have occurred, and this may be due to 

a loss of technical proficiency or unsuccessful attempts to change the smelting process in some 

way.  

Phase 5 is dated to after the mid-3rd century AD, a period when the local town Virunum began 

to contract, and abandonment of villas in the south of the province may have begun (6.2.5). 

This may correspond to the ‘crisis of the 3rd century’ (AD235-84), a period of civil war and 

fracture within the Empire when at least 26 different claimants fought to control the Empire 

(see Liebeschuetz, 2007, and Hekster et al 2007 in general). High military demand, changes in 

control, population loss, and much higher risks to failure could have had substantial effects on 

smelting at Semlach-Eisner, resulting in the loss of trained personnel, attempts to alter iron 

production, or even closure or suspension of activities on the site. However it appears that if 

this did occur, it did not result in the permanent closure of the site, as successful smelting in 

Phase 6 indicates. During this period smelting took place further up the hill, away from the 

cluster of activity of the earlier periods, though in a furnace of very similar design. However 

caution must be used when considering these interpretations, as the chronological relationships 

between Phase 5 in the lower trenches, and Phase 6 activity in the upper trench, have not been 

established, and this cannot be resolved until the two areas of the excavation are joined. 

6.4.6 Smithing Slag 

  

Figure 6-79 Dense smithing slag cakes from Semlach-Eisner 
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Ten dense slag pieces, with relatively low porosity and a broadly plano-convex form (Figure 6-

79) were identified as smithing slag (Appendix 2.1.2 Table 2-6), and four samples were analysed 

by bulk WD-XRF (2.2.2.3) (Table 6-17). Considering the small number of smithing slag specimens 

examined, conclusions are limited, however some may be drawn by comparing the means and 

general spread of the two groups of data (Figure 6-81). 

It is clear that the variation of FeO content is within that seen in the tap slag, though the mean 

is slightly elevated. This is to be expected as the smithing slag is composed of both slag which 

had been entrapped within the metallic iron, and iron oxides formed during the smithing 

process. SiO2 levels are depressed in the smithing slag, and Al2O3 levels significantly raised. 

However both these oxides, and particularly the MnO levels are so variable that the mean is of 

limited value here, and the spread of smithing slag values remains within the total spread of tap 

slag values. BaO values do appear to show some significant difference between the two types, 

with less BaO reported within the smithing slags. BaO is likely to have entered the smithing slag 

predominantly from entrapped smelting slag within the metallic iron, which left the metal 

during heating within the smithing hearth, so the suppressed levels seen here are expected. 

From these comparisons there is no evidence to suggest that the smithing slag was produced 

from smithing anything other than the iron produced on this site. Optical microscopy revealed 

heterogeneous structures, with areas of lean olivine slag visible within the dominant regions of 

highly abundant amorphous wüstite structures (Figure 6-80). In some rare areas wüstite was so 

abundant that very little glassy groundmass could be seen. Metallic iron was very rare, only 

documented within Sample 148. 

 

Figure 6-80 optical micrographs of smithing slag 148 showing heterogeneous structure, including 
metallic iron droplets (white, centre-left) and amorphous wüstite (pale grey)  

The pieces were morphologically similar, all dense masses 10-20cm in diameter with limited 

porosity, and forms indicative of formation at the bottom of a smithing hearth (McDonnell 

1986, 141). Despite this, examination of the compositional analyses indicates that they may not 

all have formed during the same process. Whilst sampling was limited, the larger pieces show a 
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higher MnO abundance, suggestive of closer technological proximity to the smelting process, as 

well as the high FeO abundance associated with bloom smithing (cf. McDonnell 1986, Table 

11.7.2; Chirikure 2006, 147). In contrast, the smaller pieces appear to have lower MnO and FeO 

abundance, and may have been produced during the secondary smithing of bars or iron pieces. 

However, the notable lack of macroscopic iron visible in any of the pieces suggests that bloom 

smithing was conducted by experienced craftspeople (cf. Senn et al. 2010, 136; Chirikure 2006, 

141). The substantial nature of some of the cakes, which have built up beyond the strictly plano-

convex shape, suggests that they may be the product of intensive work, perhaps representing 

multiple days of smithing or multiple smiths at work at the same hearth. This may also result in 

substantial compositional variation within the smithing slag masses, which might account for 

some of the spread of variation seen below. 

 

Figure 6-81 standard box plots (error bars represent 95% confidence interval ) comparing oxide 

behaviour in Semlach-Eisner smithing and tap slag 
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Table 6-17 WD-XRF bulk chemical 

composition of dense smithing 

slag from Semlach-Eisner 
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6.4.7 Efficiency and Effectiveness 

As with the Clatworthy data (5.4.6), the focus of the efficiency calculations was on the individual 

chronological phases identified within the archaeological material. Whilst sufficient 

archaeological material to enable efficiency calculations to be conducted was not recovered 

from Phase 5, all other phases are represented (Table 6-18). The Thomas and Young (1999a, 

1999b) method was employed (3.3.3.2), and the solutions are presented in Appendix 3.4.2. 

Considering the potential for P2O5 to partition to the metal, or be driven off in gaseous form 

during the smelt, this oxide was not included in the calculations.  

Table 6-18 Summary of data used, and results, of effic iency/mass balance equations – Phase 4 is 

tentative 

 

In almost all the calculations the model showed a good fit between analysed raw materials and 

slag, indicating that the raw materials recovered from the site are highly characteristic of those 

used in the smelting processes which produced the recovered slag. In most cases, analyses of 

raw material from specific phases were used, although there were cases where only one or two 

samples were available for each phase and these were often found to be insufficiently 

representative. In these cases mean analyses of the material from the whole dataset across all 

phases were used instead. In all calculations a mean of all representative ore analyses (n=14) 

was used, as the composition of individual samples varied sufficiently that any one small group 

was unrepresentative, despite the comparatively small chemical compositional variance within 

the ore dataset. This confirms that conclusions based on the analyses of single or small numbers 

of ore pieces from sites of iron smelting must be conducted cautiously, even where the ore 

samples are considered to be accidental discards rather than intentional disposal of unsuitable 

material.  
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The comparative mass-balance data are limited (Table 3-3), but indicate that the Semlach-Eisner 

fuel ash and efficiency figures (Table 6-19) are in line, both with data from the Iron Age through 

to the post-Roman period and with experimental data. Ceramic contributions to the Semlach-

Eisner slag are slightly higher than the comparative data, though they do remain below the 

extreme levels seen in the Hammeh slag where sacrificial ceramic was used (Veldhuijzen and 

Rehren 2007, 194). Correspondingly, the Semlach-Eisner slag had lower ore contributions. 

Broadly the comparatively high ceramic contributions support the conclusions drawn from the 

morphology and composition of the ceramics (6.4.3), that the furnaces were subject to 

substantial temperatures, resulting in heavy vitrification and loss of ceramic lining. The average 

ore Fe2O3 levels are high (c.80wt%), and SiO2 low (c.11wt%), so the inclusion of ceramic into the 

Semlach-Eisner slag would have been beneficial, likely playing an important part in providing 

sufficient SiO2 to form a liquid slag. 

The representativeness of the ore body as a whole within these mass-balance calculations, and 

the good fit of the majority of models, is strong evidence that no additional material/flux was 

added to the smelt. The only set of data where a poor fit was found, and remained difficult to 

resolve, was Phase 4, where MnO levels in the slag were too low to have been produced by 

smelting of the ores recovered from this phase, or indeed from the site as a whole. Two 

different solutions were pursued (Appendix 3.1.14), but neither produced obviously superior 

solutions, and as presented here (Table 6-18) both indicate comparably poor efficiency. This 

contributes additional evidence to that given by the bulk compositional analyses (6.4.4.3), and 

the PCA (6.4.4.3.2), which indicate that the ores used to produce the slag recovered from this 

phase were different to any of those analysed from the site.  

The composition of the ore used in Phase 4 is unknown, but it clearly contained significantly less 

MnO, in addition to much less BaO and SrO, than that found in the ores from the site analysed. 

However SiO2 and a number of the other oxides appear to be relatively good matches, 

suggesting that the unknown ore was a very pure iron oxide. The low MnO, BaO, and SrO may 

be indicative of an ore recovered from a sub-surface context, and as such not as enriched in 

oxides by weathering as the other recovered ores were. The bedded ores of this area are 

carbonates, which would have required thorough roasting to facilitate the most effective 

smelting. Attempts to smelt insufficiently roasted carbonates might account for the difficulty in 

smelting which the low efficiency implies, as well as the possible high fuel requirements 

calculated (Table 6-19). However the lack of archaeological evidence for a carbonate ore, and 

the limited number of slag samples, means further evidence is necessary.  
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The bloom mass data presented here (Table 6-18) refer to the mass of metallic iron produced 

per kilogram of ore added, and give no indication of what the final size of bloom may have 

been. None of the slag pieces examined were whole, and so an estimate of slag produced per 

smelt is not possible, even if the assumption was made that only one tapping hole was used. 

Few experimental data are available for the use of these large, multiple air-inlet furnaces, 

particularly in terms of the number of charges and the duration of smelting. Smaller furnaces 

with single air-inlets have used c.40kg of ore (Crew 2004; Saunder and Williams 2002), which 

here would result in the production of c.10-15kg bloom. As discussed (4.4.2.3.4), blooms rarely 

survive archaeologically, though this size is within the range of those found at Alpine sites 

(Pagès et al. 2011). However at Semlach-Eisner this mass may have been divided between 

multiple smaller blooms, each associated with a single air-inlet. This is not a disadvantage, as 

bloom material requires smithing to force out entrapped slag and debris, and consequently 

must be kept at a high temperature, which is easier to achieve with smaller pieces. It is possible 

that the production of multiple smaller blooms, instead of one large one, was an advantage 

sought by the producers. However without further evidence this remains conjectural, and the 

operation of large, multiple small air-inlet furnaces of this type38 represents one of the key areas 

for future experimental smelting. 

Whilst the mass-balance calculations provide estimations of the quantity of fuel ash entering 

the slag per mass of ore, this does not easily translate directly into estimates of the mass of fuel 

used. Critical data on which to build an estimate are missing, particularly the mass of ash 

produced per kilogram of fuel, which can vary by species (Misra et al. 1993, 104) and by the 

form of the wood. Thomas and Young (1999a, 163) estimated that charcoal typically has an ash 

content of 5wt%, Crew (2000, Table 3) calculates a wide variety of ash contents from 1.5 - 

6wt%, and modern analyses suggest an ash content of 1-3wt% (Demirbas 2009, 1695). Fuel:ore 

ratios have therefore been calculated using a range of ash contents (Table 6-19), though 

without experimental data from fuel types used on this site it is not possible to give firm 

estimations.  

Whilst this precludes comparing fuel:ore ratios between sites, if it is assumed that fuels were 

predominantly local and therefore ash content remained relatively static, it is possible to 

compare ratios between phases at the same site. Here the data for both Phase 2 and 3 indicate 

notably lower fuel:ore ratios, despite good efficiency figures (particularly Phase 3). In contrast, 

Phase 4 shows much higher fuel:ore ratios and lower efficiency, although as Phase 1 data 

shows, a high fuel:ore ratio is not clearly linked to poor efficiency. The low-MnO ore which 

                                                           
38 For an example of the operation of large-scale natural draught furnaces of different form in Africa see 
Huysecom and Augustoni (1997) 
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characterises this period may account for Phase 4 poor performance. As discussed (3.2.5), MnO 

presence may increase the temperature of the furnace through exothermic reactions, as well as 

reduce the fuel:ore ratio necessary (Crew and Charlton 2007) to successfully operate a 

bloomery furnace. Higher fuel:ore ratios seen in Phase 4 may be an indication that producers 

attempted to increase fuel use in order to overcome differences in the ore used during this 

period, and higher fuel:ore ratios would have benefited smelting if a more carbonitic ore was in 

use than the usual oxide/hydroxides.  

Additionally, it is worth noting that higher fuel consumption may be indicative of longer 

smelting times, which could have been used to create more carburised iron bloom material 

(Killick 2014). In Phase 1, where there is no indication of differences in other raw materials, this 

may offer some explanation for the relatively high fuel mass values and good efficiency. The 

small number of samples from this period means that no conclusions can be drawn, but further 

evidence might allow us to answer the question of whether this is indicative of a different 

approach during early, and possibly pre-Roman, smelting on this site. 

Table 6-19 Estimates of fuel consumption based on various estimates of ash production by charcoal – 

Phase 4 figures tentative 

Phase Date Bloom 
(kg/kg ore) 

Efficiency Fuel mass (kg/kg ore) 

    5% 3% 1% 

1 <100 AD 0.278 41% 0.5 0.8 2.4 

2 c.100-125 AD 0.260 39% 0.1 0.2 0.6 

3 c.150 AD 0.362 55% 0.2 0.3 0.9 

4 c.150-250 AD 0.084 13% 0.5 0.9 2.7 

  0.099 16% 0.5 0.8 2.4 

5 >250 AD   insufficient data 

6 c.300-350 AD 0.347 52% 0.2 0.4 1.1 

7 >400 AD 0.357 53% 0.4 0.7 2.1 

 

The calculation of efficiency figures, including those giving estimates of the mass of iron 

produced and the amount of fuel used, lend themselves to simple interpretations. In particular, 

the drop in efficiency during Phase 4 and the low bloom masses, make it easy to assume that 

producers made less iron and perhaps less money or goods in exchange. However the lower 

productivity of individual smelts could have been countered by smelting more often. Whilst this 

would have required larger quantities of ore, it does not have to have led to higher raw material 

expenses, as it is possible that the shift in ore may have been the result of exploiting nearer or 

more easily extracted ores than previous phases, leading to no overall increase in raw material 

cost. The low efficiency of the process may have been a compromise the producers were willing 

to make, in order to benefit from exploiting these ores. The higher fuel:ore ratios calculated for 
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Phase 4 also suggest higher fuel consumption during this period, though there is also the 

possibility that a switch in species, or the inclusion of larger proportions of bark, could have 

caused an increase in the mass of ash incorporated into the slag without a concurrent increase 

in fuel mass used. Again a switch to a different fuel, even if it proved higher in ash and 

potentially slightly lower in calorific value, could be an acceptable compromise in order to 

access more easily available or cheaper raw materials.  

Within this model, these choices could represent effective resolutions to problems of raw 

material supply, even if they appear to be of much lower efficiency in terms of raw material 

consumption and output. The possible change in ore composition, potentially indicating the use 

of deeper carbonate ores, could have occurred not as a move for cheaper or easier accessed 

ore, but as a result of persistence with an ore source that was failing and a failure to seek 

alternatives. Within this scenario, the lower efficiency and iron bloom production suggests a 

slow, or limited, attempt to adapt, both in the absence of evidence for switching to a more 

appropriate ore source until much later periods, and the absence of any evidence that the 

production process was altered to increase the efficiency of smelting with this different ore. 

However, considering the evidence discussed in 4.3.2, this lack of adaption is not surprising; 

technological development and experimentation are unlikely to have been encouraged or 

conceived of within the context of iron production at Semlach-Eisner. The period was one of 

relatively low risk, and there is evidence that instead of improving output by increasing 

efficiency, producers may have increased overall output by increasing the number of furnaces in 

operation.  
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6.5 Smelting at Semlach-Eisner 

6.5.1 Iron Production at Semlach-Eisner 

Analysis confirmed that the smelting process at Semlach-Eisner produced a liquid slag which 

was tapped from the furnaces. Two separate morphologies of slag suggested that it may have 

been tapped in two different ways, or at two different times during the smelt, but 

compositionally the two types were very similar. Small differences in the minor and trace oxide 

content of the slag types probably reflect differences in fuel:ore ratios at the times when the 

two slag forms were tapped, potentially earlier or later in the smelt. 

The position, shape and morphology of the six surviving furnaces and their air-inlets suggests 

that the furnaces were likely driven by bellows, feeding air into the furnace via multiple air 

intake holes numbering at least two and potentially up to five or six. Considering this, and the 

large internal diameter of the furnaces (c.80-100cm), it is possible that instead of a singular 

‘hot-spot’ forming and a single large bloom being created, individual ‘hot-spots’ and blooms 

were created in the immediate vicinity of each air intake. The size of the furnaces are 

comparable to many of the large 1st century BC-1st century AD furnaces, the appearance and 

decline of which may be linked to a rise in iron production in reaction to the geopolitical 

instability arising from the rapid expansion and internal turmoil of the Roman Republic/Empire 

at this time (4.4.2.4.1). However the Semlach-Eisner furnaces date from the late 1st century AD 

through to the early 4th century AD, and there is no evidence of the switch to a smaller furnace 

form seen at other sites (e.g. Laxton UK, Jackson and Tylecote 1988). This suggests that demand 

for the iron produced on this site remained high throughout the Roman period, despite 

fluctuations in production (6.5.2). 

The tap slag analyses plot within the range of compositions seen in comparative data from the 

UK (3.3.2), and give a likely minimum operating temperature at the hottest point(s) of the 

furnace of c. 1100-1200°C (Figure 6-82). The majority of tap slag samples fall within the region 

associated with the formation of fayalite, though a small number of Phase 4 tap slag samples 

plot within the hercynite region. This corresponds to the presence of hercynite within these tap 

slag samples discussed in 6.4.4.2. As with much of the Roman period tap slag data from the UK 

(3.3.2), there is no evidence that smelting at Semlach-Eisner tended towards either of the 

‘optima’ identified by Charlton (Figure 3-6).  
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Figure 6-82 Semlach-Eisner analyses with comparative evidence on phase diagram (from Charlton 

2010). The low iron abundance ores (12, 102, 163) are excluded.  

The ceramic furnace wall samples are heavily tempering with poorly sorted quartz fragments of 

highly variable size and morphology, which could have originated as ore gangue material. The 

temper abundance fluctuates between ceramic pieces, causing concurrent fluctuations in other 

compositional oxides, but is not linked to Phase. The highly tempered ceramic walls would have 

been refractory in nature, but examination shows extensive vitrification. Mass balance 

calculations also indicated higher ceramic furnace wall contributions to the Semlach-Eisner tap 

slag than seen in comparative material, despite comparable tap slag compositions. This suggests 

that temperatures within the furnace, particularly around the ‘hot spots’ associated with the air 

inlets, were well above the minima. 

All of the ore samples recovered likely originated from the weathered near/surface layers of the 

siderite ores of this region, and six of the seventeen had been roasted. The ores contained 

variable levels of MnO, commonly found in intimate mixture with iron oxide minerals. The mass 

balance calculations presented strong evidence that the samples were representative of the 

ores used at Semlach-Eisner, and there is no evidence that the majority of pieces were 

intentionally discarded. PCA of the tap slag compositions, in addition to mass balance 
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calculations, indicate that there is no evidence for any additions to the charge. From these, and 

analyses of the recovered charcoal, it is clear that local wood from the immediate area was 

utilised, though there is no clear evidence for coppicing.  

Table 6-20 Summary of installations present on site, and material analysed in this project by phase  

Phase Date Installations Material 

   Tap slag Ore Ceramic Metal Failed 
bloom 

Smithing 
slag 

1 <100 AD  ☒      

2 c.100-125 
AD 

Smithing 
hearths 6-9 

☒     ☒ 

3 c.150 AD Ore roasting 
pit, Furnace 
6, Smithing 
hearth 10, 

cistern 

☒ ☒ ☒ ☒  ☒ 

4 c.150-250 
AD 

Furnaces 2-5, 
Smithing 

hearths 1-5 

☒ ☒ ☒ ☒ ☒ ☒ 

5 >250 AD Possible 
charcoal 

production 
mound 

 ☒  ☒ ☒ ☒ 

6 c.300-350 
AD 

Furnace 1 ☒ ☒ ☒    

7 >400 AD  ☒ ☒  ☒ ☒ ☒ 

(Western 
slag heap) 

(c.100-c.250 
AD) 

Slag heap ☒    ☒ ☒ 

 

Due to the incomplete nature of the excavations, and the difficulty in accessing the western slag 

heap which is precipitously positioned and extremely compact, it is not possible to assess the 

quantity of iron produced on this site. The extent of the western slag heap, and the spread of 

the material, is unknown as use of the land has been limited to grazing, and woodland now 

covers much of the immediate area to the west. It is possible that the slag deposits are 

extensive, and large quantities of iron may have been produced here across the periods of 

occupation. 

6.5.2 Changes to Smelting over the Period of Occupation 

Chemical compositional analyses of the tap slag, and their PCA, indicate that despite the 

material covering at least three centuries of activity, the strongest variation within the dataset 

as a whole appears to be the result of low level fluctuations in raw materials use, and not 

discernible changes to the smelting process. The data remain coherent, with limited variation, 

and sit well within the range known from comparative data.  
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However, within this context there is evidence for differences in activity between the phases of 

occupation. The first three phases, which cover a period from the early 1st century AD through 

to the first half of the 2nd century AD, appear to be consistent, although low sample numbers for 

the first two phases make it difficult to comment confidently on activity during these periods. 

The earliest phase could include pre-Roman material, but at the current time this cannot be 

confirmed. The effect of Roman conquest on iron production remains an area of particular 

interest, and extraction of firmly dated material associated with all parts of the smelting process 

could be invaluable for understanding the impact of such a substantial socio-political change. If 

some of the early material from Semlach-Eisner were dated to the pre-Roman period, it could 

demonstrate that no significant changes occurred at this site from pre-Roman to Roman period, 

other than perhaps an increase in scale, but at the present time further excavation is necessary. 

  

Figure 6-83 ternary diagram expanded from figure 6-82 showing Semlach-Eisner tap slag by select 

phase. Phases 1-3 plotted together due to limited sample number in early phases. Comparative UK data 

are grey. 

Compositional and PCA evidence indicate that variation in ore use occurred during Phase 4, and 

the ternary diagram (Figure 6-83) shows tentative evidence for more variation in SiO2: Al2O3 

ratios which could affect slag melting temperatures. Phase 4 tap slag has a higher FeO content 

than any other period, but the much lower MnO content means that in the above diagrams, 

where these oxides are combined, the data plots in the same region as tap slag from other 

phases. Consequently, the similarities are partially an artefact of the display method. However 

the consistency does suggest that despite variations in the ore used during this period, the 

underlying production techniques did not vary significantly, although higher fuel:ore ratios are 

seen during this period.  
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Two possible driving factors for these higher fuel:ore ratios and lower efficiency (c.16%) have 

been identified. One could be the low MnO content of the ore used in this period; as discussed 

(3.2.5), MnO may have a number of beneficial effects for bloomery smelting, and the lack of 

MnO in ores of this period may have had detrimental effect on a process which had high 

efficiency for MnO-rich ores. Alternatively it is possible that the ores used in this Phase included, 

or were dominated by, the local bedded carbonates, rather than the weathered 

oxide/hydroxides used in other periods. Insufficient roasting of these would have resulted in 

difficulties smelting, leading to low efficiency. Either or both scenarios could have contributed, 

and in both cases higher fuel:ore ratios could have been employed to ameliorate the situation. 

More evidence is necessary to explore these possibilities.  

The change in ore exploitation occurred during Phase 4 (c.150-250 AD), when four of the six 

excavated furnaces were in use, and appears to be linked to wider events. It was a period during 

which the Empire as a whole was relatively stable, though there is evidence that the region of 

Noricum experienced invasions from groups beyond the Danube (6.2.5). Nearby Virunum 

flourished during the late part of this period, with restoration of public buildings and expansion 

of the town to its greatest extent during the end of this period. The location of Semlach-Eisner 

to the south of the ore field (6.1.3.1), likely positioned to take advantage of sight-lines and 

transport networks south (6.3.4), means that ore smelted was probably brought in from sites to 

the north rather than extracted on site. Considering the small area so far excavated, the site 

could have been quite extensive, and the large furnaces and substantial buildings found suggest 

that smelting was the dominant activity on site and took place regularly and consistently. 

Semlach-Eisner may therefore have been a full-time central processing site supplied by more 

than one mining site, which may not have been in use continuously. Certainly the small finds 

(6.3.2) indicate that Semlach-Eisner should be seen as a settlement and not just a site of 

smelting, and the combination of evidence for other craft activities, women and children 

suggest that smelting may have been a community activity. 

Any disruption to the supply of raw materials and food from peripheral sites, for instance as a 

result of local or wider instability, famine or disease (6.2.5), could have altered the raw material 

use and the presence of skilled workers, causing shifts in supply and production which could 

account for the low efficiency and different ore oxide patterns. The reason for the Phase 4 

change is likely to have been localised; exhaustion of the richer surface ores and exploitation of 

carbonate-dominated bedded ores, for example, or a switch to a different ore source for ease 

of access or cost. 
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The lack of any tap slag dating to the following Phase 5 period could be an artefact of sampling, 

or archaeological survival, but the recovery of ‘failed bloom’ masses predominantly from this 

period presents some evidence that disruption occurred during this time. This phase dates to 

the mid-3rd century AD, when the local towns and villa were contracting (6.2.5), potentially 

corresponding to turmoil in the wider Empire and significant military disruption as military 

leaders fought for control of the Empire AD 235-284. This could have caused fluctuations or 

disruption in any of the supply chains of raw material and food necessary to support smelting at 

Semlach-Eisner, or could have directly affected control of the site or the consumers the site 

supplied. A substantial disruption to the site during this period might explain the apparent 

physical shift in activity on the site itself, from the southern area to a site slightly higher up the 

valley-side where the furnaces and material from the following Phase 6 were excavated. The 

lack of joined stratigraphy between these two areas of the site means that it has not been 

confirmed that the Phase 6 material forms a stratigraphically distinct phase from the early 

Phase 5, and there is conflict between the dendrochronology date of c.300-350 AD and the 

palaeomagnetic date for the furnace of c.400 AD. However analyses of tap slag and ore from 

Phase 6 do indicate the use of ores, fuel:ore ratios, and resulting efficiency similar to those seen 

in Phases 1-3, with comparable MnO ore abundance, though slightly raised SrO and a tendency 

to lower BaO abundances. 

The material from the post-Roman deposits was of uncertain date, derived from post-Roman 

levelling and soil deposits. It is possible that this represents redeposited material from earlier 

phases. However the compositional consistency and coherence of the material from this period 

(6.4.4.4), with respect to other phases, suggests that the post-Roman material is not the result 

of general disturbance and re-deposition of earlier material. The post-Roman material appears 

to represent the debris from a specific period of smelting activity, and whilst no smelting 

features from the post-Roman period have been excavated, the current excavation area is 

relatively small and there may be later installations unexcavated nearby. The compositional 

similarities between the tap slag from these post-Roman deposits, and that of earlier phases, 

suggests that if post-Roman in origin, the selection of raw materials and processes was similar; 

the initial PCA(1) analysis of the dataset indicated that the post-Roman tap slag was more 

similar to that of other phases than the Phase 4 slag.  

The broadly consistent data, and lack of evidence for change in the production processes used 

on site, appear to suggest a specific process was characteristic of this site, perpetuated across 

generations and maintained despite local and regional disturbances. This continuity over the 

broad occupation of the site (1st -4th centuries AD), which might include pre- and post-Roman 

periods, is particularly interesting in light of the limited dates of the literary evidence for ferrum 
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Noricum, which are predominantly limited to the 1st -2nd centuries AD (6.2.4.1). The production 

continuity implies that the quality of the iron produced may also have been continuous, 

supporting the idea developed earlier (6.2.4) that the fame of ferrum Noricum was at least 

partly due to the conquest and increased access to the material during the 1st century AD. Such 

continuity also raises questions of whether the processes were pre-Roman in origin, and 

whether they can be considered specific to this region or local people, and represents an 

important direction for future research. 

6.5.3 Ferrum Noricum  and the Role of Manganese 

Due to the presence of MnO in the ores of the region, much has been made of the role of 

manganese-bearing ores in the creation of ferrum Noricum. Preßlinger (2008) has stated that 

manganese oxides were necessary in a particular ratio to allow the slag to be liquid during 

smelting, and Truffaut (2008) states that the reduction of manganese oxides to carbides is a 

fundamental part of a process in which the carbide is absorbed by iron, and the manganese 

enters the slag as manganese silicate. However both authors base these conclusions on the 

assumption that ferrum Noricum was, at least in part, an intentionally produced cast iron. No 

evidence of blast furnace slag has been recorded at Semlach-Eisner, and the slag morphology 

and composition clearly support the identification of this as a site of slag-tapping bloomery 

smelting, with smithing hearths for bloom processing in immediate contact with the bloomery 

furnaces. Additionally, whilst cast iron fragments have been recovered from the site, they are 

rare, show no signs of processing, and are clearly accidental products and likely intentional 

discards (6.4.5.2). There is consequently no clear evidence to support the idea that cast iron 

was intentionally produced on this site. The good fit of the mass balance equations (Appendix 

3.4.2), and the quantitative analyses of the metallic iron material from this site, also indicate 

that manganese did not enter the final metallic iron.  

The physical remains examined above clearly point to the large-scale production of iron at 

Semlach-Eisner, in the context of what may have been a continuously occupied site that 

specialised in iron smelting. The evidence for high temperatures and potentially high reducing 

conditions, whether consistently within the furnace as a whole or heterogeneously in relation to 

localised ‘hot-spots’, corresponds well with the recovery of white and grey cast iron fragments 

(6.4.5.2). In combination with the analyses of 1st century AD iron objects from the nearby 

Magdalensberg (6.2.4.2), this suggests that the typical product of this site was probably 

heterogeneous iron bloom likely incorporating a spectrum of ferritic to steely material. These 

blooms, if folded and welded together as suggested by some of Preßlinger (2008) and Straube’s 

(1989, 2000) analyses, could have been used to produce blades with the superior sharpness 
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inferred from the literary references (6.2.4.1), the famous ferrum Noricum. This would have 

been a high-quality, high-value product, and as the literary references indicate, was used by 

civilian and potentially military elites.  

However, at the current time the evidence from Semlach-Eisner is not sufficient on its own to 

judge whether the technological characteristics of ferrum Noricum described by the literary 

references are accurate. Additionally, the need to rely on a synthesis of evidence means that 

the question of whether ferrum Noricum deserved the unique level of attention and praise seen 

in the literary references is difficult to answer. However, the context of the literary references, 

in particular the dating of almost all the references to the period immediately following the 

incorporation of the regnum Noricum into the Empire, is noteworthy. This is strong evidence 

that ferrum Noricum achieved its fame, and entered the awareness of elite writers, at least 

partly as a result of an influx of the product into the market at Rome, likely due to 

looting/ownership changes in the conquest period. This does not mean that it was not a high 

quality product, but does mean that the unique nature of the literary references and their 

quantity is at least in part due to the high visibility of ferrum Noricum following conquest, and 

not solely to its quality.  

The role of MnO in the bloomery furnace, in terms of its potential to increase yield, its use as a 

flux, and its possible benefits to slag formation and the carburisation of iron have been 

introduced earlier (3.2.5), and it is possible that the relatively high MnO levels in the tap slag 

(mean 7.99wt%) may have been beneficial to the maintenance of strong reducing conditions 

within the furnace and the success of ferrum Noricum production on this site. As Iles (2014, 

439) discusses, there are a number of pathways by which MnO in ore can positively affect the 

smelting process, including its potential to increase the temperature of the furnace through 

potentially exothermic reactions (Stobbe et al. 1999; Crew et al. 2011), to act as a buffer 

preventing oxidation of iron (Iles 2014, 439), and to allow for reduced fuel:ore ratios when 

producing carburised blooms (Crew and Charlton 2007). Any one of these aspects, or 

combination of them, could be responsible for the link between successful smelting and MnO-

rich ores seen at Semlach-Eisner.  

It is notable that in Phase 4, where a low-MnO ore was smelted, efficiency appears to have been 

low (c.16%) compared to other phases (c.50%), both before and after, when higher MnO 

content ores were used. One possible explanation for the drop in efficiency in comparison to 

other phases could be the lack of MnO within the ores used in Phase 4. At other sites where 

MnO-rich slag has been found, preferential selection of MnO-rich ore has been proposed (e.g. 

Iles 2014, Charlton et al. 2010). It could be argued that the shift back to MnO-rich ores in Phase 
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6 and the post-Roman deposits is indicative of a preference for MnO-rich ore at Semlach-Eisner, 

but this remains conjectural. What is clear, is that there is no evidence for the use of a separate 

flux or any addition to the charge, and the mass balance calculations demonstrate that the MnO 

levels derive from the ore alone. Overall evidence indicates that MnO presence within the ores 

utilised at Semlach-Eisner did play some part in the successful creation of ferrum Noricum, likely 

through aiding the maintenance of strong reducing conditions during smelting, facilitating the 

production of heterogeneous, steely blooms. However, it is worth noting that this does not 

preclude the production of such material outside the region, as manganese-bearing ores are 

relatively common across Western Europe. It simply underlines that in the context of the use of 

MnO-rich ores, the consistent selection of raw material and application of smelting techniques 

seen at Semlach-Eisner were key to the consistent yields and probable carburised product, and 

the successful production of ferrum Noricum on this site.  

6.5.4 Châine Opératoire  

A simple linear schematic representing the processes, archaeological debris, and features is 

presented in Figure 6-84, drawing on evidence presented throughout this chapter. Whilst the 

amount of smelting evidence recovered from Semlach-Eisner is substantial, the evidence for the 

preliminary and following processes at this site is limited. The origin of the clay and quartz 

fragments used as temper has not been confirmed, though the recovery of untempered clay on 

site suggests that the mixing of the furnace wall material occurred at Semlach-Eisner. There is 

good evidence for smithing on site for all periods, and initial examination of this material 

indicates that bloom smithing, and potential manufacture of semi-finished products such as 

bars, could both have taken place at Semlach-Eisner.  

The performance of processes is influenced and constrained by the nature of the subjects, i.e. 

their physical characteristics. A discussion of choices in processes is therefore inevitably also a 

discussion of the nature of the subjects of those processes. The sequence as outlined in Figure 

6-84 summarises processes at one level, but each process includes an almost unresolvable 

density of choices, interrelated within and between each process. Seeing it in the linear manner 

presented below is also misleading; on the Semlach-Eisner site the procurement of much of the 

raw materials off-site means that it is not a sequence leading from the extraction of raw 

materials through to the final product, but an interconnected web of choices and interactions. 

The relationships between choices relating to physical characteristics at Semlach are 

summarised in simplified form in Figure 6-85, but they arise from two fundamentals; the ore 

available to producers at this site, and the intentional production of iron blooms which were 

likely at least partially carburised.  
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That the type of product made here was a choice on the part of the producers is clear; as 

previously discussed, despite the potential benefits of manganese oxides within the charge, 

running the smelting furnace at high enough temperatures and strong enough reducing 

conditions to form the accidental cast iron recovered from multiple phases of occupation on 

this site is unlikely to have been unintentional. It required deliberate choice in terms of greater 

fuel:ore ratios, and sufficient air flow into the furnace. The manganese-oxide rich ore is 

fundamental to the entire process and draws its significance from that, but other influences did 

compete, particularly in terms of the position of the site.  

  

Figure 6-84 Illustration of interrelated areas of choice for Semlach-Eisner 

Rather than occurring at the point of ore extraction, or even within the region where ore 

extraction is expected, smelting occurred at Semlach-Eisner. This was a dedicated smelting site, 

the position of which may have been influenced by the proximity of the road network linking 

this region to the provincial capital Virunum (and the Magdalensberg prior to Roman period). 

This indicates the potential for extensive economic links between Semlach-Eisner and the wider 

economy, but identifying these is difficult. Semlach-Eisner may have been in relatively 

continuous occupation, a settlement that may have acted as a centralised collection and/or 

processing site for ore and iron coming from other extraction and production sites. Its position 

appears ideal for this, as well as for dispersing non-smelting supplies (food etc.) to extraction or 

smelting sites in the area. This implies extensive networks, not just economic in nature, but 

likely incorporating social and cultural exchange. 
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The contact region of Semlach-Eisner has the potential to be quite large, particularly 

considering the need for fuel and the evidence for exploitation of non-coppicable wood. Whilst 

there is possible evidence of charcoal production on site, it seems likely that the majority of fuel 

production took place off-site within the surrounding territory. This may have been a separate 

economic activity undertaken by those resident in the local area, resulting in sale of fuel to the 

site and generation of economic exchange in the immediate area, or it may have been 

undertaken by workers employed directly from Semlach-Eisner. Whether there was any 

preferential selection of woods for fuel for particular activities is not evidenced here, and 

further comparative sampling of smithing and smelting facilities would be necessary. The 

relationships between those supplying the raw materials for smelting at Semlach-Eisner, 

particularly the ore, and the smelters, are therefore difficult to establish.  

As discussed earlier trade in ore is not unknown (4.4.2.4.2) and private ownership was likely 

extensive (4.2.2). The relatively small-scale and scattered sites probable in this region are 

suggestive of private leasing or ownership, rather than state operation. It is possible that 

Semlach-Eisner was run as a privately-owned smelting operation, buying ore from miners in the 

region, smelting and then selling the iron on, possibly to elite markets outside the province. 

However there is the possibility that this impression is the result of insufficient evidence; it is 

possible that the valley to the immediate west could have held substantial Roman settlement 

and the hills surrounding it substantial mining and smelting sites, which together may fit better 

within the model of state ownership and management seen in the Vipasca evidence (4.2.2.1). 

Further survey and excavation is necessary to explore these patterns.  

6.5.5 Conclusion 

The archaeological evidence collected from the site and analysed here covers the entire process 

from ore processing to furnace construction, fuel selection, smelting, slag tapping and smithing 

across the occupation of the site from the 1st century AD to c.400 AD and possibly into the post-

Roman period. This body of evidence is coherent and unified; whilst there are interesting 

differences between activity in some of the phases, the clear evidence from morphological, 

chemical compositional and statistical analysis is that a similar production process was 

employed across the occupation period of the site. This process involved roasting and smelting 

of ore in large slag-tapping bloomery furnaces of c.0.8-1.15m internal diameter, fuelled by 

charcoal from local woods and probably supplied with air from bellows. MnO-rich ores likely 

facilitated the creation of high reducing conditions, occasionally leading to the accidental 

production of cast-iron, and potentially enabling the production of heterogeneous blooms 

containing ferritic and steely material.  
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Bloom smithing and potentially secondary processing took place on site, in immediate proximity 

to the bloomery hearths, and this would have been key to producing the semi-finished iron 

product that formed the basis of ferrum Noricum, which may have included folding and welding 

to decrease heterogeneity. Large quantities of iron may have been produced at Semlach-Eisner, 

but without further survey and excavation it is not possible to quantify this. Considering the 

literary evidence, and the likely superior physical characteristics of the iron produced here, the 

iron produced at Semlach-Eisner was probably exported, whether directly or through 

intermediary traders, to markets across the Western Empire. The tap slag analyses presented 

within this chapter offer a key resource for identifying the origin of Roman period iron objects 

through slag inclusion analysis, which could illuminate the extent of trade in ferrum Noricum.  

Archaeological features and the archaeometric evidence of consistent activity indicate that 

Semlach-Eisner was relatively steadily occupied by a community, and primarily associated with 

smelting. There is currently tentative evidence for supporting industries beyond smithing, and 

the majority of raw materials were likely brought to the site from the surrounding territory. This 

site was probably a focal point for multiple supporting industries and its position, south of the 

probable ore deposits, was probably influenced by the good transport networks in the region, 

and potentially by the existence of pre-Roman occupation on the same site. If the site was state 

owned, the comparatively small-scale suggests it was leased to one or more private individuals, 

but equally it could have been privately owned. There were economic and social relationships 

between Semlach-Eisner and the people supplying raw materials, which could have involved 

direct employment by the operator of Semlach-Eisner or the sale of raw materials for cash or 

trade. There is no evidence for direct military involvement, though the level of investment and 

infrastructure on the site suggests a well-financed owner or operator. 

Close examination of the debris indicates that, whilst there is general continuity across the 

occupation periods, at the end of the 2nd century through to the mid-3rd century there is some 

form of disruption (Phase 4). This may stem from the use of an ore with a different chemical 

compositional signature. No samples of this ore have been recovered, but statistical and mass-

balance analyses of the tap slag compositions indicate that it had lower MnO, BaO and SrO 

oxide abundances than that used in other phases. Smelting of this ore appears to have been less 

efficient than that of the previous ores, and may have utilised higher fuel:ore ratios. It is 

possible that the ore came from a deeper deposit, less weathered and containing greater 

proportions of carbonate, and was not sufficiently roasted prior to smelting, resulting in higher 

energy requirements and difficulty during smelting. This may have affected overall output of 

iron from the site: four out of six recovered furnaces date to this period, and this may show an 
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increase in individual smelts which counteracted the reduced efficiency of any one smelt during 

this phase.  

Immediately following this period, in the mid-to-end of the 3rd century, there is a stratigraphic 

phase (5) from which no tap slag suitable for analysis was recovered, though large masses 

identified as failed blooms were found. Whilst this suggests that smelters continued to struggle 

to successfully produce iron, it has to be considered cautiously, as much of the site remains 

unexcavated and could reveal considerably more material from this phase and others. This 

phase (5) may correspond to a time of significant upheaval in the Roman Empire, the ‘crisis of 

the 3rd century’ (AD 235-84) when at least 26 different claimants fought to control the Empire. 

This is also the beginning of a period of decline in the local area, with the local town Virunum 

contracting and the villas in the south of the province beginning to be abandoned (6.2.5). 

Population loss, changes in control, and high military demand could have had substantial effect 

on Semlach-Eisner, as the site likely relied on multiple networks of exchange and transport to 

provide the raw materials and food consumed. Disruption to any of these networks could also 

be behind the switch in ore during the earlier Phase 4, but if so they were local disturbances for 

which we have little evidence.  

The difficulties of Phase 4-5 did not result in permanent closure of the site, as successful 

evidence of smelting from trench 3, potentially dated to the 4th century AD, indicates. The 

movement of smelting slightly up the hill, away from the cluster of activity dated to the earlier 

periods, suggests some disjuncture, but the furnace design and remains are comparable to 

those of earlier periods. Production during this period is of limited difference to that of phases 

1-3, as was the post-Roman activity. These may be indicative of a continuation of smelting 

activity into the early post-Roman period, though further evidence is necessary to explore both 

this and the possibility of pre-Roman activity on this site.  

The abandonment of the site in the early 4th century AD occurred during a period of slow 

contraction and abandonment of the valley villas and settlements to the south of the site, which 

may have included movement to more defendable hill-top locations in the 5th century (6.2.5). 

The reliance of Semlach-Eisner on networks of supply and contact which may have stretched 

away from its immediate territory likely made it vulnerable to the upheaval of this later period. 

Mining in border regions including Noricum was at risk from raiding peoples from across the 

Danube and Rhine (4.4.2.4.1), and workers attempted to flee their enforced hereditary 

occupations (4.2.5.1), likely increasing the difficulty of obtaining ore for smelting at Semlach-

Eisner. If the site was supplied through economic transaction then the inflation and currency 

devaluation seen in this period would also have had a negative impact. These combined stresses 
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likely made iron production at Semlach-Eisner too difficult to persist, particularly if the fame of 

this product had faded, as the absence literary evidence suggests.  

Further excavation has the potential to resolve the questions over possible pre- and post-

Roman activity at Semlach-Eisner, to reveal whether smelting changed with Roman control of 

the region, and whether continuity in practice occurred. This could be critical to challenging the 

assumptions of many researchers operating within the ‘Romanisation’ paradigm that ownership 

and operation of the mines in Noricum rested in the hands of Italian Romans, rather than local 

peoples. It may also shed further light on why smelting occurred at Semlach-Eisner, and not 

further north in the region of likely mineralisation. It may be that Semlach-Eisner was just one of 

a number of smelting sites on the hillsides of these valleys, staffed and supplied by communities 

present both on the smelting sites and in the more accessible valley bottoms to the east and 

west, likely continuations from pre-Roman communities. Survey and evaluation of these valleys 

could be key to understanding the context of the site and the reason for its abandonment in the 

4th century AD.  
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7 SUMMARY AND CONCLUSIONS 

Iron smelting is a socially mediated activity. As such it is impacted by an ensemble of social, 

economic, political, environmental and technical factors. Whilst differences in iron smelting 

have been inferred from the surviving debris of different cultural groups (e.g. Iles 2010, 

Charlton 2006), and within large-scale changes such as the switch from bloomery to indirect 

production (Killick and Gordon, 1987; Gordon 1997), the question remains whether fluctuations 

can be seen within a broad cultural group over archaeologically short periods of time. In 

addition the extent to which any fluctuations in the technology, as identified from surviving 

debris, can be linked to changes within the social, economic factors such as invasion, plague, 

and population movement has not been established. The aim of this research has therefore 

been to see, through the lens of iron production in the Western Roman Empire, if evidence for 

the interaction between society and technology is visible in the archaeological record on these 

scales. 

On this basis, an extensive survey of the established data for iron smelting during the Western 

Roman Empire, a period with extensive archaeological and historical data, was undertaken (4.4). 

Alongside this, two sets of debris with high chronological resolution from iron smelting sites of 

this period were subject to archaeometric analyses (Chapters 5, 6). By situating the 

archaeometric analyses within the established data it was possible to not only identify 

fluctuations in iron smelting on single sites over periods of a few hundreds of years, but to 

interpret these with respect to fluctuations in local and wider social, economic and 

environmental factors.  
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7.1 Review 

In the following section the data and interpretations developed within the previous three 

analytical chapters are brought together, and as such efforts are made to reference these 

extensively rather than re-debate positions established earlier.  

7.1.1 Iron Production in the Western Roman Empire  

A summary of the debris analysed in the previous chapters is given in Table 7-1, and a select 

comparison of the raw materials and debris is given in this section in the context of their use, 

rather than in their isolated typologies. 

Table 7-1 Summary of material from Semlach-Eisner and Clatworthy 

Site Period Date Furnaces Ore Ceramic Tap 
slag 

Tube 
slag 

Iron Efficiency 

Clatworthy 

Context 24 <100 AD     1 16 2   

Insufficient 
data 

Context 19 c.75-150 AD       9    

Context 16 c.100-150 AD   1 9   

Context 8 c.100-150 AD     4 15    

Context 5 c.100-150 AD   4 9 1  

Context 2 c.150-200 AD   1   4 1   

  
Western 
slag heap 

Phases 1-4 
 

2 
 

3 
   

Semlach-
Eisner 

Phase 1 <100 AD       1     41% 

Phase 2 c.100-125 AD  1  1   39% 

Phase 3 c.150 AD 
Furnace 

6 
1 3 38 

  
2 55% 

Phase 4 c.150-250 AD 
Furnaces 

2, 3, 4 
and 5 

4 9 10 

 

6 c.16% 

Phase 5 >250 AD 
  

2 
      

3 
Insufficient 

data 

Phase 6 c.300-350 AD 
Furnace 

1 
1 2 7 1 

 
52% 

post-
Roman 
deposits  

>400 AD  4  10  1 53% 

 

7.1.1.1 Charge 

At both sites the charge utilised during smelting was composed of ore and fuel; there was no 

evidence that producers at either site used any form of addition or flux, and this compares well 

with established smelting evidence for the Roman period (4.4.2.3). Ore fragments were 

recovered from both sites, but critically only one was recovered from Clatworthy. Compositional 

analyses of the slag, and mass balance calculations, indicated that it was not representative of 

the ores used on the site during any of the periods examined. This prevented clear calculation 
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of fuel:ore ratios or efficiency for Clatworthy. Data were sufficient for calculation of both for 

Semlach-Eisner, though the exact quantity of ash deposited by fuel is unclear, and ranges 

between 1-5%. This gives a fuel:ore ratio at Semlach in the range of c. 2:1 – 1:2 (Table 6-19), 

which is too wide to confirm that high fuel:ore ratios were in use, although it is within the range 

of the very limited comparative Roman data (Table 3-3).  

Charcoal samples from Semlach-Eisner indicate that a mixture of local woods, predominantly 

spruce and beech, found in the immediate hillsides surrounding the site were exploited as fuel. 

Whilst the species exploited at Clatworthy are not known for certain, local woods include oak 

and beech. Overall this corresponds well with the available evidence discussed in 4.4.2.3.3, 

which indicates that during the Roman period local woods played an important part in fuel 

production due to the limited distance charcoal can be transported.  

The presence of a possible charcoal making pit at Semlach-Eisner raises the question of whether 

fuel was produced on site, and this could have been possible for both sites. Whether produced 

on site or not, charcoal production likely occurred alongside other forms of woodland 

exploitation, as large timbers likely had substantial value for building. With no clear evidence for 

coppicing at Semlach-Eisner, potentially due to the high abundance of spruce which is not 

traditionally coppiced, long-term wood management is not evidenced at Semlach-Eisner.  

The ore used at both sites was of high purity; a median of 87wt% Fe2O3 at Semlach-Eisner and 

94wt% in the single Clatworthy sample. In the Clatworthy piece the remainder was SiO2, but it is 

worth noting that exploratory mass balance calculations based on the analysed tap slag 

indicated that the typical ore in use on the site also had c.1-2wt% average MnO content 

showing that the ore sample recovered was anomalous. None of the analyses of comparative 

ores from the immediate region around Clatworthy produced compositional data that matched 

the ore necessary to have produced the tap slag, but it remains highly likely that the ore 

originated in the local region, and further archaeological survey of the surrounding landscape 

may uncover evidence to support this. The PCA of the tap slag composition gave no indication 

that a separate MnO-rich charge or flux was added at any time.  

At Semlach-Eisner the MnO levels were much higher, with a median of 5wt%, the remainder of 

the gangue minerals largely made up of SiO2. Some key trace oxides showed substantial 

differences between sites; at Semlach-Eisner levels of BaO were high in the ores with a median 

of 2150ppm which were not paralleled in the Clatworthy material. These trace oxides, which 

carried through from ore to slag, are characteristic of the local raw materials and may be of 

utility for slag inclusion analysis of metallic iron. However in terms of the smelting process, the 

ores used on both sites are broadly similar, their key difference being the relative variances in 
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MnO content and the mineralogy of the ores themselves; if the Clatworthy sample is indicative, 

the ore used there was hematite, whilst at Semlach-Eisner it was the hydroxide-oxide mix 

goethite. In both cases the producers appear to have relied predominantly on the weathered 

surface deposits formed in association with siderite deposits, in line with our current 

understanding of Roman smelting (4.4.2.3.1). However whilst the hematite used at Clatworthy 

made it possible to crush the ore and charge it directly after removing the gangue minerals, the 

hydroxide-oxide ore at Semlach-Eisner would have benefited from roasting prior to crushing 

and charging. The ore fragments recovered give evidence for the use of this technique, which is 

known from other Roman period smelting sites (4.4.2.3.1). The lack of ore recovered from 

Clatworthy makes it difficult to judge whether roasting was utilised on this site; as well as 

dehydrating the ores it can also make them easier to crush and might have been worth using 

even with oxide ores.  

Whether roasting was used at Semlach-Eisner as a technical response to the type of ore 

smelted there, or because it was part of the pattern of iron smelting technique in the Western 

Roman Empire is difficult to judge. However the evidence for the use of a different ore in Phase 

4 at Semlach-Eisner (6.5.2) than that used in previous or later periods, and the low efficiency 

seen during this phase, can be interpreted as indicative of the use of a less weathered ore which 

was poorly roasted prior to smelting. This would suggest that roasting was used only cursorily, 

perhaps in the same way it had been used in previous phases, and therefore may represent the 

repetition of a pattern rather than a technical response to the nature of a particular ore. 

However the limitations of the evidence dictate that this remains hypothetical.  

7.1.1.2 Furnaces 

Due to the targeted nature of the Clatworthy excavations, furnace features were not found at 

this site, though furnace wall material was recovered from the slag heaps. However at Semlach-

Eisner six furnaces, broadly consistent in construction, were excavated and dated variously from 

the 2nd -4th centuries AD. With internal diameters of at least 0.8m, and up to 1.40m in some 

examples, they were similar to the large diameter furnaces which have been previously dated 

predominantly to the 1st century BC-1st century AD period (Crew 2008). The use of large 

furnaces during this period may have been a response to an increased demand for iron during 

this period of social, economic, and political fluctuation around the time of the Roman civil war 

and territorial expansion. The later dates, and persistence, of the large furnace sizes at Semlach-

Eisner may therefore suggest an ongoing high demand for the iron produced at this site into the 

later Empire. Together with the evidence for a later flourishing in iron smelting seen in some 

regions introduced in 4.4.2.4.1, this evidence challenges the narrative of decline often 

associated with the later Western Empire in the 3rd -4th centuries AD.  
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The Semlach-Eisner furnaces were all situated within working pits, with the back wall of the 

furnaces abutting the back walls of the pits and the front walls facing into the open length of 

the pits. The majority were positioned on bedrock, common features of furnaces of this period 

(4.4.2.3.2). Whilst there is some evidence that the inside of the furnace may have been bulbous 

(6.3.3.2), this is most visible at the height of the air-inlet point, suggesting that it may be the 

result of loss of the ceramic furnace lining at this hottest region of the furnace rather than an 

intentional construction shape. The furnaces were repeatedly repaired, both by potentially 

localised relining, and by substantial rebuilding. It would therefore be a mistake to reconstruct 

the furnaces as rounded or enclosed, and a relatively straight wall of uncertain height is 

suggested by the remains. No furnaces of comparable size survive at other sites from which to 

extrapolate, though the width of the Semlach-Eisner walls (c.20-40cm) could have allowed them 

to support a chimney of substantial height. 

Despite the limited nature of the remains at Clatworthy, certain parallels can be drawn between 

the two sites. Both show broadly similar approaches to producing the furnace structure, mixing 

clay with a quartz temper to form a ceramic from which the furnace walls were primarily 

constructed. At both sites throughout the periods examined the producers used clays which 

were likely drawn from local sources – at Semlach-Eisner an illite-kaolinite clay, at Clatworthy an 

illite clay – possibly the river beds immediately below the hillside sites. At both sites the clays 

were then intentionally mixed with a substantial quantity of temper – at Semlach-Eisner white 

quartz fragments of highly variable size, at Clatworthy sand – which resulted in furnace walls 

with very high overall SiO2 content. The source of the temper used at the different sites is likely 

to have been local in both cases, but at Semlach-Eisner producers may have exploited discarded 

gangue material whilst Clatworthy producers may have exploited fluvial sands in the valley 

bottom.  

Differences in temper selection and local clay compositions are visible in the higher variation in 

SiO2: Al2O3 ratios seen in Semlach-Eisner when compared to Clatworthy (Figure 7-1). Fluctuation 

in the K2O content of the Semlach-Eisner ceramics is also related to differences in raw materials 

used at these sites, specifically the variation in illite-kaolinite ratio in Semlach-Eisner clays 

compared to the illite clay used at Clatworthy. 
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Figure 7-1 Comparison of Clatworthy and Semlach-Eisner ceramics for select oxides (normalised wt%)  

The dominant theme for furnace ceramic at both sites is therefore the high quartz tempering. 

As outlined earlier (4.4.2.3.2) this is characteristic of furnace ceramic across the Roman period, 

but why? The presence of quartz temper improves the thermal resistance of the furnace wall, 

allowing it to better withstand and contain the high temperatures generated within the furnace. 

While alternative tempers could be used to similar affect, these are not evidenced in the limited 

comparative data. Instead, the reason for preferential use of high abundance quartz temper 

likely derived from the use of high purity ores in the Roman period discussed above. The 

production of liquid slag which is key to bloomery smelting requires the presence of SiO2 (3.2.2), 

either entering the furnace as gangue minerals in the charge or drawn from the furnace lining. 

Tempering the furnace wall with a high abundance of quartz guarantees availability of SiO2 even 

when using high purity ores. However the question remains whether producers on individual 

sites such as Clatworthy and Semlach-Eisner were actively aware of these factors, or were 

building furnaces in line with the way other producers were at this time, remains. Whilst 

evidence is limited, attitudes to technical knowledge, practice and experimentation discussed in 

4.3.2 suggest that the latter may be more likely. This may be indicative of the presence of a 

reoccurring pattern of production utilising high purity ores and high abundance quartz 

tempered furnace ceramic across the Western Roman Empire.  
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7.1.1.3 Operation 

The morphology of the tap slag recovered from both sites clearly indicates that both sites 

utilised slag-tapping furnaces, and this supports the analysis of the established evidence that, 

barring the occasional exceptions (4.4.2.3.2), within the Western Roman Empire furnaces 

enabling slag to be tapped out dominated over those which allowed slag to fall into a pit.  

The morphological analysis of tap slag from both Semlach-Eisner and Clatworthy also revealed 

evidence of cylindrical pieces of slag, though the appearance differed substantially between the 

two sites (cf. Figure 5-30, Figure 6-51). The Clatworthy pieces were 2-2.5cm in diameter, in 

some cases with evidence of a hollow centre indicative of formation within an air-inlet/tuyère 

whilst air continued to be forced into the furnace. These features and particularly the narrow 

diameter suggest the use of tuyères to provide forced air, rather than natural draught. 

From the survival of furnaces at Semlach-Eisner it is clear that there were multiple air-inlet 

holes piercing the rough ceramic furnace walls, with a diameter of c.6cm in width at between 

35-50° from the vertical. The Semlach-Eisner tube slag formed within a smoothly bored hole of 

c.4cm diameter, from a single trickle over which a larger mass had passed, features not 

matching the air-inlets and instead leading to the conclusion that the cylinder formed within a 

tapping hole. The limited and inconsistently orientated air-inlet points on the Semlach-Eisner 

furnaces, and the substantial diameter of the furnaces, argue that like Clatworthy they may 

have been driven by forced air. It is possible that either site could have utilised natural draught, 

but without clear experimental evidence for the functioning of furnaces of this style or 

characteristic archaeological evidence forced draught remains more likely.  

Together these cylindrical pieces give us critical information about the air provision and tapping 

at the individual sites that would not otherwise be available. Possible parallels are mentioned in 

texts referring to Pannonian and British smelting (Durman 2002, 26; Starley 1995; Hodgkinson 

2008) though they are poorly reported, and it is likely that similar pieces occurred on other sites 

but have not been identified. Examination of the morphology of the tap slag also provides a 

good indication for the height of the tapping point which produced at least some of the tap slag 

at Semlach-Eisner; this appears to have been c.10cm below the point where the air-inlet 

breached the inside of the furnace, usually at the widest point of the furnace. This 

demonstrates that the producers were not trying to empty the furnace of slag during this 

tapping, but probably aimed at reducing the level required to maintain clear air-inlets. This 

would have allowed sufficient slag to remain within the furnace to protect the bloom from the 

oxidising blasts of the air-inlets, and gives key information to the operation of bloomery 

furnaces. 
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As discussed in 4.4.2.3.2, very little comparative data on Roman period tapping is available as, 

like at Semlach-Eisner, the majority of furnaces recovered are missing their front sections where 

tapping occurred over the working pits. This appears to be due to the practice of breaking open 

the front of the furnace to access the blooms, and at Semlach-Eisner the presence of stone 

uprights supporting the sides of the furnace corroborates this, and suggests that some efforts to 

improve survival of the furnace walls were taken. With the evidence for multiple 

relining/buildings of the furnace walls (6.3.3.2, 6.4.3), this provides strong evidence that 

smelting took place multiple times within the same furnace structures, something assumed in 

our understanding of Roman period smelting but rarely demonstrated so strongly.  

As discussed individually, analysis of the tap slag data from the two sites (5.4.4, 6.4.4) places 

production at each of the sites very much within the range of the comparative dataset drawn up 

in section 3.3.2. This suggests that, even at Semlach-Eisner where the particular iron ferrum 

Noricum was probably being produced, iron production processes did not deviate substantially 

from the range seen in the Western Roman Empire.  

  

Figure 7-2 Clatworthy and Semlach-Eisner data on ternary phase diagram (from Charlton 2006)  

The tap slag from the two sites is similar enough that plotting both together on the same 

ternary phase diagram is not particularly illustrative (Figure 7-2). The notable point from the 

comparison of these analyses is that both plot in the lower end of the FeO range of comparative 
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material, almost all within the fayalite region with some Semlach-Eisner slag plotting in the 

hercynite region consistent with the formation of that phase seen in the slag under the 

microscope (Figure 6-60). The occurrence of these hercynite containing samples is a 

consequence of a combination of both relatively high ceramic furnace lining contribution to the 

slag (15%), and a variation in the Al2O3 content of the ceramic furnace wall due to natural 

variation in the illite to kaolinite proportions in the clay used to produce the ceramic. The 

relatively narrow range of the data are characteristic of the Roman period (3.3.2), and not 

simply the limitations of the ternary diagram, as more variation is seen in iron smelting slag 

from other parts of the world (cf. Rehren et al. 2007; Iles 2010, 263; Humphris 2010, 287).  

 

Figure 7-3 Close up of Figure 7-2, with data from the two sites displayed separately, alongside 
comparative data from specific sites 

The number of samples from Clatworthy and Semlach-Eisner is larger for each site than for 

individual sites present within the comparative data, but there is some benefit in comparing tap 

slag from these two sites with the three comparative sites with the largest number of samples 

(Figure 7-3). Here it is clear that the compositional dispersion, here simplified to (FeO+MnO), 

Al2O3, and SiO2 as in Figure 7-2, is not substantially more or less at Clatworthy or Semlach-Eisner 

than at other sites where multiple tap slag samples have been analysed. This level of 

compositional variation appears to be characteristic of iron smelting at Roman period sites in 

the Western Empire, when multiple tap slag samples from a range of time periods are 

examined. 

When taken as a whole it is the tap slag from Bryn y Castell, a relatively isolated Welsh site with 

occupation over the late Iron Age and into the Roman period (Charlton 2006, 215), that stands 

out as noteworthy, with the tap slag clustering relatively tightly and at a higher FeO range than 
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the other sites. Although this comparative dataset is limited, it suggests that iron production at 

Clatworthy and Semlach-Eisner was similar in many ways to that seen in other sites within the 

Empire, in a way that the isolated site at Bryn y Castell was not. This may be due to the focus of 

smelting at Bryn y Castell on producing a particular iron product (Charlton 2006, 271), rather 

than on efficient smelting which may have been the dominant focus on other sites, but a larger 

comparative dataset incorporating analyses drawn from Europe is necessary to draw a firm 

conclusion. 

  

Figure 7-4 MnO vs Al2O3 (wt%) content for all tap slag data  

One variance that is not expressed within the ternary figures is the relative differences in MnO 

content between the tap slag from Clatworthy and Semlach-Eisner and the comparative 

material, which is more clearly illustrated in Figure 7-4. All of the comparative data report MnO 

values (Appendix 4.2 Table 4-4), but these are in many cases <1wt%, whilst the data from 

Semlach-Eisner, and to a lesser extent Clatworthy, stand out at much higher values. This 

underlines the value of the data presented within this project for provenancing iron objects 

through slag inclusion analysis, for which Mn may be one of the most informative oxides 

(Blakelock et al. 2009, 1756).  

As introduced in 3.2.5 and discussed in 6.5.4., there is some evidence to suggest that MnO 

presence in slag is beneficial to the smelt in a number of ways, including slag formation, fuel use 
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and the carburisation of metallic iron within the bloomery furnace. Further research is 

necessary but it is possible that Semlach-Eisner and to a lesser extent Clatworthy may have 

benefited from reduced fuel requirements and potentially less chance of failure during smelting 

when compared to the comparative sites. Additionally, if a more carburised, steely bloom 

product was desired, producers at Semlach-Eisner - and potentially Clatworthy to a lesser extent 

- may have found this easier to obtain. In the case of Semlach-Eisner, the evidence for 

carburised metal (6.4.5.2) and ferrum Noricum (6.2.4) as a whole suggests that a partially 

carburised bloom material is likely to have been the intentional product of smelting at Semlach-

Eisner, though there is little evidence for the form of iron produced at Clatworthy. However in 

both cases it is clear that the Al2O3 content of the tap slag from Semlach-Eisner and Clatworthy 

is in the mid-to-high range of that seen in the comparative material (Figure 7-4). Considering 

that the ore and mass balance evidence from both sites indicate that this high abundance Al2O3 

entered the slag predominantly from the ceramic furnace lining, and that at Semlach-Eisner the 

contribution of this lining was high (Figure 7-5, left), this may indicate that the furnaces were 

being operated at high temperatures and/or extended times indicative of the production of 

steely blooms, though this remains hypothetical.  

In the case of Clatworthy, the lack of appropriate ore compositional data prevented the 

efficiency figures from being accurately calculated. In addition the partially submerged nature of 

many of the slag deposits at the site mean that an estimate of the volume of production at the 

site is not possible. At Semlach-Eisner only part of the site has been excavated and similar 

limitations apply, although the range of ore pieces recovered allows efficiency figures to be 

calculated (Table 7-1). The comparative data for the Roman period are limited (3.3.2) and 

consequently the range yields at Semlach-Eisner appears low compared to data from all periods 

including the medieval (Figure 7-5, right). Even excluding the low, tentative figures for Phase 4 

gives 40-50% yield at Semlach-Eisner, which remains in the lower end even when compared to 

only Roman sites (cf. Table 3-3). Considering that ferrum Noricum was the likely product on this 

site, this pattern suggests that effective production of this took centre-stage over technical 

efficiency in the smelting process. 
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Figure 7-5 Histograms of comparative data for bloomery smelting iron yield and ceramic contribution 
figures from published data (see Table 7-2) with Semlach-Eisner range illustrated 

Some caution must be applied when using the comparative data, as almost all of these were 

calculated using the Crew (2000) or Joosten et al. (1998) methods (see 3.3.3.2), often based on 

extremely limited datasets. The lengthy nature of these calculations means that a comparison of 

efficiency calculation methods has not been attempted here, but this could be important for 

exploring whether figures calculated from these different methods are truly comparable or only 

indicative. However, the broad comparisons offered above do seem to suggest that Semlach-

Eisner stands out, with high ceramic contributions potentially indicative of conditions for steely 

bloom manufacture but relatively low bloom weight yields. As discussed (6.4.7), there is no 

indication that these yields improved significantly over time, instead remaining relatively static 

(excluding Phases 4 and 5) throughout the three or more centuries of occupation. This raises 

the possibility that for some sites in the Western Roman Empire achieving the desired type of 

iron may have been of importance alongside achieving a high yield.  

7.1.1.4 Ownership and Occupation 

Both Clatworthy and Semlach-Eisner are isolated, both geographically and archaeologically, and 

much of what can be said about the sites relies on the supporting data and models developed in 

Chapter 4 and the contextual data in 5.2/6.2. However the archaeology of the individual sites 

does make it clear that iron smelting at both occurred in the near vicinity of substantial 

structures; either on the site itself as at Semlach-Eisner, or nearby as at Clatworthy. However 

the structures themselves, and their relationship to the iron production, appear to have been 

quite different at the two sites.  

At Semlach-Eisner buildings occur from the late 1st century AD, with masonry footed buildings 

from the 2nd half of the 2nd century AD, one of which may have been a storage hall (see 6.3.3.2). 

These remains and the other features are strongly linked to iron; to its production, storage, 

working and the support of craftspeople involved in those activities. The size of the furnaces 

and other features and their extent, in addition to the potentially substantial slag heaps, argue 
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that production occurred on this site regularly, where environmental conditions allowed. 

Without knowing how many furnaces were in use at the same time it is impossible to judge the 

number of craftspeople employed, but within this model they were likely primarily employed in 

iron production. Considering the evidence for buildings, cooking, women and children (6.3) at 

the Semlach-Eisner site, it is likely that iron producers were part of a developed community that 

during some periods was present at the smelting site itself.  

In contrast, the evidence at Clatworthy is limited to hypocaust tile and window glass remains, 

suggestive of a relatively high status building present in the near vicinity of the slag heaps. The 

closest comparison to the Chesters Villa (Fulford and Allen 1992) where iron smelting took place 

as part of a mixed villa economy that may also have exploited the surrounding woodlands, or 

Piddington or Whitwell villas (Schrüfer-Kolb 2004, 63-65). In such a setting iron production may 

have been a regular part of the villa estate’s production, or it may have been occasional or 

seasonal. Craftspeople involved may have had several occupations, or one or more of them may 

have specialised in iron production at any time. Raw materials were likely sourced from the villa 

estate or from other land owned by the same person/family, but as at Chesters Villa, could have 

been bought or traded from extraction sites.  

Within the model of iron production ownership and control developed in 4.2.4.3 either site 

could have been owned by a private individual, and the presence of a possible villa or similar 

residence in the proximity of Clatworthy supports this. Despite being part of the region 

producing ferrum Noricum there is also no reason that Semlach-Eisner was not owned in a 

similar manner. However in this case the extent of evidence so far uncovered draws parallels 

with other iron producing settlements such as Wakerley (Jackson et al. 1978) or parts of 

Ariconium (Jackson 2012) which could have involved ownership by private individuals or 

companies, rather than villa estates. At the current time there is no clear evidence of military 

involvement at either of the sites, and this supports my analysis of the established evidence in 

4.2.5.3. In this I argue that direct state ownership and/or control of individual sites is not clearly 

evidenced for iron extraction or production sites and, whilst some control was exerted legally, 

through taxes and potentially the iron-specific vectigalia which I interpret as a tax, the military 

were not consistently involved on specific sites of extraction and/or production, though 

remained influential consumers. Both Semlach-Eisner and Clatworthy add to the growing 

evidence that iron smelting sites in the Western Roman Empire have varied contexts beyond 

simply ‘industrial’. Critically, to understand these sites we need to reach beyond the immediate 

locale of furnaces and slag heaps and question where the people working on these sites came 

from, where their families lived, and where the supplies and raw materials necessary to support 

them originated from. The evidence uncovered at both Semlach-Eisner and Clatworthy argue 
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that further archaeological investigation in the immediate regions are needed if we are to 

better understand the choice of location for these sites.  

In the cases of Semlach-Eisner and Clatworthy the question of raw material origin is particularly 

interesting. In both cases the mining site of the ore smelted on the two sites is not clear, and 

this raises interesting questions about the position of the sites and the exchange and 

communication networks they were involved in. Clatworthy is within a geological region where 

iron-ore mineralisation may occur, so extraction may have occurred on the site despite the 

current lack of supporting evidence, but Semlach-Eisner is not. Ore smelted at Semlach-Eisner 

would have had to be brought from sites to the north, and a similar situation may have 

occurred at Clatworthy. In both cases the distance between the smelting site and the extraction 

sites is unlikely to have been substantial, but this factor adds to the complexity and geographical 

area of the site’s region of interaction. 

Comparative evidence for production sites like these, situated away from the extraction sites, 

are found in the archaeological record (e.g. Chesters Villa, Fulford and Allen 1992; Ariconium, 

Jackson 2012), but very few discussions about the implications of this distance have been 

undertaken. Together, the evidence presented in this study suggests that the position of 

smelting sites in the Western Roman Empire was likely a complex response to multiple factors 

rather than proximity to raw materials alone. The increasing evidence for smelting sites away 

from extraction sites indicates that a key factor in their position may have been access to 

suitable labour. As discussed in 4.2.5.1, labour in the early Empire could be quite fluid, with 

both relatively specialised labour, and apparently unskilled labour, capable of migrating 

substantial distances, potentially in response to agricultural seasons. Both Semlach-Eisner and 

Clatworthy may have been broadly positioned in order to access nearby labour, potentially 

drawing from nearby settlements or villa estates, although at Semlach-Eisner we lack 

archaeological evidence for nearby settlement. However in both cases the specific position of 

the sites, on valley hillsides above a river, appears to be part of the reoccurring pattern of 

smelting sites in the Roman period (4.4.2.4.3). This provides another glimpse at a possible 

underlying pattern to iron smelting in the Western Roman Empire, in this case influencing what 

appears to be a complex interplay of factors governing smelting site position.  

As introduced in 4.4.2.1, iron production occurred across the Western Roman Empire in 

multiple regions, and evidence from archaeology (4.4.2) and taxation (4.2.5) indicates both ore 

and iron were traded across provinces. Whilst the situation is much less clear in the later Empire 

(4.2.5, 4.4.2.4.1), during the 1st -2nd centuries AD an operating market economy could have 

facilitated the trade of iron from Clatworthy and Semlach-Eisner over substantial distances. If 
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the Clatworthy site was part of a villa economy, production may have been for immediate 

localised consumption, but considering the potential size of the slag heaps iron may have been 

produced on a larger scale for trade. Potential markets include the military stationed in the 

southwest until c.70 AD and across the Bristol Channel in Wales and the west, in addition to 

expanding civilian markets to the south near Exeter and from the 2nd century AD east in the 

region around Ilchester. The ferrum Noricum produced at Semlach-Eisner is known to have 

been transported at least as far as Rome, though it could also have passed north over the Alps 

to the Danube and Rhine river routes allowing access to a variety of markets, including the 

military posted along that frontier. This evidence underlines the possibility that technologies 

such as iron smelting were used to produce cash through trade, a vital resource for paying taxes 

in the earlier Empire of the 1st to 2nd centuries AD, particularly in the context of smaller-scale 

potentially privately-owned sites such as Clatworthy.  

7.1.1.5 Discussion 

The evidence presented here underlines the complexity of factors influencing iron production, 

and the capability of even relatively small sites to participate within local, provincial and 

potentially Empire-wide networks. This occurred on many levels, from the craftspeople who 

could travel between provinces to find work, to the raw materials sourced a distance from the 

site, to the iron which could be used locally or traded hundreds of miles. The importance of 

networks of trade and exchange to the existence of these sites cannot be over-emphasised. As 

Clatworthy and Semlach-Eisner have demonstrated, the sourcing of raw materials from other 

sites and their transport to the study sites, the provision of fuel, food and other supplies all 

indicate that even sites which appear geographically isolated are demonstrably part of networks 

that reach far beyond their individual site footprints. The evidence from the study sites and the 

published data (4.4.2.4.3) indicate that the view of smelting sites as isolated, self-contained and 

excluded from the community can be rejected. Workers at sites associated with villas such as 

Chesters (Fulford and Allen 1992), Piddington and Whitwell (Schrüfer-Kolb 2004) and probably 

Clatworthy were likely part of intimate communities of very mixed occupation and status, 

potentially having experience with multiple crafts themselves. Those at sites such as Wakerley 

(Jackson et al 1978), Broadfields, (Gibson-Hill et al 1922, 22) and Semlach-Eisner where 

settlement occurred as a result of the primary purpose of the site, smelting, may have 

specialised more, potentially undertaking smelting for themselves or as employees of a private 

owner or group, and supporting families and their communities in the nearby settlements. The 

archaeological record also hints at much larger sites such as the ‘small-town’ of Ariconium 

(Jackson 2012), where those involved with smelting were potentially of very mixed status and 

could have developed specialised occupations. These examples are not to categorise smelting 
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sites, but to illustrate the range of size, production, and specialisation likely, and to emphasise 

the presence of the community surrounding and supporting those involved with smelting, 

through the provision of raw materials, fuel, food, community and family.  

The range of variation in site size and position is also indicative of the range of legal statuses 

within craft. As discussed in 4.2.5.1 there is little evidence for low-skill slave labour in smelting 

or mining, and the image of large-scale extraction using poorly treated and heavily exploited 

slaves simply is not substantiated for iron smelting. We must turn towards other alternatives, 

building from the models of iron smelting control and ownership developed in 4.2.4. Critically I 

believe the abundance of epigraphic, literary and legal evidence has led to researchers 

overstating the extent to which the state owned or directly managed iron smelting sites or 

regions, and for many of the sites we uncover archaeologically such as Semlach-Eisner and 

Clatworthy a private ownership model (4.2.2.3) is most appropriate. Within this context, 

production at most sites likely drew on wage labour from the immediate area, and as the 

nummi metallorum (4.2.4.1) may indicate, they stimulated the local small-scale economy 

substantially. Slaves were likely used if they were already accessible to those exploiting the site, 

but wage labour drawn from local communities was likely the dominant form, supplemented by 

seasonal and/or migratory labour. Large-scale slave labour was probably rare, limited to the 

occasional site such as the large villa estates of the Mediterranean during the Early Empire 

where extensive slave populations were already present. Slave labour in iron production is likely 

to have declined during the course of the Empire in line with the overall decline in access to 

slaves, but arguably the degradation of the legal status of the mass of population during the 

Late Empire resulted in similarities to slavery by the 5th century AD. At Clatworthy smelting is 

currently dated to the 1st -2nd centuries AD, but at Semlach-Eisner activity continued into the 

end of the 3rd century and potentially early 4th century AD, so these changes must have been 

experienced by those working on the site. However it was likely a slow and pervasive change 

rather than a sudden shift, and is unlikely to have caused the disruption in production seen in 

Phase 4-5 material.  

The persistence of smelting at so many of the sites including those studied here, continuing 

over hundreds of years, is a product of the presence of community and of networks of exchange 

and communication on both the intimate and extended scale, drawing in and providing new 

people to learn the craft. Evidence suggests that both informal apprenticeship between family 

members, and formal contracted apprenticeships, would have occurred (4.3.3). At those sites 

where access to slave markets was good in the Early Empire, the transmission of knowledge 

between master and slave and later emancipation within the model may also have occurred 

(4.3.3). By the Late Empire the introduction of laws tying children to the occupations of their 
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parents likely enforced familial transmission of iron smelting skill, but parent-child relationships 

were probably a strong route of knowledge transmission prior to this, particularly at the more 

isolated sites. Indeed the assumption of the isolated adult male/s operating a smelting furnace 

presented in modern reconstructions (e.g. cover of Jackson 2012; estimates of ‘men’ required, 

Cleere and Crosley 1995, 74-79) and ancient sources (Figure 4-1) does us a disservice. It 

excludes the large number of non-adult, non-male persons who were likely present and working 

on smelting sites, either learning the skill of smelting or contributing labour to tasks such as 

beneficiation and roasting, tasks where women were also likely present. There is no evidence 

for any exclusion of women from smelting or any other associated activities during the Roman 

period, and only limited evidence for any religious activity associated with the craft (4.4.2.4.4).  

Despite the geographical distance, there are limited discernible differences between the study 

sites and others from the archaeological record, and those differences identified are 

predominantly seen within the analysis of the smelting debris and relate to the use of different 

raw materials. The number of corollaries are interesting, with reoccurring patterns in site 

position and furnace construction, ore selection and preparation which can be seen across sites 

hundreds of miles apart. It could be suggested that these similarities derive from the relatively 

narrow window of variation in which iron can be made successfully, but quick examination of 

examples from other times and places (e.g. Middle East, Iron Age, Veldhuijzen and Rehren, 

2007; Greece, Iron Age, Photos 1987; Africa, Iles 2010, Humphris 2010, Gordon 1997) shows 

the variety of methods, raw materials, physical structures employed and debris produced by 

iron smelting is substantial when compared to that seen in the Roman period.  

The evidence for this continuity is, at the moment, indicative; an in-depth study bringing 

together the specific details of all published smelting sites would allow a much firmer 

identification of this pattern. It is important not to over-emphasise this pattern, as the presence 

of differences between sites remains, most clearly illustrated by the presence of slag-pit 

furnaces in some parts of the Empire (4.4.2.3.2). However the quantity of evidence available for 

smelting sites and practices in Western Europe during the Roman period has risen beyond that 

which can easily be synthesised as an adjunct to a thesis, and an extensive study is necessary to 

fully explore these issues.  

The possible presence of similarities between sites raises interesting questions of 

interpretation. Many traditional perspectives on Roman material would see this as evidence of 

Romanisation, e.g. of the provincial adoption of a monolithic, superior ‘culture’ from Rome. 

Even ignoring the many flaws of this approach outlined in 2.1.2.2.2, its application here would 

be illogical; Romanisation is an elite-driven model of change and as I have identified in 4.3.2, 
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Roman elite involvement and interest in craft activities such as iron production was minimal and 

the elite are unlikely to have ‘spread’ iron smelting practices to the provinces, particularly 

considering the few sites near Rome (4.4.2.1) from which practices could be ‘spread’. One 

explanation may be communication and population movement within Western Europe, which 

could have contributed to similarities in iron smelting practice during the Roman period or the 

late pre-Roman Iron Age. We remain hampered by the limited analysis of pre- and post-Roman 

material in Western Europe, which obscures the extent to which we may be seeing a more long-

term pattern, although analysis of German (e.g. Gassmnn 1998, 2008; Heimann et al 2001) and 

Polish (Piaskowski 1961) iron smelting in comparison to that occurring in the Western Empire in 

the pre- to post-Roman periods may facilitate discussion.  

The interpretation of Clatworthy and Semlach-Eisner, in particular the nature of their 

ownership, the regularity of iron production on the sites, and the relationships between the 

site, the craftspeople, and the communities in nearby settlements presented here rely on the 

evidence established in Chapter 4 for the wider context. As such they remain indicative, 

pointing to possible lines of enquiry and investigation within the local regions which might 

provide sufficient evidence to support these models. However in order to discuss the people of 

the site, rather than just the objects, these conjectural models have to be pursued.  

7.1.2 Evidence for Variation over Time 

As discussed in 1.1, the overarching aim of this thesis is to examine the extent to which 

variation in iron smelting within the Western Roman Empire is identifiable, with a view to 

establishing whether this can be seen to reflect other changes in the social, economic and 

political spheres of this period. A two-pronged approach has been taken, examining the 

established evidence (Chapter 4) and two individual study sites (Chapters 5 and 6). In the 

previous section the implications for our understanding of iron smelting in the Western Roman 

Empire have been addressed, and in this section the specific instances of identified variation will 

be discussed.  

The initial evidence for variation in iron smelting over time drawn from comparative evidence 

discussed in 3.3.2 actually stems from the period immediately before the Roman Empire; the 

use of large diameter furnaces in the 1st century BC onwards. As discussed I believe that these 

are indicative of a local response to the expansionist behaviour of the Roman state during this 

time, and the associated political, social and economic upheaval. These large furnaces dropped 

out of use at many sites some time in the 1st century AD after conquest by the Roman state, and 

this may be the result of a drop in local population and local iron requirements, as lives were 

lost to war and slavery and the surviving people lost the right to carry weapons in the 
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immediate wake of invasion. This may be evidenced in the downturn in iron production in East 

Yorkshire in the immediate aftermath of invasion identified by Halkon (2008). 

The increase in iron production seen in other areas (Weald, East Midlands and Exmoor/Brendon 

Hills) during this period may therefore be a response to new communication routes and access 

to new military markets at adjacent sites (East Bridgeford, Condron 1997), or through trade 

routes (Weald; Schrüfer-Kolb, 2004; Gibson-Hill et al. 1992). This underlines the very regional 

nature of some variation in iron production throughout the period of Empire, and the 

importance of strong archaeological contextualisation to interpret these patterns. That some of 

these shifts in production appear to relate to military actions (4.4.2.4.1, 4.4.2.4.2) is more 

indicative of the tendency for that market to shift substantially in both geographical and 

chronological terms when compared to changes in the civilian market, making it more visible in 

archaeological and historical narratives and easier to identify, rather than representing proof of 

the relative importance to iron producers of the military market over the civilian.  

The evidence presented in 4.2 clearly indicates that the extent to which state oversight 

impacted iron production could be substantial, and that this varied over the period of the 

Empire. During the 1st to early 2nd century AD, a period of expansion and development in the 

administration of the Empire, extraction sites in general fell under local provincial 

administration and state involvement emphasised maintaining levels of exploitation spread 

across the Empire. However by the mid-late 2nd century AD several new introductions are seen 

in the epigraphic, literary and archaeological evidence. Procurators associated with extraction 

and with potentially supra-provincial remits were introduced, and are attested on epigraphy 

from the mid-2nd to 3rd centuries AD. During the same period there is evidence for the presence 

of toll stations surrounding extractive regions in the Danubian provinces (4.2.4.1), and other 

evidence indicates taxation on metal moving between provinces was established by the Late 

Empire (4.2.5.2). The 2nd -3rd century AD is also the period to which epigraphy referring to the 

vectigalia (4.2.4.2), which I have identified as a tax on iron production instituted potentially to 

support increased state oversight (4.2.4.3), has been dated. I believe that together these 

changes indicate an overall increase in state oversight of iron production, occurring from the 

mid-late 2nd century AD. This may have been followed by more restrictive laws which mandated 

a penalty for producing iron ‘illegally’ (Dig 39.4.16.11), and which may have arisen later as the 

state became concerned with issues such as the sale of iron to groups outside the Empire 

(4.2.4.3). 

The shift from small-scale to larger exploitation in the Catalan Pyrenees during the end of the 

2nd /early 3rd century AD (Gassiot et al. 2008), and the drop in production site numbers from the 
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3rd century AD onwards identified by a number of authors (Young 2008, 51; Bray 2006; Cleere 

and Crosley 1995; Coustures et al. 2003; Durman 2002, 25) all occur during this period of 

increased imperial oversight and taxation. Certainly the big site clusters identified at Sillé forest 

in France (Sarreste 2008, 26), the Weald (Hodgkinson 2008, 17), and the Jurassic Ridge in the 

UK (Schrüfer-Kolb 1999, 228) where hundreds of sites have been recorded, all show substantial 

drop-off of activity during the late 3rd century AD. But without a better understanding of the 

relative quantity of iron produced on these sites it is not clear that gross production of iron in 

the Western Empire reduced, as a switch to smaller numbers of larger sites could have resulted 

in overall maintenance of iron production levels. 

From non-ferrous evidence we know that raids from groups outside the Empire disrupted 

production during the 2nd -3rd centuries AD (4.4.2.4.1), and the 3rd century AD is also a period of 

sustained civil war and upheaval within the Empire. Both of these factors likely affected iron 

smelting, but they may have acted distinctly on different types of site. The increased burden of 

state oversight may have negatively impacted the profitability or feasibility of the small sites 

which dominate many of the regions of dense extraction, whilst larger sites may have been 

better able to produce on profitable scales. As at Clatworthy, the drop-off in occupation of small 

sites may start during the late 2nd century AD. Later, during the 3rd century AD, non-ferrous 

evidence suggests that isolated sites may have been abandoned for better positioned or more 

easily defendable sites (4.4.2.4.1). This may explain the later peak in smelting sites established 

during the 3rd to 4th centuries AD, which may have also been more self-sufficient in both raw 

material procurement and final object production (4.4.2.4.1). That Semlach-Eisner continued to 

operate throughout this period is probably a result of its specific production of ferrum Noricum, 

which may have enabled the site to be profitable despite the relatively low range of raw 

efficiency calculated from the debris, as Charlton (2006, 270-1) also suggests happened at Bryn-

y-Castell.  

Shifts in more direct political or state influences on iron production also occurred in the state 

use of iron. During the early Empire short-term intensive build-ups associated with campaigns 

resulted in local urban producers being paid to supply finished iron objects to the military 

(4.2.1). This likely caused very short-term fluctuations in production patterns at those 

production sites near to military positions, but better evidence from iron smelting sites 

supplying those regions is necessary before we will be able to see this archaeologically. The 

civilian market, particularly for large state-sponsored building projects, is also likely to have 

formed a substantial and fluctuating demand for iron, but as with pre-conquest build-ups, will 

have produced highly localised patterns of effect on iron production sites. The use of taxation 

in-kind, hereditary occupations, and the legal tying of workers to lands may have led to more 
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consistent supply and demand, but more research into this, particularly focused on military 

numbers, is necessary.  

From the emphasis on perpetuating occupations and land exploitation in the Late Empire laws 

discussed in 4.2.5.1, and the concurrent erosion in personal rights, it is likely that the labour 

used to produce iron shifted during this period. The Early Empire a mixture of slaves, free and 

freed wage-labour, and owner-operators gave way to the dominance of nominal wage-labour. 

However this labour operated without any of the freedom that allowed the movement of skilled 

workers in mineral extraction documented in the 1st - early 3rd centuries AD, or the movement 

of low-skilled workers between agricultural and craft jobs dependant on the agricultural season. 

This may also have had profound effects on the type of site operating during this period, as 

labour for seasonal operation is likely to have been more difficult to source, contributing to a 

shift away from smaller, possibly infrequent production sites, and towards established 

continuous operation.  

In some ways what is most interesting is that whilst there are substantial differences in the 

social and economic contexts of production at the two sites as identified in 5.5 and 6.5, there 

are limited differences in the technical aspects of iron production as inferred from the physical 

debris. The analyses of material from both Clatworthy and Semlach-Eisner, and the PCA of those 

data, indicate that fluctuations in the raw materials, likely locally sourced, were one of the 

primary sources of variation within the debris, although at Clatworthy possible variation in 

fuel:ore ratios were also noted. In 7.1.1 the discussion of labour sources introduced the 

possibility that the craftspeople working at Clatworthy may have done multiple activities in 

addition to smelting, whilst those at Semlach-Eisner may have specialised. Variation in fuel:ore 

ratio between smelts at Clatworthy may therefore be a result of this lesser specialisation, 

perhaps leading to less consistency between smelts as a wider variety of less specialised people 

took part in smelting.  

In contrast there are clear differences in the debris from the Phase 4 period at Semlach-Eisner 

compared to prior and following periods, during which time a different and potentially less 

oxidised ore appears to have been smelted with a lower efficiency. Phase 4 covers the period 

c.150-250 AD, when despite the internal problems of the state the regional archaeological 

evidence indicates a relatively stable period, and consequently it seems likely that the change 

was brought about by relatively local disruptions such as changes in ownership, exhaustion of 

ore supplies, or disruption to supply networks due to disease, famine or incursions by external 

groups. Critically, even though the Roman period is a time of generally excellent historical and 
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archaeological resolution, the archaeological evidence is not available to identify what caused 

the ore variation that likely lies behind the Phase 4 fluctuations.  

The lack of tap slag recovered from Phase 5 (c.250-300 AD), and the presence of failed blooms 

primarily in this period does suggest differences in smelting occurred at this time, but critically 

identifying what these were is hampered by the lack of tap slag, which is key to the analytical 

approach utilised in this project. At the current time, the evidence is insufficient to identify 

whether the disruption visible in the archaeological record is the result of fluctuations in raw 

material use or technical process. However this phase coincides with regional evidence for the 

contraction of towns and villas, in part of the 3rd century AD during which internal civil war 

contributed to weakness in the borders, raids by external groups, and decline in many 

settlements. This form of extreme social disruption likely caused disturbance to raw material 

sources, transport, and communication and labour, with the potential to affect activity at 

Semlach-Eisner substantially, as well as potentially contributing to the presence/absence of 

sites. Despite being unable to pinpoint the exact contributing factor to the Phase 5 disruption, it 

seems likely that it is linked to socio-economic and political fluctuations during this period.  

The continuation of smelting at Semlach-Eisner, which produced the high quality, elite iron 

ferrum Noricum, suggests that the site was partially buffered from the extreme disruption of the 

3rd century AD and persisted into the 4th century, despite being close to the Danube border. This 

is probably due to the profitability of ferrum Noricum, which appears to have benefited from a 

well-known product identity and high reputation in Rome and other provinces. 

Conversely at Clatworthy there is only tenuous evidence for change over time, with some 

suggestion of increased variation in smelting practices in progressively later periods (5.5), 

possibly stronger reducing conditions, and potentially more efficient use of ore, but the limited 

nature of the analysed evidence makes this tentative. These all occurred from the 1st -late 2nd 

century AD, in a period of stability and prosperity in the province, and any possible 

improvement over time may be symptomatic of that.  

Together the evidence from the study sites and the established evidence presented in Chapter 

4 suggest that the influence of social, economic, political and other factors on the technical 

practice of iron smelting is visible in both the site’s broader archaeological record, and the 

debris from the technical process of smelting. Political and economic disruption arising from the 

increasing levels of state oversight and possibly taxation from the 2nd century onwards also 

appear to affect smelting, most visibly in terms of the presence/absence and production scale 

of sites, but also in possible labour provision and technical practice on the sites during the later 

period.  



379 
 

Interestingly the changes to labour evidenced by the archaeological, juristic and epigraphic 

evidence laid out in Chapter 4 do not appear to have affected either of the study sites in a way 

which is discernible at the current time. In the case of Clatworthy, this is due to the early end of 

activity at the site around the end of the 2nd century AD, but at Semlach-Eisner where 

production appears to continue potentially into the 4th century AD there is nothing to suggest 

that labour changes or shortages affected smelting. The same large-scale furnaces in use in 

earlier centuries continue to be built up to the end of occupation, and the same process 

appears to be applied in the latest phase of occupation with no loss in the effectiveness of the 

process as discernible in the debris.  
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7.2 Summary 

7.2.1 Ferrum Noricum and Iron in the Roman Empire 

The production of iron in the Western Roman Empire led to a variety of products, from soft iron 

through to steely material, likely both intentionally and due to unintentional fluctuations in 

furnace conditions (4.4.2.3.4). The extent to which Roman smiths and iron consumers 

understood the nature of carburisation in any one bloom or iron piece is not known, but there is 

evidence that steely iron was identified and treated in a specific way related to its physical 

characteristics.  

It is within this context that the production of ferrum Noricum must be understood. Literary 

evidence predominantly from 1st century AD Roman elites (6.2.4) gives us the impression of the 

material as expensive, sharp, resilient and aggressive, associated with elite and military activity. 

Archaeological evidence from the period of conquest (6.2.4.2) indicates that iron objects from 

the producing region were composed of heterogeneous steely iron, and archaeometric analysis 

(6.4.5.2) suggests that such a material was likely produced in bloomery furnaces in the region 

during the Roman period. However ‘ferrum Noricum’ itself is unlikely to have been the direct 

bloomery product, considering the likely heterogeneity of carburised bloom material, and is 

more likely to be a descriptor given to some bar iron, semi-finished or even finished products 

which were produced in Noricum and which contained sufficient steely iron to have noteworthy 

physical characteristics.  

Analysis of the debris from the Semlach-Eisner site indicates no substantial differences in 

production compared to Clatworthy or the established data, but critically much higher MnO 

abundance in both ore and slag. MnO in slag within the bloomery furnace has beneficial effects 

on slag formation, may reduce the fuel:ore ratio necessary for reduction of iron oxides, and 

critically may facilitate the carburisation of iron (3.2.5, 6.5.3). This indicates that, as other 

authors have suggested (e.g. Preßlinger, 2008; Truffaut 2008), MnO abundance in the ores of 

Noricum was likely influential in the production of ferrum Noricum. However it was not, as they 

have suggested, used in a process unique to Noricum which intentionally produced cast iron in 

the bloomery furnace, but within the usual bloomery smelting process of this period. Semlach-

Eisner producers of ferrum Noricum demonstrate good control of the process, and critically 

selected fuel:ore ratios and controlled conditions to induce carburisation, but the fundamental 

process used to produce ferrum Noricum did not differ substantially from that used widely in 

the Empire. Other regions likely produced similar material, but the presence of MnO in the ore 

at relatively high levels may have made it easier and cheaper in raw material costs to produce it 

with Noric ores. 
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Debate remains whether, on a purely technical level, ferrum Noricum deserved the fame 

suggested by the literary record. Steely iron was certainly used and exported to/from other 

provinces within the Empire, so ferrum Noricum was not unique within the Roman world. Likely 

ferrum Noricum simply had superior marketing due to a mixture of factors including the 

presence of Italian merchants trading in iron from the region to Rome as early as the 2nd century 

BC, and the probable flood of ferrum Noricum on the market in the immediate period of 

conquest which I believe is indicated by the abundance of literary references to it at this time. 

These factors resulted in the preferential survival of ferrum Noricum in the modern awareness, 

when compared with other similar products which were likely available during the Roman 

period. 

7.2.2 Continuity and Variation in Iron Smelting in the Roman Empire 

The data presented in this thesis have introduced the idea that many sites in the Western 

Roman Empire shared a broad approach to iron production, and this derived from two primary 

factors; a consistent approach to raw material selection, and the use of a broadly similar 

production technique. Across the Western Empire furnaces were consistently built of clay 

intentionally tempered with a large proportion of quartz, and oxide and hydroxide ores appear 

to have been selected for smelting at the majority of sites. Within this pattern, differences in 

raw material use were the result of small-scale variation in resources between localities, not 

deliberate selection of different materials from those available. Variation in technique is visible 

within aspects such as the fuel:ore ratio used, and the extent to which support activities such as 

roasting and bloom smithing took place on the smelting site, but outside this aspect and the 

existence of some possible slag-pit furnaces, the current evidence suggests a very similar 

process was undertaken at the majority of sites. 

These similarities suggest communication and a shared approach, though this could be an 

aspect both of the Roman period and the pre-Roman Iron Age. The growth in communication, 

population and labour movement during the immediate pre-Roman Iron Age may have 

provided the conditions in which smelting techniques were shared. Consequently the broad 

similarities seen in the Roman period may be an artefact of pre-Roman activity, rather than a 

Roman period development. The non-elite nature of iron smelting, and the likely reliance on 

predominantly local labour, argues against any ‘top-down’ imposition of practices, even if this 

was not a disputed theoretical model.  

Much of the low level variation on individual sites that can be seen is the result of differences 

between the raw materials used, or the fuel:ore ratios and furnace conditions, and this aligns 

well with similar conclusions made by Charlton (2006, 273) and Schrüfer-Kolb (2004, 132). 
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Frequently these low level variations do not have a discernible pattern, and likely derive from 

the smelting on site being broadly consistent but not rigidly replicated between smelts, leading 

to unpatterned variation. However a key result of this study has been the confirmation that 

some substantial fluctuations in iron smelting on individual sites can be linked to socio-

economic and other factors. On the largest scale, widespread disruption such as the ‘crisis of 

the 3rd century’ has a discernible effect on both the presence/absence of iron smelting sites as a 

whole, and on the activity at specific sites as demonstrated at Semlach-Eisner. This sort of 

disruption is systemic, and it would be counterproductive to attempt to label it into ‘social’ or 

‘political’ in nature. It likely affected multiple facets of life and through these, iron smelting. 

Changes in administrative structures governing iron smelting, from the 1st -2nd century when 

these were largely provincial, to the supra-provincial procuratores of the late 2nd -3rd centuries 

onwards, and the concomitant increase in oversight, control, and the vectigal ferrariarum are 

also linked to changes in iron production. Iron smelting site numbers drop from the late 2nd 

century AD in many areas, early enough that this cannot be attributed to the ‘crisis of the 3rd 

century’, and may be the indirect result of increased state oversight. However the close 

chronological proximity makes disentangling the relationship between increased state 

oversight, the ‘3rd century crisis’, and iron smelting difficult, complicated by the likely 

discrepancy in the effects of these disruptions on different forms of sites. This highlights the 

potential heterogeneity in the archaeology of Roman period iron smelting sites, if not the 

technology itself, and it adds depth of context to the variability in smelting regions identified by 

Schrüfer-Kolb’s thesis (2004). It emphasises the potential of iron smelting to vary substantially 

with respect to communities, size, ownership, occupation and intensity of use, leading to sites 

being differentially affected by disruptions depending on their nature.  

On a more moderate scale, evidence from Britannia, where archaeological data are denser than 

in many other provinces, shows that movements in markets and changes in access to these also 

had clear effects on the presence/absence and scale of iron smelting sites, particularly where 

these markets were substantial. These appear to be specifically economic aspects, but in the 

pre-modern world economic life cannot be disentangled from political and social, and 

fluctuations in iron smelting likely evolved from interaction with more than the purely economic 

consequences of market movements. On the very local scale, the evidence from Semlach-Eisner 

indicates that shifts in raw material use was influenced by factors outside the purely 

environmental. However, in the case of this site, the comparatively limited archaeological 

evidence for the immediate region and province gives us little information with which to 

contextualise this, and the causal factors remain unresolved.  
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Together this evidence answers the focal questions of the thesis, demonstrating that it is 

possible to detect variation in iron smelting at single sites over comparatively short periods of 

time, and that this is linked to fluctuations in the social, economic and other contexts where 

evidence for these is sufficient. However it is notable that these factors are rarely separable at 

the current level of resolution in the archaeological and historical data, and variation in 

production results from a blend of influences. 

The underlying thread of continuity within the evidence presented here required cautious 

interpretation; it is not sufficient to support any notion of a monolithic ‘Roman’ iron smelting 

practice, and such a practice would also not necessarily be positive. It is easy to view continuity 

as a beneficial resilience to negative changes in social or economic context, but as the evidence 

from Semlach-Eisner suggests, this continuity is also illustrated by the consistent use of 

production techniques even when change might have been more beneficial. Despite the 

presence of both periods of expansion/market-growth and periods of risk, either of which could 

have provided conditions for innovation (4.3.2), there is no evidence in the established or study-

site evidence for experimentation or development of iron smelting in the Roman period. This is 

the result of the lack of a positive social or political attitude or reward for those supporting or 

engaging in innovation, beyond the immediate economic. Rather than blaming this on slave 

labour, I believe that the core of this stems from societal attitudes to craft, the social distance 

and disdain between elites and those who owned, managed or worked in craft occupations, 

extreme inequality, and the precarious nature of wealth amongst the elite. Together these 

factors contributed to a society where elites with the economic power necessary to support 

innovation were risk-averse, subject to prohibitive social stigma for involvement with 

technological practice, and received no societal or political encouragement. This is indicative of 

the influence of socio-political factors on technologies during the Roman period, even those 

such as iron smelting which are often geographically removed from elites. Roman period 

continuity had the potential to contribute to both resilience and failure in the face of difficulty, 

mitigating or accentuating the impact of social, economic and political fluctuations. 
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7.3 Limitations and Future Research 

The evidence presented here offers support for the view of technology as socially mediated, 

and argues for accepting the concept of technology as an intimate ensemble of many factors, a 

practice not isolated but imbedded within communities in Roman period Europe. It shows that, 

as Schrüfer-Kolb (2004), Charlton (2006), and Paynter (2006, 2007a) identified, raw material 

variation plays a strong part in slag composition variation in the Roman period and that, as 

Paynter (2007a) surmised, there is broad continuity in production processes. However this 

study has shown that variation related to political, socio-economic and other factors is visible 

not just on a regional basis (Schrüfer-Kolb, 2004), but within the lifetime of individual sites. By 

identifying that iron smelting at sites in the Western Roman Empire, like those in other periods 

and places across the world (North America and Africa, Gordon and Killick 1993, 269; Rwanda, 

Humphris 2010, 309; Africa, Rehren et al. 2007), was visibly sensitive to socio-economic 

fluctuations, many questions are raised. Why do some of these fluctuations effect smelting, and 

others do not? Is it simply that substantial and sustained disruption affects all forms of activity 

during the period of Empire, to such an extent that it is commonly visible in the archaeological 

record? How can we more clearly assess the effect of slower, less abrupt changes like the shift 

in labour patterns that occurred over the period of Empire? Can the evidence of continuity in 

iron smelting in the Western Roman Empire be fully substantiated, and why did it occur across 

such an ethnically diverse area when other regions of the world (e.g. Uganda, Iles 2010) show 

variation along ethnic lines? Some of the immediate research questions arising from this thesis 

can be summarised thus: 

 The number of iron smelting sites excavated across Western Europe is too many to be 

exhaustively surveyed in a section of a thesis. A more exhaustive examination of iron 

smelting evidence in the Roman period, including a critical reanalysis of some of the 

older excavation material and furnace forms, is necessary to question and develop the 

trend towards continuity. Once this has been achieved, it will be possible to approach 

the difficult question of interpreting such continuity within the post-Romanisation 

framework, which emphasises heterogeneity and differential negotiation of identity.  

 Further analysis of fully contextualised individual sites is critical to answering questions 

with respect to how sites of different sizes, degrees of urbanisation, and likely 

ownership were differentially affected by fluctuation in different aspects of their social, 

economic or political contexts. A reanalysis of the settlement context of sites already 

well excavated and analysed, linked to information on their occupation periods, 

production techniques and size, would allow a better understanding of which factors 

preferentially affect which sites of iron smelting.  
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 The technical activity at the Semlach-Eisner site shows substantial resilience to changes 

in the local and Empire-wide context, but this is a site which produced elite material, 

and for which limited evidence for the nature of community and settlement in the 

region is available. Further archaeological investigation of the valleys and the 

immediate site environs could uncover evidence of supporting settlements, and ore 

sampling at any extraction sites uncovered could produce additional information to 

confirm the hypothesis that a carbonate ore was used during Phase 4.  

 The extent to which iron smelting influenced Roman period Western Europe remains an 

open question, largely unexplored by this study. This is in part a factor of the limitations 

of the available evidence, and part due to the limitations of the thesis format, though 

chaȋne opératoire has allowed some discussion to be made of the impact of smelting 

sites within the wider context. Further study, not of how socio-economic factors 

influence iron production, but of how iron influenced society and economies, could 

generate a more holistic understanding of the place of iron technology within the 

Western Roman Empire.  

 Given the recent increase in analyses provenancing iron objects from the compositions 

of slag inclusions (e.g. Blakelock et al 2009; Charlton, 2015), the data presented here 

provides an excellent baseline for two previously unexamined regions. Expansion of 

provenancing studies, particularly to steely or elite objects, using this data could be key 

to understanding the trade and exchange systems in which these sites and their regions 

were embedded. 

In broader terms, the practice of iron smelting in Western Europe during the transition from 

Late Iron Age to Roman periods is a key area of further analysis. In this study the focus has been 

on identifying variation over time as indicative of socio-economic, political or other factors, and 

examining iron smelting during the late Iron Age to Roman transition period, one of intense 

change across the lived experience, is the next step in exploring this relationship. Archaeometric 

and archaeological analysis of sites where smelting occurs in both the pre-Roman and Roman 

periods offers the chance to examine iron smelting technology over a period of intense lived 

change, but arguably also a period when demand may have been sustained and high and the 

risk of failure viewed as extreme. It also has the potential to establish whether the patterns of 

potential continuity seen in Roman period smelting were established in Western Europe prior to 

Roman control, or whether these arose afterwards.  
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This study has demonstrated the utility of generating data not just from archaeometric 

analyses, but from literary, epigraphic and secondary archaeological and historical material, and 

the value of treating this latter source of information not just as contextualisation of the 

scientifically generated data but as a key dataset in itself. Integrating these datasets not only 

allows a fuller response to the research questions, but facilitates the creation of information of 

greater utility to archaeology as a whole, and is key to approaching technology as an ensemble 

of factors beyond simply the technical. The question remains as to the possibility of applying 

this approach to other questions and technologies beyond those of the Roman Empire, where 

the archaeological, literary and epigraphic evidence is so rich.  

In all this study has confirmed the close integration of technical, social, political and economic 

aspects within the technological activity that is iron smelting. It has uncovered examples where 

iron smelting during the Roman period has responded to fluctuations in these factors on a 

variety of scales, from activity over time at a single site to regional behaviour and trends in iron 

smelting across the whole Western Empire. This has underlined the importance of viewing 

technology as an ensemble of interrelated factors, and provided new understanding of the 

extent to which iron smelting, an often geographically isolated technology, remained engaged 

with wider contexts during the Roman period. This work has developed the traditional views of 

iron smelting as state owned and remote into a more sophisticated model, understanding 

ownership as pluralistic, iron smelting as related to and potentially integrated within multiple 

forms of settlement, and state involvement as heterogeneous, fluctuating, and focussed on 

productivity and taxation. It has also provided evidence of a thread of continuity across iron 

smelting in the Western Roman Empire, which may be a result of the social inhibition of 

experimentation and innovation acting on a potentially pre-Roman technological pattern. A 

two-pronged approach treating both archaeometric analyses of technological debris and 

archaeological analysis of literary, epigraphic and archaeological material as valid evidential 

sources has been critical to the development of this, and its utility here is demonstrative of its 

value within technology studies. This study has developed archaeological understanding of iron 

smelting in the Roman period on a range of scales, and it has highlighted the potential of well 

contextualised technological debris with high chronological resolution to access not only 

technological activities, but lived human experience.  
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