Reconstructing the Arsenical Copper Production
Process in Early Bronze Age Southwest Asia

Loic C. Boscher

Thesis submitted to

University College London

For the degree of

Doctor of Philosophy (PhD)

UCL Qatar

November 2016



2 Abstract Loic Boscher

I, Loic Boscher, confirm that the work presented in this thesis is my own. Where information
has been derived from other sources, | confirm that this has been indicated in the thesis.

Date:

Signed:



Loic Boscher Abstract 3

Abstract

As the dominant alloy in much of the Old World for several millennia between in the Late
Chalcolithic and Bronze Ages, surprisingly little work has been undertaken to understand how
arsenical copper was produced and what led to its ubiquitous appearance in the
archaeological record. Since arsenic and copper mineralizations often occur paragenetically,
and due to the proximity of such deposits to a number of early production centres, it has
often been assumed that the dominance of the alloy at the time was simply the result of the
serendipitous smelting of widely available polymetallic ores. This thesis questions this
narrative as overly simplistic and offers new evidence of intentional and advanced alloying

techniques predating the rise of tin bronzes by several centuries.

The archaeometric study of metallurgical remains from two recently excavated sites is used
as the basis for the reconstruction of arsenical copper’s chaines opératoires. The sites are
Camlibel Tarlasi in Central Turkey, dating to the mid-fourh millennium BC, and Arisman in
West Central Iran, dating to the late fourth to early third millennium BC. The material under
study consists of the full gamut of metal production remains, including ore minerals,
crucibles, furnaces, slag, and finished objects, all of which were microscopically and
compositionally characterised using optical microscopy and SEM-EDS. Other techniques,
such as pXRF, EPMA, and ICP-MS were also employed to answer specific questions and in

situations where the benchtop instruments were unsuitable.

The overall aim of the thesis was first and foremost to evaluate ways in which arsenical
copper was produced. The results demonstrate unequivocally that both naturally occurring
and synthetically produced arsenic minerals were alloyed with copper in stages entirely
separate from smelting. These findings are then contextualised within the wider large scale
societal developments occurring at the onset of the Bronze Age by looking at the impacts of
these technological innovations on the emergence of settlement specialization, the

organisation of labour, and wider networks of knowledge transfer and sharing.
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Chapter 1 A Contentious Alloy

1.1 Introduction
The study of ancient metals has formed an important aspect of archaeological interpretation

since the early days of antiquarianism in the 19*" century and continues well into the present
day (Trigger 1989). While we have long moved away from early ideas of a direct systematic
link between metallurgical technology and the development of cultural complexity (Pigott
1999b; Renfrew 1972; Thornton and Roberts 2009), the acquisition of metals and the
knowledge required to exploit them have formed the basis of much cultural change in almost
all societies of the last five thousand years. It is for these reasons that scholars have dedicated
so much effort to understanding how mankind first developed the technology to extract
metal from the earth, how artefacts were manufactured from such metals, and what roles

they played in human society.

While the inception of metal use and extraction typically receive the greatest attention from
both the public and scholars (Adams 1997; Caldwell 1968; Craddock 1995; Muhly 1988; Pigott
1999b; Radivojevic et al. 2010; Thornton and Roberts 2009), other aspects of metallurgical
technology have arguably had as much, if not more, impact on ancient societies. One such
advance, the discovery and use of bronze has long been known to have had a widespread
and tremendous effect on ancient economies and social structures. It was therefore quite
surprising to early archaeological scientists to find that tin bronze was not the first prehistoric
alloy it had been believed to be, but that many early objects were rather made of arsenical
copper (Caley 1949; Coghlan and Case 1957; Forbes 1964; Tylecote 1962). The continued
analytical study of metal objects in the second half of the 20" Century quickly led to the idea
that the Late Chalcolithic and Early Bronze Ages of Southwest Asia, spanning roughly the
fourth to the mid third millennia BC, were best described as having been largely dominated
by the use of arsenical copper alloys (Bar Adon 1980; Charles 1967; Eaton and McKerrell
1976; Heskel 1983; Muhly 2006), something which has raised many new and interesting

guestions on the development of early technology.

Since this theory was first proposed, arsenical copper has been identified as an important
alloy in almost every region of the world where copper smelting was discovered in prehistoric
times. This includes regions that may have had some direct or indirect contact with
Southwest Asia such as the Balkans (Paulin et al. 2000), the Caucasus (Courcier et al. 2012),
the Aegean (Doonan and Day 2007; Muhly 2006), and India (Bhardwaj 1979), but also distant

regions that are unlikely to have had any such interactions, including the Iberian Peninsula
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(Fernandez-Miranda et al. 1996; Hook et al. 1991; Miiller et al. 2007), Britain (Budd 1993;
Budd et al. 1992; Coghlan and Case 1957; O'Brien 1999), China (Mei 2012), and South
America (Lechtman 1981; Lechtman 1991; Merkel et al. 1994). Developments seem to have
occurred at widely different periods and for varying lengths of time in every region, and are
so disjointed geographically that the distribution is unlikely to be entirely the result of
technological diffusion. The arsenical copper production techniques were therefore more
than likely developed independently several times, followed distinctive pathways, and had

contrasting effects on their respective cultural contexts.

In Southwest Asia, the alloy first appeared in the highland regions of Anatolia and Iran where
it seems to have had a tremendous impact on the socio-economic environment of the time
(such as trade, warfare, wealth distribution, industrial development, etc.) and likely played a
significant role in the outward expansion of Early Bronze Age state-level societies of the
Mesopotamian and Susanian lowlands (Frame 2010; Pigott 1999a; Thornton 2010), although
there is still considerable debate as to the nature of this lowland-highland interaction (Algaze

1993; Frangipane 2001; Stein 1999; Stein and Wattenmaker 1990).

Yet despite the prevalence of this material and the clearly important role it played in many
prehistoric cultures, it remains largely misunderstood. While the physical properties of
arsenical copper have largely been determined (Budd and Ottaway 1991; Charles 1967,
Lechtman 1996; Meeks 1993; Northover 1989; Pollard et al. 1991), and we now have a large
number of compositional analyses of finished objects relating chemistry to typology (i.e.
Eaton and McKerrell 1976; Esin 1976; Hauptmann and Pernicka 2004), there are still a large

number of issues that remain unresolved.

The object of the current study was to explore the various technological pathways to the
production of arsenical copper alloys at their inception and to explore how this technology
was adapted both socially and geographically across the Middle East. A premise was
established that the later tin bronzes were unlikely to have appeared in a technological
vacuum and that certain abilities, skills, and knowledge had to be available prior to its
development in order to permit the dramatic spread of this alloy across the globe during the
later Bronze Age. The isolated appearance of bronze alloy objects in Balkan contexts that
predate the widespread production of arsenical copper, summarised by Radivojevic et al.
(2013), are reportedly the results of the exploitation of rare tin-bearing copper
mineralizations of stannite (Cu,FeSnS,). That these sporadic instances of bronze alloys did

not lead to the widespread use of the alloy is likely largely due to the limited extent of the
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geological deposits in question, and, to a lesser extent, perhaps because the resulting
material was not perceived to be of enough value to warrant further exploitation. Although
these objects predate the explosion in the use of tin-copper alloys by over a thousand years,
they in fact highlight the long period of experimentation and exploitation of polymetallic ores
resulting in the production of unintentional alloys prior to the Bronze Age. This observation
opens the floor to the recognition that Chalcolithic smelters probably had at their disposition

a much broader range of technological choices than previously thought.

This introductory chapter opens with the parameters under which the study was conducted,
highlighting first the relative importance of arsenical copper in its cultural and historical
context, followed by an overview of the lacunae in our understanding of it as a physical
material and in regards to its socio-economic importance in prehistory. The theoretical
framework under which this research was conducted is then discussed as well as how it will
be applied to the analysis of production remains. The chapter ends with an outline of the

intended goals of this doctorate research.

The second chapter gathers data from a range of sources to clearly define the physical
properties of the alloy and draws attention to the various benefits of arsenical copper when
compared to pure copper and tin bronze. The intended purpose is to serve as an
interpretative tool when identifying cultural uses, both practical and symbolic, for the alloy.
As will be shown, even in instances where the production of such a material is not seen as
having been intentional, there is often an uneven distribution of arsenic content across
artefact types which is hardly likely to have occurred without some kind of human agency. It
will be shown that, until recently, most researchers have focused their attention on the
hardness characteristic and casting properties of the alloy, but that efforts have now shifted
to try to explain its use in more socio-economic terms since it is increasingly recognized that
modern engineering and metallurgical views of materials may not be applicable to past

practices.

The third chapter focuses on aspects of production technology and is divided into two parts.
The first part explores the various techniques by which the alloy could be produced from a
theoretical perspective. The second part covers the archaeological record itself and forms an
overview of the production and use of arsenical copper in the Old World. In order to include
as many potential known production processes, it was necessary to draw on material from a
much broader scope of geographical and chronological data sets, often well outside of the

study area. This approach allowed a wide range of production techniques to be described
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and covers the full gamut of known uses for the material and creates a basis for comparison
of our knowledge in the field. This chapter concludes with the development of a methodology
to differentiate between diverse methods which in turn could be used to assess

archaeological remains from relevant sites.

To test the hypotheses presented, materials from two archaeological sites were selected
based on preliminary work which showed their potential for distinctive intentional alloying
of arsenical copper. The two sites straddle the shift from the Late Chalcolithic (Camlibel) to
the Early Bronze Age (Arisman), a period when massive socio-political and economic changes
were taking place alongside great technological advances. Although very far from each other
geographically, they represent evolving approaches to subsistence largely based on the
exploitation of mineral resources on the margins of large urban socio-economic
developments occurring in the Mesopotamian lowlands. The analysis of the metallurgical
production remains will form the bulk of the research presented here, offering new data on
the emergence of metallurgical innovations. Chapters 4 and 5 cover the geographical,
geological, and archaeological contexts for these sites. Chapter 6 covers the methodological
approach for the analysis of the material which is then presented in chapters 7 and 8. The
discussion of these results, their implication to our understanding of arsenical copper and
avenues for future work are then laid out in chapter 9 while overall conclusions are drawn in

chapter 10.

1.2 Current problems in our understanding of arsenical copper
Several questions have dominated the study of arsenical copper since its earliest

identification in the archaeological record. While some appear to have been resolved, most

still require further investigation and will be defined here.

Without going into details of the physical properties of the alloy at this point as they will be
thoroughly discussed in the next chapter, it is sufficient to note that, overall, the material
behaves much like the low-tin bronze more familiar in the later bronze ages (Moorey 1999;
Ozbal et al. 2002) (Budd and Ottaway 1995; Charles 1967; Craddock 1995; Lechtman 1996;
Northover 1989; Weeks 2003). It has been established that advantageous properties begin
to be noticeable visually and physically with between 0.5 and 2 wt% arsenic content, a range
which has been used by many authors as the minimum percentage required to denote
intentionality of production. However, the large width of this range is the result of different
approaches to the study of the material properties of the alloy and no consensus has been

reached as to what constitutes a relevant minimum. For example, 0.5 wt% arsenic is defined
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by Charles (1967, 25) as the “maximum figure which might be expected from the smelting of
randomly selected ore without particular effort to remove or make additions of arsenic”, the
same point at which Lechtman (Lechtman 1996) notes that the enhanced cold and hot
working properties of the alloy become noticeable. Hardness as the prime advantageous
marker over pure copper is argued by others (Eaton and McKerrell 1976; Northover 1989),
suggesting 1 wt% as the minimum value for this property to be manifested after cold-
working. Yet others have arbitrarily suggested 2 wt% as a basis for intentionality on the
assumption that the smelting of complex ores is unlikely to yield consistently higher
percentages (Branigan 1974; Hook et al. 1987). More pragmatically, Fernandez-Miranda et
al. reject the use of a minimum value, in particular in the low percentage range, as “the
interpretation of the phenomenon can vary according to the geographic and cultural areas
examined, the conditions of the available mineral deposits, and the technological knowledge

behind the production of artifacts” (1996, 454).

Indeed, the concept of intentionality based on percentages is the result of applying well
understood historical perceptions of ancient tin bronze metallurgy to interpretations of
prehistoric arsenical copper production and use. This is questionable not least because we
have little real understanding of which arsenical copper attributes were valued by ancient
smiths. These are likely to be very different at the onset of the appearance of this new
material than in the later periods when copper alloys were already common and widespread.
It has, after all, been convincingly demonstrated that the introduction and adoption of a new
material tends to be limited to the imitation of previously existing objects and it is only once
that material has been firmly adopted by society that other uses begin to be explored
(Pfaffenberger 1992; Shortland 2004). The contrasting use of metals in the early stage of
adoption is apparent in the Near Eastern Chalcolithic when a large proportion of arsenical
copper alloy objects were decorative pins and needles (Caley 1949; Eaton and McKerrell
1976; Esin 1976; Frangipane 1985; Thornton et al. 2002) rather than the more utilitarian tools
and weapons of the later periods. These decorative objects were typically left as-cast and
would therefore have gained little benefit from increased workability or hardness. It is
possible that early metalworkers simply wished to make use of the other properties of
arsenic such as its ability to lower the melting point of copper, its propensity to act as a
deoxidant, or its silvering effect through inverse segregation (McKerrell and Tylecote 1972;
Meeks 1993; Shalev and Northover 1993). It is also interesting to note that arsenic gives off
a strong garlicky smell when heated from the release of arsenic trioxide (As;0s), a property

that may have been significant to ancient peoples in much the same way that European brass
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was deemed far more valuable to indigenous Carribean peoples of El Chorro de Maita, Cuba,

for its distinctive smell and colour (Cooper et al. 2008; Martinon-Torres et al. 2012).

Overall, and despite our thorough understanding of the various physical properties of the
alloy, we still cannot identify which, if any, of its attributes were both visible and culturally
valued during the Late Chalcolithic and Early Bronze Age. Hence, not only do we have little
understanding of how arsenical copper was produced, but we still do not know why it was

being produced so systematically during this period.

A major barrier to answering this last question has been the enduring doubt regarding the
intentionality of the production process which has formed the crux of an on-going debate
originating in the 1970s and lasting to this day. This uncertainty is largely caused by the
common geological co-occurrence of arsenic and copper minerals. The smelting of such
polymetallic ores produces arsenical copper and could account for its widespread use
through unintentional production (Fernandez-Miranda et al. 1996; Golden 2009; Hauptmann
2007; Pernicka 1999; Tylecote et al. 1977; Zwicker 1980). However, the archaeological
evidence suggests that the situation was much more complex. Indeed, the chemical analysis
of copper alloy objects often revealed patterns in the arsenic content correlated to certain
functional artefact types, such as in the prestige items of the Nahal Mishmar treasure (Levy
1995), which has led many scholars to conclude that they were intentionally produced (Bar
Adon 1980; Charles 1967; Charles 1980; Eaton and McKerrell 1976; Muhly 1973; Muhly 1988;
Pigott 1999c; Tylecote et al. 1977). Further confusing the situation is the possibility that
ancient metalworkers may have simply recognized the enhanced properties of copper
smelted from certain deposits (Budd et al. 1992; Hook et al. 1991; Keesman et al. 1991-1992)
and selected such alloys for specific uses rather than intentionally produced the alloy from

them (Gale et al. 1985c; Palmieri and Sertok 1993).

Defining the concept of intentionality is therefore essential to the discussion. Since we have
few clues as to which properties were sought after, the definition of such behaviour needs
to be suitably encompassing to permit the inclusion of the different value systems of
disparate groups of metalworkers and consumers. As such, Roberts et al (2009, 1017) define
intentionality as the “deliberate choices made in the production process, whether in the
selection of ores or the mixing of metals” and will therefore be used in this thesis. In addition,
and to distinguish between intentional behaviours, the use of the term alloying will be limited
to the deliberate addition of a material for the express purpose of enhancing or modifying

the resulting product. This latter case is much more difficult to establish with any certainty
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as it requires evidence in differential use of the finished product in addition to evidence
relating to the production technology. In practice, intentionality is embodied in any
metallurgical operation other than those which involve the direct smelting of complex ores
containing all of the alloying elements and which result in the production of a noticeable
alloy. The term Alloying, on the other hand, will be restricted to refer solely to the addition
of a mineral or metal in a separate stage of production. Thus, alloys can be intentionally
produced or accidentally produced at the smelting stage, but alloying itself applies only to
more controlled and predictable instances typically only associated with silver or tin bronze
metallurgy. In addition to this measure of intentionality, the notion of control versus
uncontrolled (Weeks 2008, 343) is an important consideration in situations where the alloy
is recognised and utilised distinctly from pure copper but control of arsenic content is not yet
understood and achieved such as was the case in Iberia (see section 3.2). Potentially
identifying formal alloying processes in Southwest Asian arsenical copper production is a

main focus of this research and is a point which will be returned to throughout the thesis.

The difficulty in distinguishing between them archaeologically is evident, and particularly so
when trying to apply the two concepts to arsenical copper for a number of reasons. First and
foremost are issues relating to the retention of arsenic and recycling. Due to arsenic’s low
melting point and strong tendency to oxidize and volatilize, smelting of polymetallic ores,
even under reducing conditions, is commonly thought to result in significant losses of arsenic
of no less than 10% and usually more. In an oxidizing atmosphere, which is often present
during melting and casting, up to 70% of arsenic can be lost (Tylecote 1991; Lechtman and
Klein 1999; but also see section 2.4 and Mddlinger’s forthcoming work on arsenic losses
during casting). This obviously means that any recycling of an object would lead to a decrease
in its arsenic content and thereby obscure efforts to understand the production technology.
Furthermore, it has also been argued that large objects were less likely to be recycled and
therefore the higher arsenic content in some objects were the result of preferential recycling
of smaller objects, which would have resulted in a greater loss of arsenic content in certain
object types (Kung¢ and Cukur 1987). There is therefore a clear disconnect between the
finished objects and the additive process, something which has limited the validity of many
analytical studies which have tended to focus on these end products, most obviously because
their collection and study is also the main goal of archaeological research at the detriment of

more mundane waste materials.
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In an effort to put the intentionality debate to rest, over the last two decades, attention has
shifted away from over-simplistic interpretations of the rather limited information obtained
from the chemical composition of finished objects, and, during the 1990s, has concentrated
on developing a theoretical understanding of the primary production process. This led to the
formulation of various hypotheses on possible methods by which ancient metalworkers
could have created arsenical copper (Budd et al. 1992; Lechtman and Klein 1999; Rostoker
and Dvorak 1991; Thornton et al. 2009; Zwicker 1991). However, while useful in the
development of our wider understanding of archaeometallurgy, these ideas are largely based

on theoretical thermodynamics and have little archaeological backing.

In recent years, and in order to counter this paradigm, efforts have moved towards the
analysis of primary production remains in order to identify the processes directly (ex:
Bassiakos and Catapotis 2006; Bassiakos and Philaniotou 2007; Catapotis and Bassiakos 2007;
Nezafati and Pernicka 2006; Pernicka et al. 2011; Thornton et al. 2009). The broader picture
is only now beginning to emerge, and it is becoming increasingly clear that the arsenical
copper production methods varied greatly between the different regions, based not only on
the availability of raw materials, but also on technological and socio-economic contexts. This
means that we cannot simply apply our understanding of arsenical copper from one area to
another. It is therefore essential to continue to pursue research in this direction in order to

understand how arsenical copper was produced.

Yet, even more troubling in some ways is that despite the many archaeometallurgical studies
of the material itself, hardly any research has been undertaken to try to understand how it
was perceived and integrated within the ancient societies that produced and used it (Doonan
et al. 2007). Indeed, in contrast to the Late Bronze Age, little is as of yet known about the
miners, smelters, and artisans who manufactured the Chalcolithic and Early Bronze Age
arsenical copper artefacts. There have been scant publications on reconstructing the social
organisation of production, the levels of craft specialization, or the value ascribed to this
alloy. This dearth of anthropological analysis of the alloy is of course in large part due to the
lack of consensus on intentionality as mentioned above. After all, how much impact could it
have on these aspects of society if it was only incidentally produced? And yet this question
in and of itself is worth exploring, especially within the context of the discovery and

increasing use of a new material, whether intentional or not.

And lastly, one of the most enduring questions on arsenical copper use relates to its decline

and replacement by tin bronze in the Middle to Late Bronze Ages. While early theories
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ascribed the shift to the superior qualities of tin bronze, it has already been stated that this
was not in fact true. Issues relating to the toxicity of arsenic (Charles 1967) have also been
refuted (Merkel et al. 1994). Furthermore, the fact that regions such as Iran continued the
almost exclusive production of arsenical copper up until the Iron Age despite the widespread
adoption of tin bronze in surrounding regions is strong evidence in favour of a much more
socio-political reasoning behind the change (Doonan et al. 2007). The shift to tin bronze is of
course made much more enigmatic by the still unresolved questions relating to the Near

Eastern sources of tin (Muhly 1985; Nezafati et al. 2008a; Penhallurick 1986; Yener 2008).

1.3 Archaeometallurgy as Socio-economic and Cultural Interpretative Tool
The study of technology is essentially the study of one of the most defining aspects of human

knowledge and behaviour. As such, attributes of cultural, political, economic, and social
behaviour are embedded in the ways in which we use the natural resources around us to
produce material culture. Unlike earlier linear evolutionary (Thomsen 1836) or deterministic
models (Childe 1936; Childe 1944), the current view is that the study of technology offers
archaeologists a new venue to extract hidden facets of the human consciousness that are not
easily obtainable by the study of objects alone. It is with this in mind that many archaeologists
have borrowed heavily from anthropological theory to develop ways in which to use
technological remains to make inferences on ancient cultural practices and the context
within which they existed (Costin 1991; Dobres and Hoffman 1994; Lemmonier 1989;
Pfaffenberger 1992).

In an effort to incorporate these ideas and to come to relevant anthropological results, this
research will follow the concept of the chaine opératoire. This theoretical framework is based
on the work of the anthropologist Leroi-Gourhan (1943) which was formalized for
archaeology more recently by Lemmonier for applications on lithic technology (1993) and
later adapted for other technological disciplines such as ceramics and metallurgy (Roux et al.
2013). The concept outlines a methodology in which the various technical stages, gestures,
motions, and behaviours, whether practical or purely socially defined, involved in an object’s
life cycle could be recorded and interpreted. Lemmonier remarked that every stage of this
life-cycle represented a series of culturally defined choices that could be reconstructed by
the technical study of the artefact. Subsequently, this particular methodology was further
refined to include the full scope of technological choices and the long-term effects of
environmental, functional, and cultural effects on the design, shape, and composition of the

artefacts studied (Sillar and Tite 2000). In this way it is possible not only to reconstruct the
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physical production process of an object from the technological remains left behind in its

creation, but also to infer symbolic or cultural ancillary behaviours.

The application of the concept of the chaine opératoire to archaeometallurgical remains
therefore enables the reproduction of the entire life cycle of a metal object from the
extraction of the ore mineral to its discard, and even beyond to its restoration and museum
display (Ottaway 2001) (Figure 1.1). These chaines opératoires can be expanded upon as new
research is conducted and different regions of the broad diagram can be easily focused upon.
Thus, the greatest value of this framework is that a wide range of cultural behaviours can be
studied and compared as a whole or in part across different cultural contexts and thereby

making it possible to identify where cultural choices differed across technospheres.
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Figure 1.1 Metallurgical chaine opératoire extending beyond the deposition into the archaeological record
(from Ottaway 2001).

There are of course some drawbacks to the application of the chaine opératoire. First and
foremost is the risk of assigning cultural behaviour and intentionality to data which may in
fact be caused by natural phenomena (Dobres 2010). At the other extreme is the risk of
thinking of the chaine opératoire as the end rather than the means of interpreting data. This
latter is significant in that archaeological scientists often come to conclusions on the various
technical steps of the process while making few or no inferences about past cultural
behaviours (ex: Frame 2012; Pernicka 2010; Shalev et al. 2006). While these technical studies

have their merits, the goal of archaeology should be to study human behaviour and their
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interactions with their environment rather than the technical parameters in which they

operate.

1.4 Use of Production Remains in the Reconstruction of the Metallurgical Process

Within this theoretical framework, this thesis makes use of several published methodologies
when dealing with the various metallurgical finds. As the aim is to establish cultural and
technological choice in the production of arsenical copper, it goes without saying that

production remains form the main analytical corpus.

Of these, the most commonly recovered artefact, and arguably the most informative, is slag
and as such forms the main material component of this project. This metallurgical waste
product is generally considered of low aesthetic and perceived cultural value by the public
and heritage professionals, which makes it relative easy to obtain for study and its destructive
analysis permissible. It also inherently holds the highest potential for interpretation of the
production process as it is formed of all the elements added to the system during a smelt or
melt and therefore provides reliable information on the raw materials, the atmospheric

conditions under which they were processes, and the intended product.

For example, slag often contains fragments of incompletely reacted material that can provide
clear indications of the original charge composition and can inform on the type of ore, flux,
and fuel used. Conversely, the fully molten and subsequently re-crystallized or amorphous
phases are indicative of the atmospheric conditions within the reaction vessel, such that it is
possible to identify the minimum temperature achieved, the oxygen fugacity present, and
the length of cooling. Prills and other metallic or semi-metallic phases can be formed of
partitioned elements absent in the slag and can further inform on the nature of the original
charge. In addition, the oxidation state of certain transition elements (typically iron) can be

fine indicators of the oxygen fugacity of a system.

Given a known quantity of slag and its composition, along with the known or deduced
composition of the original ores, it is also possible to estimate the amount of ore processed
and that of the metal produced. This can be calculated for any context, and can be invaluable

in estimating the output of a single smelt to that of a slagheap.

Slag remains presented in the results chapters will be described following the steps outlined
by Bachmann (1982) and Miller (Miller 2007) and will follow analytical principles laid out by

Hauptmann (Hauptmann 2007; Hauptmann 2014).
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Crucibles, moulds, and furnaces form the second major category of the assemblages under
study. These technical ceramics, termed as such when manufactured explicitly for the use in
specialized pyrotechnological industries regardless of their refractory behaviour (Rehren and
Martinén-Torres 2014), provide a parallel but vital aspect of technological choice in
metallurgy. It has been said that the development of metallurgy often follows innovations in
ceramic technology (Thornton and Rehren 2009), and indeed decision making during the
manufacture of crucibles or furnaces, such as the type of clay used or the nature of temper
added, often directly impacted the success of the metal extraction process. A measure of the
various techniques used in their production therefore forms part of the overall cultural and

technological package associated with metal extraction.

Chemical and petrographic characterization of these types of finds is helpful in identifying
the presence or absence of specialist ceramic production when they differ significantly from
other types of pottery found on site. Their refractoriness can be quantified by measuring the
maximum temperature to which they can be subjected without losing their integrity, which
in turn can be compared with domestic fabrics to gauge the ancient artisans’ understanding

of metallurgical necessities.

For the purpose of this thesis, crucible and furnace macroanalysis will follow the
methodology of Bayley and Rehren (2007) and Whitbread (1995). Microscopic and chemical
analysis of the finds will be based upon a number of case studies which have come to
meaningful results (Bassiakos and Catapotis 2006; Catapotis and Bassiakos 2007;
Georgakopoulou et al. 2011; Hauptmann 2007; Rehren et al. 2012) as there is currently no

formalised methodology for these types of finds.

1.5 Aims of the Research

The research proposed herein will endeavour to address some of the problems and issues
outlined above through the analysis of production remains from two recently excavated
archaeological sites, Camlibel Tarlasi in Turkey and Arisman in Iran. These sites straddled the
shift from Late Chalcolithic to Early Bronze Age and it is believed that their metallurgical
technology was reflective of wider regional trends. The study will first identify the technical
parameters involved in the production of arsenical copper. Once this baseline for comparison
is established, the research will focus more deeply on the cultural context within which this
technology emerged. Broadly speaking, the proposed research will answer two main

questions:
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How was arsenical copper produced in Southwest Asia during the Late Chalcolithic
and Early Bronze Age? Answering this question is essential in our understanding of
the developments of the earliest alloying technology in the Old World. It should also
finally shed some light on the intentionality of arsenical copper production in the
region by isolating the nature of the alloying operation. In order to do so, the
research will reconstruct the full production system at both sites by identifying and
defining the types of ores, furnaces, crucibles, fuel, flux, as well as the intended
output, through the study of the recovered slag and technical ceramics. Using these
data, the arsenical copper chaine opératoire will be reconstructed to develop a basis

upon which to make socio-economic and cultural inferences.

How did arsenical copper alloying technology evolve from the Late Chalcolithic and
how does it relate to contextual social, economic, political, and environmental
factors? A large portion of this study is based on the assumption that arsenical
copper production technology can act as a marker of technological changes and the
emergence of new approaches to metal production between the smelting of pure
copper and the production of bronze. As such, the study of the earliest form of
alloying should inform on how and why this innovation occurred and how it relates
to the wider regional cultural context. It is hoped that links can be made between
the emergence of this technology with the increasing urbanization and social
stratification occurring across the Near East at this time. It is expected that changes
in the organization of production and settlement specialization may have been
caused by the complex series of operations required to produce arsenical copper
objects with any degree of control. How these ancient metalworkers were integrated
into the wider regional trade networks and what roles these pathways played in the

dissemination of metallurgical knowledge will also be explored.
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Chapter 2 Arsenical Copper Material Properties

2.1 Physical Properties
The alloys of arsenic and copper have had very few uses throughout history since its decline

in the Bronze Age except for a few exceptional instances. Indeed, in the until the advent of
modern electronics, arsenic had only been added in small quantities (less than 1%) to copper
alloys for locomotive fire-boxes, boilers, roofing and condenser tubes for its properties of
raising the annealing temperature and protecting brass and copper from corrosion and wear
(La Niece and Carradice 1989). However, since the decline of steam-powered locomotives in
the early part of the 20" century and developments of new corrosion-resistant and less
hazardous materials there has been little interest in the continued production of arsenical
copper alloys. Today, modern metallurgists tend to treat arsenic as an undesirable impurity
and great efforts are usually made to completely remove it because of its deleterious effect
on electrical conductivity. This means that there has been little interest in arsenical copper
alloys containing more than 1% arsenic since the mid-20'" century, and therefore there is
little to no modern industrial metallurgical data on the high arsenic alloys and their properties
(La Niece and Carradice 1989). With increasing archaeological evidence of the use of the
material in prehistoric times, there has been a push in the last few decades by
archaeometallurgists to characterize these attributes. Unfortunately, work on this has been
intermittent, with results often contradictory, incomplete, and scattered across dozens of

publications. The following discussion will therefore group these strands together.

As has been pointed out by Budd (Budd 1991), our current theoretical knowledge of the
copper-arsenic system is fairly recent and has undergone a number of revisions over the
course of the last century. First established by Hanson and Marryat (1927), it was later added
to by a number of researchers (Hansen 1958; Heyding and Despault 1960; Hultgren et al.
1973; Hume-Rothery 1949-50), culminating in the phase diagram used in this study
(Subramanian and Laughlin 1988).

In their solid states, arsenic and copper are only partially soluble within each other (Figure
2.1), with a maximum of 7.8 wt% arsenic dissolvable in copper at the eutectic temperature
of 685 °C, lowering to 6.9 wt% at room temperature. A eutectic is present at 21 wt% As from
which a copper-rich B phase forms peritectoidally from Cu and y’ at 325°C. The y-phase
(CusAs) forms congruently from liquid at 827°C with a range of compositions between 25.5-

27 at.% (wt% = 22.5-23.9) (Subramanian and Laughlin 1988).
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Figure 2.1 Cu-As equilibrium phase diagram, after Subramanian and Laughlin (1988).

However, it has been repeatedly reported that under non-equilibrium conditions the phase
diagram should not be expected to be entirely accurate as this system is particularly prone
to non-equilibrium cooling. It is indeed typical for a cored dendritic microstructure to form
as a result of the steep gradient of the solidus-liquidus line (Budd and Ottaway 1995, 96). The
higher melting point of copper leads it to solidify first as cored dendrites, and leaves behind
an arsenic enriched inter-dendritic liquid with a lower melting point. These dendritic
structures are preserved during rapid cooling due to the slow diffusion of arsenicions in solid
copper and results in the formation of a eutectic of copper-copper arsenic (domeykite, CusAs)
which can contain upwards of 20 wt% As. The amount of arsenic required for CusAs phases
to be present remains unclear, but these have been observed in alloys with as little as 1 wt%
arsenic, well below the expected minimum of 7 wt% as suggested by the phase diagram
(Budd and Ottaway 1991; Lechtman 1996; Meeks 1993; Ravich and Ryndina 1984; Shalev and
Northover 1987). Regardless, the formation of this arsenic enriched eutectic occurs in a wide

range of compositions and is likely to be highly dependent on the cooling rate.

Due to its lower melting point, the eutectic phase is usually forced to the surface by the
solidifying dendritic network in a process identical to that of tin sweat but occurring at much
lower concentrations of the alloying metal. This inverse segregation of arsenic rich phases
leads to a concentration of arsenic towards the point of contact with the mould where the
cooling rate is greatest (Charles 1967; McKerrell and Tylecote 1972). Some have suggested

that the low boiling point of arsenic (613°C) may cause some arsenic metal to vaporize and
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unavoidably form an enrichment layer upon cooling between the object and the mould
surface during casting (Budd et al. 1992; Meeks 1993). However, this arsenic ‘sweating’ is
unlikely to be a significant source of surface enrichment as arsenic appears to be strongly
bound to the copper such that the arsenic partial pressure in non-oxidizing conditions is too
low to cause significant loss of arsenic or surface enrichment, even at 1150°C (McKerrell and
Tylecote 1972, 212). Regardless, inverse segregation is particularly relevant in the study of
early metallurgical practices because it creates a distinctive silvery colour which has been
found to tarnish less than silver metal (La Niece and Carradice 1989). It is therefore possible
that ancient metalworkers were capable of exploiting this property by fast cooling low
arsenic alloys to produce a silvery surface layer (Budd and Ottaway 1991; Eaton and

McKerrell 1976; McKerrell and Tylecote 1972).

2.2 Casting Properties
In addition to these properties, the addition of arsenic also affects copper in a number of

ways which are decidedly advantageous in casting of finished objects. The most obvious of
these is the lower melting temperature provided by any alloying of two metals. Although
according to the phase diagram the effect is rather minimal, the approximately 50°C drop in
melting temperature from the addition of 3 wt% arsenic would have been enough to enhance
casting success from improved flow and by granting just a few more critical seconds to
complete the pour before the metal solidifies (Hook et al. 1991). Even more dramatic is the
result of the addition of arsenic sulphide in the form of realgar which was found to reduce
the melting point of copper to an astounding 830°C (Palmieri et al. 1992), although doing so

also introduces significant quantities of sulphur to the final metal.

Furthermore, it has been often argued that arsenic acts as a deoxidizing agent in copper
during the partial reducing conditions found in early smelting furnaces and crucibles or
during fire-refining and casting (Charles 1967; Witter 1936). Oxygen is highly undesirable in
copper metal as it forms cuprous oxide (Cu;0) at the grain boundaries of the solidying metal
which makes the alloy much less ductile and drastically reduces cold-workability. Cuprous
oxide can also react strongly with hydrogen during re-heating which results in blistering and
cracking. The presence of arsenic prevents this from occurring as any excess oxygen will
preferentially form arsenic trioxide, a highly volatile gas which is insoluble in copper (Charles
1967, 21). However, it may be that this benefit has been overstated as it has been pointed
out more recently by Budd and Ottaway (1991, 134) that the formation of cuprous oxide only
occurs when the alloy is slowly cooled. Furthermore, the detrimental aspects of cuprous

oxide only occur when there is very little oxygen present and they disappear when oxides are
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more evenly distributed in the metal as is typical in early smelting and casting technologies
(Northover 1989). Low oxygen content, although it forms a tougher alloy, also leads to the
rejection of dissolved hydrogen during solidification which can lead to increased porosity as
reported from a range of sources (Budd and Ottaway 1991; Charles 1967; Hanson and
Marryat 1927). Given that oxygen is not as deleterious as some authors suggested, and that
its near complete removal could cause unsound casting, it is doubtful that the arsenic’s

deoxidizing behaviour was ever a characteristic actively pursued by ancient metal workers.

2.3 Mechanical Properties
There has been much debate about the mechanical properties of arsenical copper over the

last several decades, culminating in a series of independent experiments which have
attempted to provide a set of hardness, tensile strength, and cold/hot workability data
comparable to the better known historic alloys. While these will be discussed below, it is
critical to note that these properties were established using sets of modern arsenical copper
alloys as well as archaeological material. As such, and given the propensity of the alloy to
form non-equilibrium phases at various temperatures due to its steep cooling gradient, these
data do not entirely adequately reflect the full range of microstructures, and thus properties,
which could be produced in antiquity under non-equilibrium conditions. This point goes some
ways in explaining the variability in the properties reported in the literature and indicates

that such results should be read with some measure of caution.

One of the main physical trait of interest has been the increased hardness provided by the
alloy. This property is imparted by the size difference between the atoms of smaller copper
and larger arsenic atoms which together produce smaller grain sizes as well as distortions in
the crystal lattice which impede dislocation in as-cast matrices (Hanson and Marryat 1927;
Honeycome 1985). Although some researchers have dismissed the effect of this solution
hardening as insignificant (McKerrell and Tylecote 1972), more recent work on Eneolithic
artefacts from Britain has convincingly shown that there is a clear and noticeable increase in
hardness beginning at concentrations of about 2 wt% arsenic (Budd 1991; Budd and Ottaway
1995; Budd and Ottaway 1991). Above the solubility level of arsenic of about 7% at
equilibrium, the alloy becomes too brittle to be workable and this composition therefore
forms the upper arsenic limit in objects which require working after casting. Heather
Lechtman’s (1996) more detailed experimental results (Table 2.1, Figures 2.2 and 2.3)
confirm this and demonstrate that although arsenic concentrations of 2% or less have little

effect on hardness in comparison to pure copper (VHNc,=50; VHNcy2%as=53 [VHN =Vicker’s
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Hardness Test, or kg/mm?]), higher quantities of arsenic give significantly better results up to

its solubility limit in copper (VHNcu3.5%as=62; VHNcu79%as=72).

Typical compositions for the Southwest Asian Late Chalcolithic and Early Bronze Age being
around 3-5 wt% As, as-cast alloys would benefit from approximately 25% increase in
hardness over pure copper. Although these increases may not seem particularly impressive,
they are comparable to those achieved by low tin bronzes of about 4-5 wt% Sn (Figure 2.2)
(Lechtman 1996; Ravich and Ryndina 1984) which were commonly produced at the onset of

the Early Bronze Age (Esin 1969; Yener et al. 2003).

Also in line with tin bronzes is the ability of arsenical copper to be dramatically hardened
through cold working thanks to its exceptional ductility (Hanson and Marryat 1927). Cold
working, which is any mechanical stress applied to the objects below the recrystallization
temperature (approximately 650°C), causes the formation and movement of defects within
the lattice structure known as dislocations. These accumulate within the microstructure of
the alloy as it is increasingly work hardened, leading to the formation of slip lines and
eventually to the distortion of the grain boundaries expressed as a fibrous micro-structure
(Ravich and Ryndina 1984). These can be easily observed metallographically and are
important indicators of the amount of work hardening an object was subjected to. The
dislocations interact with each other as well as the grains and inclusions until they ultimately
restrict further motion and the alloy becomes significantly harder and resistant to further

plastic deformation.

There is a point at which continued cold-working leads to the formation of cracks along the
slip lines within the lattice, but the ductility of arsenical copper alpha solid solution means
that it can be subjected to a relatively high amount of stress before this occurs. Indeed, if
these phases are present, a reduction in thickness in excess of 99% can be achieved from cold
reduction of alloys with just 1 wt% As (Hanson and Marryat 1927). This extreme ductility is
maintained up to about 4 wt% As when it begins to taper off, from a maximum compression
of 70-80% at 4-5 wt% As to a maximum of 40-60 between 6-8 wt% As, beyond which the alloy

becomes too brittle to effectively cold work (Ravich and Ryndina 1984).

While no specific reduction in thickness constitutes the ideal balance between hardness and
strength, it can at least be said that even low levels of arsenic concentrations can, in certain
instances, have significant impacts on the hardness of an object when compared to pure
copper. Following Lechtman’s (1996) study, even low arsenic content and minimal cold

working can lead to noticeably harder metal. For example, a reduction of thickness of 25% in
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an alloy containing just 1 wt% As results in 33% increase in hardness versus pure copper
(VHNc,=85; VHNcu1%as=113), although it must be said that this improvement is almost entirely
annulled upon reaching 50% reduction in thickness (VHNc,=127; VHNcu1%as=136). However,
typical alloy compositions of 3-5% arsenic benefit much more systematically from cold
working and can easily be hardened by about 50% over pure copper with any reduction in

thickness (Table 2.1).
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Figure 2.2 Diagram of the effect of cold working on Figure 2.3 Increasing hardness of cold worked
hardness of both Cu-As and Cu-Sn (after Lechtman alloys with thickness reduced by 50% (after
1996, p. 496). Lechtman 1996, p. 499).

Table 2.1 Effects of arsenic content and cold-hammering on alloy hardness. Reproduced from (Lechtman
1996, 494-495).

Hardness in VHN (%A)
% reduction | Cu 0.5% As 1% As 2% As | 3.5%As | 5%As 7%
25 85 | 101(19) | 113(33) | 116 (36) | 129 (52) | 145 (71) | 145 (71)
50 127 | 131(3) | 136(7) | 151(19) | 179 (41) | 188 (48) | 201 (58)
75 135 143 (6) | 152(13) | 163 (21) | 184 (36) | 214 (59) | 243 (80)
87.5 144 | 160 (11) | 173 (20) | 193 (34) | 229 (59) | 236 (64) | 262 (82)
Mean%A 10 18 28 47 60 73

It should be noted that the tendency of copper and its alloys to harden through cold working
could also have been perceived as undesirable to ancient smiths who were equally concerned
with malleability in order to work an object into its final shape. Fortunately, much like pure
copper and bronze, arsenical copper can be softened through an annealing process to avoid
the formation of cracks and failures during the manufacturing process. At low temperatures,

this process removes stresses built up during cold working without affecting the material’s
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hardness. At slightly higher temperatures, new stress-free equiaxed grains with annealing
twins begin to grow, eliminating the earlier dislocations and softening the metal. It allows
the material to be shaped once more without the threat of cracks forming within the object

but at the cost of loss of hardness.

The point at which this effect occurs is notoriously difficult to define due to compositional
variability within the alloy, and depends on both time and temperature. The presence of
solute atoms of arsenic within the copper solid solution is particularly effective in raising the
recrystallization temperature of the alloy. Recrystallization of copper-rich dendrites begins
at about 300°C (Budd 1991; Northover 1989), but complete recrystallization of both a and y
requires at least 600-650°C. It should be noted that even after recrystallization, the alloy
retains much of its locally enriched dendritic and eutectic zones, and homogenization of
materials containing 1-8% arsenic only occurs if a temperature above 650°C is maintained for

24 hours (Ravich and Ryndina 1984).

There has been some discussion of the hot-working properties of arsenic which suggests that
high arsenic alloys can be easily worked while above the recrystallization temperature to
allow a continuous forging process without risking the structural integrity of the object
(Lechtman 1996; Ravich and Ryndina 1984). Although it was first suggested that deformation
of oxide and sulphide inclusions might act as markers of hot forging alone (Tylecote 1987), it
has subsequently been shown through experimental work that these could also be formed
through cold working (Northover 1989). There is therefore no current way of distinguishing
between hot working and cycles of cold working and annealing. Regardless, as Budd (1991,
56) points out, “restricting the shaping of artefacts to hot forging would seem to be an
unnecessarily elaborate manufacturing process”. In addition, the process of hot working
would lead to unacceptable losses of arsenic through oxidation and volatilization under even

the lightest of oxidizing atmospheres (see McKerrell and Tylecote 1972).

Little to no work has been done so far in assessing the subtler mechanical properties of the
alloy, such as its tensile, fatigue, impact strength, or fracture toughness in relation to other
available materials of the period. This lacuna will need to be addressed in order to provide a

measure of comparability.

2.4 Volatility

Arsenical copper’s Achilles heel is widely considered to be its volatility, although there
remains some debate as to how much loss occurs in the various stages of smelting, melting,

and annealing. This is largely due to the fact that we have little understanding of how arsenic
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behaves in non-equilibrium high temperature systems. As a metal, its low boiling point of
613°C means that it could easily escape during smelting if conditions were reducing enough
for it to exist. It is also strongly reactive to oxygen, and readily forms the highly toxic
compound arsenic trioxide (As,03) under oxidizing conditions. This compound is even more
volatile, and with a boiling point of just 465°C will easily sublimate from a smelt or melt. It
should be mentioned that release of this arsenic trioxide can be easily noticed through its
characteristically strong garlic-like odour which can easily warn metalworkers of its presence.
Despite the lack of solid data on the topic, it is the easily volatilized and highly toxic nature
of these two phases which has been interpreted as the main culprit behind arsenical copper’s

demise and ultimate replacement by tin bronzes (Branigan 1974; Charles 1967).

However, while these two phases are indeed highly volatile, they do not tend to be produced
in significant quantities while smelting due to the prevalent reducing atmosphere (Bourgarit
2007) and arsenic’s interactions with other phases present in the smelt. On one hand, such
atmospheric conditions prevent the formation of arsenic trioxide, and on the other, like all
elements of the 5™ group of the Periodic Table, arsenic has a strong affinity for most
transitional metals, often forming the intermetallic compounds ‘speiss’ when present in
enough quantity (Thornton et al. 2009), rather than escaping as a metallic vapour. Under
such conditions, low levels of arsenic will readily dissolve within copper metal while liquid
and remain either as part of the a solution or as the eutectic y upon cooling. Experimental
smelts of cuprite sands with associated arsenic mineralizations in Heligoland showed that
even when little arsenic is present in the ore body it is surprisingly easy to obtain elevated
arsenic levels in the product (Lorenzen 1966). This has been further demonstrated by a series
of experiments on a range of oxide ores from Israel’s Timna Valley (Tylecote and Boydell
1978; Tylecote et al. 1977), Peru’s Batan Grande (Merkel and Shimada 1988), and from the
Caucasus (Pazuchin 1964) which has led the researchers to suggest that near total arsenic
retention was possible. Experimental smelts of synthetic olivenite by Pollard et al. (1991)
showed that it was relatively easy to produce arsenical copper of up to 4 wt% from the
smelting of mixed copper arsenate ores below 1000°C. This finding was further tested a few
years later by smelting southeastern Spanish copper arsenate ores (Fernandez-Miranda et al.
1996). Their results confirmed that smelting such ores consistently led to the introduction of
arsenic to the copper in quantities between 3.7 and 5.7 wt%, regardless of the original
amount of arsenic in the charge. It therefore appears that beyond a threshold of about 4
wt%, and the closer one approaches the solubility limit, arsenic is most easily removed

through sublimation, but that below this point arsenic losses in the same atmospheric
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conditions tend to diminish. That being said, Pollard et al.’s experiments (1991) further
concluded that once the copper was fully molten, arsenic could penetrate into the copper
through a cementation process much more efficiently than in high temperature solid
solutions. When added directly to molten copper under reducing atmospheres, less than 20%
of the arsenic was lost. They add that such suitably reducing atmospheres could easily be
produced within small charges simply by covering the ore with charcoal so that it was not

particularly difficult to limit the escape of arsenic.

It should be noted that under smelting conditions, arsenic, whether as oxides or as metal, is
not partitioned off with the rest of the gangue and very little is retained within the slag

(Meliksetian et al. 2007).

During melting and casting, the opportunity for arsenic loss is much greater as the presence
of oxygen is likely to cause the formation of arsenic trioxide. This happens through surface
exposure to air, but also as a solid reaction with copper () oxide (Cu,0) at lower temperatures
(Budd and Ottaway 1995, 96). In the latter instances, evidence of the process can be observed
under the microscope as spherical inclusions of arsenic trioxide which formed around

reduced copper (l) oxide inclusions.

Much like the efforts undertaken to assess the behaviour of arsenic during smelting, a
number of experiments have also been conducted in an effort to quantify arsenic losses of
molten arsenical copper during melting and casting. These series of studies are particularly
relevant given the common perception that arsenic is immediately removed when an
oxidizing atmosphere, such as that present during casting or refining, are applied to liquid
arsenical copper (Craddock 2000, 154). The most comprehensive of these found that under
mildly reducing conditions arsenic losses were negligible - just 0.2 wt% decrease in arsenic
content in a 9.8% As alloy after being molten for several hours in a low-oxygen environment
(McKerrell and Tylecote 1972). However, under oxidizing conditions the loss was rather
dramatic - from 9.7 wt% to 4.2 wt% after four melts and five episodes of hot working, and
from 4.2 wt% to 0.8 wt% in just over 10 minutes of further hot working. Budd and Ottaway
(1991), on the other hand, report that arsenic losses from arsenious oxide were elevated
when arsenic was present above its solubility limit within copper, but negligible in low
concentrations, even under oxidizing atmospheres. In addition, it has recently been shown
that, at least theoretically, the presence of minor quantities of nickel results in lower arsenic
vapour pressure and decreased losses through volatilization of arsenic and its oxides

(Sabatini 2015, 2987).
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These contrasting statements are difficult to reconcile without undertaking new studies of
the behaviour of the alloy under systematically controlled conditions — something which is
only now starting to be undertaken by Modlinger (pers. com.) and for which results have yet

to be published.

On a positive note, it has recently been demonstrated that the volatility of certain elements,
particularly arsenic and zinc, offers opportunities in the tracing of inter- and supra-regional
distribution and recycling patterns. This is based on the direct observable correlation
between an archaeological object’s distance from its metal source and the loss of volatile

elements from remelting and recycling (Bray and Pollard 2012; Pollard et al. 2015).

In terms of metal production, it appears that arsenic can be readily retained under typical
smelting conditions and its affinity for transition elements means that formation of speiss or
arsenical copper is the norm rather than the exception even when arsenic is present only in
low quantity. Furthermore, although hot working results in significant arsenic losses, melting
and casting does not. As such, many researchers now feel that control of arsenic content in
the final product was much easier to achieve than previously reported (Doonan et al. 2007;

McKerrell and Tylecote 1972; Rapp 1988).

2.5 Toxicity
That arsenic is highly toxic to humans is of common knowledge, as anyone with a penchant

for history and murder mysteries will know. However, arsenic can occur in both organic and
inorganic forms, and with various oxidation states, all of which greatly affect the toxicity of
the compounds. As several compounds can be formed through the smelting, casting, and
working of arsenical copper, it is important to distinguish between these various compounds
to understand the dangers and risks of the various metallurgical activities involved in the

manufacture and use of the alloy.

While the organic compounds of arsenic, such as arsenobetaine found in fish, algae, and
mushrooms, are known to be carcinogenic, they are not excessively dangerous to humans as
they are not readily taken up by the body and undergo only limited metabolism (Cohen et al.
2006). Even today, they are still widely used in the agricultural and industrial sectors as

pesticides.

In contrast, the inorganic compounds of arsenic are extremely hazardous to human health,
and although exposure to these is most often associated with the use of water in regions

with naturally arsenic-rich geology, the mining and smelting of arsenic bearing minerals is
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certainly a major source of both groundwater contamination and airborne health hazards
even today (Hughes et al. 2011, 308-309). These inorganic compounds occur in two main
valence states, trivalent (Ill) and pentavalent (V). Although both of these states are toxic,
trivalent arsenic compounds are more toxicologically potent due to their high reactivity with

sulfur containing compounds and generation of reactive oxygen species (Hughes et al. 2011).

Arsenic entering the body through ingestion and/or inhalation is mostly flushed out through
methylation in the liver and excreted in urine in just a few days. It is, however, considered a
heavy element in that a significant amount of arsenic can be retained and incorporated into
the body’s keratin as well as into the bones (Ozdemir 2010; Schoen 2004) and this can take
several months to be removed. Long term exposure therefore can quickly lead to poisoning
and a range of conditions ranging from dermatitis and hyperkeratosis, hair loss, liver and
kidney problems, skin, bladder, and lung cancer, peripheral neuropathy which may lead to
paralysis of the legs and feet, and eventual major organ failure and death (Hughes et al. 2011;

Vahidnia et al. 2007).

It is unfortunate that the inorganic trivalent arsenic compounds are those most commonly
produced in the smelting of arsenic bearing minerals, as arsenic reduced to its metal state
(valence of 0) quickly re-oxidizes upon escape from the furnace to form the dangerous, and
now airborne, arsenic trioxide (As;Os3). The association of arsenic poisoning symptoms to
metalworking has always been clear, and in particular it has often been pointed out that
many ancient mythical metalworkers were afflicted by neuropathy, such as Greek
Hephaistos, Roman Vulcan, Teutonic Wieland, Scandinavian Voélunder, and the Finnish

IlImarinen who are all described as suffering from physical handicap (Harper 1987).

Health problems related to long term inhalation of arsenic trioxide gases produced during
metallurgical activities are mentioned in the 17" Century Ming Dynasty’s illustrated works of
T'ien-Kung K’ai-Wu of Sung Ying-Hsing describing the arsenic calcination and sublimation

process (I-Tu and Hsueh-Chuan 1966, 212):

For the calcination of [arsenic stones to make] arsenic, an earthen kiln is built which is faced
with rocks on the outside. A chimney is built into the upper part [of this furnace], and the
opening of the chimney is covered by an iron pot turned upside down. When fire is lighted
beneath, the [arsenic] fumes will ascend through the chimney to become condensed in the pot.
When the condensed layer is estimated to be about one inch thick, the fire is extinguished.
After this layer is thoroughly cold, the fire is started again and the process is repeated until
several layers have accumulated on the pot. This is the way to make white arsenic.
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During the process of calcination, the operator must stand some 100 ch’ih to the windward of
the kiln; all grass and trees close to the leeward side of the kiln will die. Arsenic workers must
be transferred [to other work] after two years, otherwise all their hair will fall off.

Exposure to arsenic in ancient metalworkers has recently been determined in a number of
instances where the preservation of organic material was exceptional. At Abu Matar, Israel,
for instance, the analysis of bones from grave contexts showed that a number of low status
individuals, as determined by their associated grave goods, had been exposed to elevated
levels of arsenic when compared to bones from other nearby burials (Oakberg et al. 2000).
These were buried as a single group and may represent a family or social group which have
been interpreted as possible evidence of arsenical copper smelting and/or casting (Golden
2009). However, it should be mentioned that no analysis of the surrounding soil has been
conducted, and the arsenic content could therefore still be the result of post-depositional

accumulation through diagenesis.

Studies of hair obtained from mummified remains in South America have proved to be
equally interesting, showing that many ancient Chileans suffered from chronic arsenic
poisoning (Arriaza et al. 2010; Byrne et al. 2010). Although no link has yet been established
with metalworking as the groundwater is known to be contaminated with arsenic in many
parts of the Atacama Desert, evidence demonstrating that the arsenic was absorbed prior to
burial rather than through taphonomic processes (Kakoulli et al. 2014) should prove relevant

in future studies of arsenic-bearing human remains.

It is without doubt that ancient metalworkers were affected by arsenic’s toxic effects, and
this has been suggested as one of the reasons arsenic was phased out in favour of tin as an
alloying agent (Charles 1967). However, given the generally rather small scale nature of
smelting practices in the Late Chalcolithic and Early Bronze Age, the low life expectancy of
individuals of that period, and the steps easily undertaken to minimize exposure, it is likely
that the dangers of arsenical copper production and use have been largely overstated. Earl
and Adriaens (2000) detail the experience of mid-20™" century Cornish calciners where many
tonnes of arsenic were burned off and arsenic sublimate collected in separate chambers. The
workers simply covered their arms and face with fuller’s earth to prevent arsenic sores and
plugged their noses with cotton wool! Even modern archaeometallurgists undertaking a
series of arsenical copper experimental smelts using blowpipes sitting less than two meters
from a furnace suffered noill effects (Merkel and Shimada 1988). Lastly, and perhaps a useful

point to remember for potential experimental reconstructions, it has been demonstrated
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medically that exposure to low doses of arsenic can increase tolerance to it (Gebel 2001;

Schoen et al. 2004).

2.6 Corrosion

Like any alloying element, arsenic has some effect on the degradation and corrosion
behaviour of copper objects which varies depending on the environmental conditions to
which they are subjected. The topic of copper corrosion is, of course, one which has seen a
tremendous amount of attention over the years from art historians, conservators, and
archaeologists; it can, after all, so thoroughly affect and distort our understanding and
preservation of such a large segment of our cultural heritage that it cannot be ignored in any

discussion of the properties of arsenical copper.

Our modern understanding of the benefits and disadvantages of the presence of arsenic in
copper tends to be limited to its well documented prevention of dezincification in alpha
brasses containing less than 1% arsenic and about 30% zinc (Heidersbach 2011, 147). This is
the main reason for its usage in locomotive fire boxes, boilers, roofing, and condenser tubes
which were generally made of brass in the late 19" and early 20" centuries (La Niece and

Carradice 1989).

In contrast, ancient arsenical copper alloys from the Chalcolithic and Bronze Ages tend to
contain up to 5% arsenic and are often exposed to significant taphonomic processes over
several millennia. Unfortunately, the corrosion behavior of such high arsenic alloys is poorly
studied and little information is available on how they behave in various environmental
conditions. Their heterogeneity in arsenic phase distribution and the disequilibrium in the
phases caused by post depositional processes further compound the complexity of corrosion
formation (Budd and Ottaway 1991). Scott (Scott 2002, 15-16) has suggested that the
presence of any two distinct phases within arsenical (as well as antimonial and leaded)
copper means that, at least theoretically, an electrochemical potential is formed between
the anodic copper and the cathodic arsenic rich phases (typically domeykite, CusAs), which
can lead to the movement of arsenic ions and the formation of various solid solution arsenic
compounds within the alloy. As arsenic tends to be inversely segregated when cast, it is
expected that the surface of the objects would be subject to drastically increased levels of
corrosion and thus further concentrate the element on the outer surface (Craddock 1995;

Hook et al. 1991).

This has been observed in archaeological objects in a number of instances. For example, at

Abu Matar (Shugar 2003) it was noticed that surfaces of prills containing higher quantities of
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arsenic tended be more heavily corroded than those of purer copper. This was suggested to
be caused by the inverse segregation of arsenical copper leading to the formation of
domeykite phases along the outer surface. Shugar (2000, 207) further noted that arsenic’s
high mobility in oxidizing environments appeared to be controlled by co-precipitation with
iron oxides, but that in iron poor or partially reducing environments, arsenic mobility was
rather associated with higher levels of moisture and preferentially attacking the arsenic

enriched phases along the surface of the object.

Overall, the multiple phases present in as-cast arsenical copper and the difficulty in
homogenizing these phases, along with the relatively high electrochemical potential of
arsenic, mean that arsenic-copper alloys have diminished corrosion resistance when
compared to pure copper. This is in direct contrast to early archaeological thoughts on the
matter (Caley 1949, 61). As few modern experiments have been conducted on this material,
it is currently impossible to say exactly how susceptible it is to typical taphonomic processes
and how it compares to tin bronze. Furthermore, since corrosion is highly dependent on
environmental conditions, there are perhaps several situations in which arsenical copper
could perform better than pure copper or other alloys. The preferential corrosion of pure
copper phases over arsenical copper ones in Bronze Age bull figurine from Horoztepe (Smith

1973) certainly highlights this possibility.

Regardless, it remains unclear whether corrosion resistance was considered relevant to Late
Chalcolithic and Early Bronze Age consumers or, for that matter, whether corrosion was rapid
enough to be noticeable on a generational timescale. This area of research merits further

attention.



Loic Boscher Arsenical Copper Production and Use 53

Chapter 3 Arsenical Copper Production and Use

3.1 Production Technology, in Theory and Practice
Since it was first identified in the archaeological record, the production of arsenical copper

has remained a thorny question which has confounded researchers for decades. Although
some progress has been made in answering the question in some regions of the world such
as South America (Lechtman 1991; Lechtman and Klein 1999; Merkel and Shimada 1988;
Merkel et al. 1994) and the Iberian Peninsula (Hanning et al. 2011; Hunt-Ortiz 2003; Mdiller
et al. 2007; Miiller et al. 2004), there remains some doubt as to the process used in
prehistoric Western Asia and the rest of Europe (Doonan et al. 2007; O'Brien 1999; O'Brien
2014; Thornton 2010). However, before discussing the archaeological record and what has
been uncovered thus far, it remains useful to discuss the limited methods by which arsenical

copper could theoretically have been produced in ancient times.

The distinction between these is critical in a discussion of the emergence of complex
metallurgy since they denote varying degrees of ability and knowledge. While the first
process described here denotes no concept of intentionality of production, this concept is
implied in all subsequent theories presented here. However, it is only in the last two

processes that true alloying in the modern sense is taking place.

3.1.1 Reduction of Copper Arsenates
With the notable exception of Central Iran, arsenic does not tend to be present in native

copper in any significant quantities (Maddin et al. 1980, 213), and its alloy with copper
therefore only begins to appear in parallel with the emergence of smelting activities in the
5% and 4™ millennia BC and tend to contain over 1 wt% of arsenic (Esin 1967). As for Central
Iran, where the deposits of Talmessi and Meskani in Anarak are known to contain rich native
arsenic resources, little evidence has yet emerged to suggest that they were ever extensively
exploited prior to the Early Bronze Age (Pigott 2004; Stollner 2011; Stéliner et al. 2011a).
Hence, it is generally believed that the earliest occurrence of these alloys is the result of the
smelting of polymetallic ores containing both copper and arsenic. The simplest, and most
likely origin for the earliest alloys, is the reduction of copper arsenates such as lammerite
(Cusz(AsQg);) and olivenite (Cu,AsO40H) (Budd et al. 1992; Charles 1967; Craddock 1995). The
redox and temperature parameters required to smelt these arsenates are identical to those
of purer copper oxide and hydroxides such as malachite and azurite and would not have
required any additional skills or knowledge to extract. The ease of extracting arsenical copper

from these types of ores has been demonstrated through a series of smelting experiments
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which shows that a lightly reducing atmosphere led to the formation of fully molten copper

metal with about 4% arsenic below 1000°C (Pollard et al. 1991).

These arsenate minerals tend to fall in the same green colour palette as copper oxide and
hydroxide ores and could easily have been confused as such. Since the smelting of copper
arsenates required no new mineralogical or pyrotechnological know-how, it is likely that the
earliest arsenical copper objects were produced by this method through geological
serendipity rather than as intended alloys. Certainly no specific systematic production
processes had yet been established. This simple direct smelting process meant that the
arsenic content of the final product was the direct result of the composition of local

mineralizations and likely varied widely from smelt to smelt.

However, copper arsenate mineralizations such as these are quite rare as they are formed
from the weathering of copper sulfarsenide minerals in the oxide enrichment zone where
the arsenic is then easily leached out (Begemann et al. 1994; Blackburn and Dennen 1994;
Yener et al. 1996). Thus, unlike what some earlier researchers had suggested (Charles 1967;
Eaton and McKerrell 1976), it is doubtful that surface deposits of copper arsenates alone
could be responsible for the ubiquity of the alloy in the Late Chalcolithic and Early Bronze
Age. Although it is possible that such mineralizations were overexploited and depleted during
this time period, their scarcity in regions where arsenical copper was never widely produced

(such as Eastern Asia, North America, and Africa) seems to suggest otherwise.

3.1.2 Co-smelting of Copper Oxides with Copper Sulfarsenides
A second method involves the smelting of copper oxide along with sulfarsenide ores

(Pazuchin 1964, 253; Ravich and Ryndina 1984; Rostoker and Dvorak 1991; Rostoker et al.
1989). Since it has been thoroughly demonstrated that roasting of copper sulfarsenides
results in unacceptable losses of arsenic, it is now well understood that mixing these with
copper oxides in a reducing atmosphere results in excellent arsenic retention while still
permitting the removal of much of the sulphur (Budd et al. 1992; Eaton and McKerrell 1976;
Lehner and Yener 2014; Meliksetian et al. 2007).

In many ways, this is simply an alternative to the previous technology to include the more
common arsenic bearing minerals in a slag free to low-slagging process. These are much more
complex and may have necessitated further technological innovations to successfully smelt.
The easiest of these to deal with, the copper sulfosalts, can generally be divided into the
tetrahedrite (or fahlerz) and enargite groups. While the enargite group is less common, it has

a much more stable composition, ranging between enargite (CusAsSs;) and famatinite
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(CusSbSs) end-members. Fahlerz on the other hand is more common but has a complex
microstructure with sites for uni-, di-, and trivalent cations following the general formula
M10*M,%*M,3*S13%, often containing copper sulfosalts of arsenic, antimony, or bismuth (Ixer
and Patrick 2003; Yener et al. 1996). Copper cations can fill both the M* and M?* positions
and are commonly substituted by Ag, Fe, Zn, Cd, and Hg, of which only Ag and Zn readily
partition into the final copper metal during typical copper smelting conditions (Yener et al.
1996). The composition of these minerals often varies within the same deposits, which makes
them less than ideal for producing alloys with consistent arsenic content and sometimes
difficult to smelt. Indeed, should more iron be present in the minerals, some fluxes may have
been necessary and slag formation would be expected, thereby complicating the smelting
process. Regardless, the relative abundance of such minerals in association with oxidized
copper deposits (Ixer and Patrick 2003; Stos-Gale 1989), their noticeable grey-metallic colour,
and the strong garlic smell of the arsenic-bearing members when heated would have made
them easily identifiable and relatively easy to exploit (Craddock 1995, 289). There is much
evidence to support the theory that this was one of the main ways of producing arsenical
copper in many regions of the world (Hanning et al. 2011; O'Brien 1999). Although some
researchers have cast doubt on the possibility of producing copper metal from sulphide
minerals in crucibles as expected from Late Chalcolithic and Early Bronze Age contexts
(Shugar 2003; Yalgin 2008), successful experimental tests suggest the opposite (Earl and
Adriaens 2000; Ozbal et al. 2002).

3.1.3 Co-smelting of Copper Oxides with Iron Arsenides or Sulfarsenides
In the same way, it is also possible to co-smelt oxidized copper ores with iron sulfarsenides

or iron arsenides such as arsenopyrite (FeAsS), leucopyrite (FesAsa), or l6llingite (FeAs,)
(Merkel et al. 1994), although the higher iron content of such a mix would have necessitated
an understanding of slagging technology. Despite this difficulty, mineralizations of
arsenopyrite are relatively common and can be found in many of the largest copper deposits
in the world. Indeed, smelting of such mixed ores has been attributed to many primary
arsenical copper production sites dating to the prehistoric periods in both the Old and New
Worlds. At Batan Grande in Peru, for example, it has been conclusively demonstrated that
arsenopyrite and scorodite (FeAsO4-2H,0) from nearby deposits were added to a mostly
copper oxide charge (Lechtman 1996, 521-523; Merkel and Shimada 1988; Merkel et al.
1994). According to Lechtman (1996), this technology allowed the ancient smelters to avoid
the roasting of ores and thereby prevent the release of toxic arsenic fumes since the smelt

could be conducted either within a crucible or under strongly reducing conditions. This
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technology appears to have been extensively used in the region and has been identified at
several sites as far north as West Mexico, where arsenopyrite is thought to have been the

primary source of arsenic, again mixed with copper oxide ores (Hosler 1988; Hosler 1994).

3.1.4 Copper Arsenides or Arsenates to Molten Copper
Perhaps more familiar to the metallurgy of bronze and more modern copper alloys, it is also

possible to add arsenic rich material to molten copper to increase its arsenic content. This
would be preferable over any type of smelting as it could potentially result in a predictable,
consistent alloy composition (Craddock 1995). There is also evidence to suggest that arsenic
is much more likely to enter copper when it is fully molten than through co-smelting or co-

melting processes (Ozbal et al. 2002, 437-438).

Given that arsenic as an element was not recognized or indeed isolated until the 13* century
AD due to its extreme volatility (Wyckoff 1967) and given the difficulties in retaining the
highly volatile element, metallic arsenic is highly unlikely to have been extracted prior the
Medieval period. Although not abundant, native arsenic is known to form as a very late
mineral at shallow depth in the intrusive magmatic sequence and those originating from sub-
volcanic sequence (Ramdohr 1969). However, these occurrences, while not altogether rare,
are typically rather limited to specific locations and generally present only as small
mineralizations in the gossan. Together with the native arsenic, two further possible alloying
agents exist: arsenic minerals similar to those described in the co-smelting methods
(arsenates and sulfarsenides), and synthetic high-arsenic compounds (speiss) refined from

these minerals.

The use of arsenic minerals added to molten metal after smelting has been widely
acknowledged as a possible way by which arsenical copper could be both produced and its
content controlled (Heskel 1983; Moorey 1999; Ozbal et al. 2002; Ozbal et al. 2008; Pigott
2008; Thornton et al. 2002). However, this suggestion is not as straightforward as it may first
appear. The most obvious minerals to use for such a purpose would be copper arsenides,
such as domeykite (CusAs) or arsenates, such as cornubite Cus(AsO4)2(OH)s, clinoclase
Cus(AsO,)(OH)s, olivenite Cu,(AsO4)OH, or calcium bearing conichalcite CaCu(AsQO4)(OH). In
addition to what has already been discussed previously in co-smelting, these would be useful
alloying agents in secondary production contexts as a way of increasing arsenic content once
the copper had been extracted. This may have been an important source of arsenicin regions
deficient in such mineralizations that required importation from further away. However, it

should be noted that such a procedure would risk the oxidation of some of the copper from
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the release of free oxygen and the inclusion of cuprite phases in the finished product unless

strongly reducing conditions were maintained such as in a closed crucible.

More complex arsenides and sulfarsenides would be even more problematic as they would
necessitate the removal of gangue and/or the loss of copper to matte. Despite this,
experiments have been successful in creating arsenical copper from the cementation of
copper with arsenic sulphide minerals such as realgar (AsS) and orpiment (As,Ss) (Ozbal et al.
1999; Ozbal et al. 2008). However, these publications do not report the time necessary for
the procedure or the mass balance of copper sulphide formation. Although it is certainly
worth mentioning as a possible production process, the affinity of copper for sulphur, as
discussed in the next section, means that the formation of matte is likely to be problematic
under reducing conditions while unacceptable arsenic volatilization would be certain in an
oxidizing atmosphere. Other experiments by the same author (Ozbal et al. 2002) have also
shown that it is possible to add significant amounts of arsenic to copper through the direct
addition of arsenopyrite. By adding 1.5g of this mineral to 10g of molten copper, he produced
an alloy containing 6-13 wt% arsenic. However, he does note that the final products also
contained approximately 3-5 wt% iron and 1.5 wt% sulphur. This high iron content would
have made the product nearly impossible to cold or hot work (Craddock and Meeks 1987). In
fact, this elevated content is the direct result of the presence of sulphur, such thatin a system
at 1200°C, iron solubility in copper rises from approximately 3% in pure copper to more than
20% when just 2% sulphur is present (Craddock and Meeks 1987; Rosenqvist 1983). It is
possible that the presence of sulphur and iron together also makes them more difficult to
remove without also removing most of the arsenic, and this will be discussed further in the
next section on speiss, but demonstrating this would require further experimentation. The
absence of sulphur in iron arsenides (leucopyrite, or I6llingite) could easily skirt the issue of
increased iron solubility, and these minerals may therefore be more suitable for such an
alloying process. However, their scarcity means that if they were ever used in such a fashion
it was probably on a localized and small scale. The use of synthetic forms of these minerals,

speiss, will be further discussed in the next section.

Regardless of which mineral is used, identifying such an alloying procedure in the
archaeological record is extremely problematic as it would leave little to no archaeological
traces. It has therefore never been conclusively identified archaeologically. However, this
process has been recorded historically, albeit indirectly, in a number of passages in later
periods. For example, Aristotle and his successor Theophrastus describe a technique for

producing white copper which involved the addition of unusual ‘earth’ to molten copper



58 Arsenical Copper Production and Use Loic Boscher

(Healy 1978, 210-212). As copper-silver alloys were already well known for millennia, it is
likely that they are speaking of arsenical copper. Aristotle laments that such knowledge was
tragically lost when the discoverer failed to transmit his innovation. In the well-known Leiden
Papyrus, a kind of ancient metallurgical recipe book dating to the 3™ Century AD but
referencing Alexandrian scholars from the 2" Century BC, a formula is given for the
production of white copper to imitate silver through the addition of decomposed sandarach
to liquid copper. One of the original translators (Caley 1926) and other scholars (McKerrell
and Tylecote 1972) have interpreted sandarach as the term used for the natural arsenic
sulphide mineral realgar, and that decomposed sandarach likely refers to white arsenic
trioxide which can be collected as a sublimate when arsenic sulphide is heated in air. A similar
process involving the collection of sublimates has also been described more recently by
Albertus Magnus in the 13* Century (Wyckoff 1967) and in Sung Ying-Hsing’s illustrated T’ien-
Kung K’ai-Wu published in 1637 (I-Tu and Hsueh-Chuan 1966). Although the Chinese example
was probably conducted on a vast industrial scale and was likely associated with significant
furnace structures, the other cases all describe small-scale processes that would have left

little, if any, material remains behind.

It is also worth mentioning that arsenic can enter copper metal through solid state diffusion
from arsenides at temperatures below 900°C. This has been demonstrated experimentally,
but requires lengthy and extensive heat treatment and there is as of yet no evidence that

this method was ever known or used (Pollard et al. 1991).

3.1.5 Speiss
The use of synthetic material was first proposed by Zwicker (1991) as speiss added to molten

copper metal to produce arsenical copper. Although speiss technically refers to intermetallic
compounds of any transition element with any element from the fifth group of the Period
Table, in the context of the Early Bronze Age arsenical copper production only ferrous or
base-metal arsenides, and to a lesser extent antimonides, are relevant. It should be noted
that various forms of speiss are often observed in slag and tailings from the processing of
lead, silver, and iron ores but that these are generally considered waste products formed
incidentally and in situ in such instances (Broodbank et al. 2007; Kassianidou 1998, 74-75;
Muhly et al. 1985; Ozbal et al. 2002; Rehren et al. 1999). It has therefore been with some
interest that recent discoveries in Iran at Shahr-i Sokhta (Hauptmann et al. 2003), Tepe Hissar
(Thornton et al. 2009), and Arisman (Rehren et al. 2012) have led to a re-evaluation of the

role of speiss as a useable product in the production of arsenical copper.
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The use of speiss is likely to be the result of efforts to both control the arsenic content and
to restrict copper losses to matte when introducing sulphide minerals in a process described
by Rehren et al. at Arisman (2012), one of the two cases studies of this thesis. As oxidized
surface deposits were depleted and copper exploitation shifted to the use of sulphidic ores,
arsenic retention likely became increasingly problematic. Thoroughly roasting ores to drive
off excess sulphur would invariably remove much of the desirable arsenic and so copper and
arsenic sources had to be treated separately. This would have then left the smelters with
oxidized copper ores and strongly sulphidic arsenic minerals, such as the abundant
arsenopyrite. As previously discussed, these could be combined in the smelt in a co-smelting
operation, but must have led to the loss of significant quantities of copper to matte since in
reducing atmospheres and under temperatures expected during smelting sulphur has a
stronger affinity to copper than iron (Willis and Toguri 2009). The solution presents itself in
a separate smelting operation to produce speiss as an alloying agent, something which has

been observed on a much larger scale at Arisman (Rehren et al. 2012).

Contrary to past understanding (Clark 1960), heating arsenopyrite at high temperature under
poorly oxidizing conditions results in a series of transformation which ultimately leads to the
preferential removal of sulphur from the system either as sulphur dioxide gas or its
separation from the speiss as ferrous matte (Chakraborti and Lynch 1983; Raghavan 1988;
Rehren et al. 2012). The remaining iron is thereby enriched in arsenic and ultimately melts
and settles as a separate immiscible layer below any matte formed (see Fig. 1 in Thornton et
al. 2009). However, this process is fraught with difficulty since the removal of sulphur exposes
the arsenic to volatilization under oxidizing conditions, quickly leading to arsenic losses in the
Fe-As system (Luyken and Heller 1938) as observed by numerous roasting experiments
(Doonan and Day 2007; Meliksetian et al. 2007). Thus, the process had to be stopped
immediately after the removal of sulphur, either by smothering the furnace, or through
tapping the charge. Fortunately for our understanding of this technology, and unlike the
addition of mineral copper arsenides to molten copper, this process leaves behind significant
remains of slag. These slags are typically devoid of copper and rich in speiss and matte prills

making them easily identifiable.

Once this iron speiss was produced, it could easily be added, either to a smelt or to molten
copper, thereby increasing the arsenic of the finished copper in an easily repeatable and
controllable fashion. When added to a smelt with copper oxides, the iron in the speiss, being
less noble than the arsenic, would inherently act as a deoxidant in a co-smelting reaction

(Marechal 1985). The resulting copper would then be enriched in arsenic, and to a very minor



60 Arsenical Copper Production and Use Loic Boscher

extent iron. The same is true if speiss is added to molten copper, where a layer of iron oxide
should form on the surface while arsenic ions migrate to the copper metal. Although it might
be expected that some iron would enter the copper metal in such a process (Doonan et al.
2007, 112), the highly reactive nature of iron means that it is preferentially oxidized and
precipitates out of the copper before the arsenic. This has been demonstrated
experimentally by Pollard et al. (1991) who showed that the addition of synthetic I6llingite
to molten copper under reducing conditions resulted in 75% of the total arsenic present in

the mineral being retained without significant increases in the iron content.

The added benefit of the production of a separate alloying agent such as speiss is that it could
then in turn be traded over large distances much as tin was in later periods. Although we
have definitive evidence that arsenical minerals were imported from outside sources to
Chrysokamino in Crete (Bassiakos and Catapotis 2006), there is also some archaeological
evidence suggesting that speiss was also being traded over long distances (Paulin et al. 2000;

Thornton et al. 2009).

The unfamiliarity of archaeologists with these types of finds means that such minerals or
objects are rarely recognized in the field and this may ultimately be responsible for the lack
of data on the transport of non-metallic and non-ingot shaped alloying materials. Increasing
awareness of the physical appearance of speiss may well reveal further evidence of its use.
The re-evaluation of a fragment I6llingite at the site of Poros Katsamba on Crete (Doonan et
al. 2007) as a fragment of speiss (Thornton et al. 2009), the discovery of a large piece of iron
arsenide/antimonide speiss (Fe,(As,Sb)) in a cremation burial context on the EBA site of
Dhaskalio Kavos on the Cyclades island of Keros (Georgakopoulou 2013, 684-685;
Georgakopoulou forthcoming), and the apparent inclusion of speiss material in melting slag
from Cukurici Hoylk in Western Turkey (Horejs et al. 2010; Mehofer 2014; Mehofer 2016)
certainly suggest that we should expect further evidence of production and possibly long

distance trade of this material.

3.1.6 Interpretative Dilemma
Problematic to our understanding of these technologies is the difficulty in distinguishing

between them archaeologically, something which is necessary if one wishes to infer any

human agency and make significant contributions to the study of ancient cultures.

Early attempts at discerning this tended to rely entirely on the chemical composition of
finished objects, something which is fraught with analytical problems and which offers only

limited insight into production technology. For example, Cayley (1949), while reporting on
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the analysis of several objects from the Aegean, was the first to suggest that arsenical copper
might represent an alloy produced specifically to exploit its work hardening properties and
that it could potentially be used as a chronological marker. However, the study did not take
into account the then relatively little known process of inverse segregation which may have
greatly inflated the results, nor was any metallography attempted to confirm whether any
cold working had indeed taken place. More fundamentally, Caley did not consider that such
alloys could be produced from the direct smelting of complex geological deposits. Of course,
Cayley’s study should not be faulted for its limits but rather commended for identifying a

distribution pattern which deservedly required further inquiry.

More in-depth studies of large artefact assemblages have since then led some to further
consider the distribution of artefacts containing arsenic according to functionality. For
example, in his wide ranging compositional and metallographic study of eneolithic arsenical
copper artefacts from the British Isles, Budd (Budd 1991; Budd et al. 1992; Budd and Ottaway
1991) concluded that, despite a clear positive correlation between edged tools and high
arsenic content (Northover 1989), there was no evidence to suggest any form of intentional
alloying. He argued that because most objects had been annealed without further work
hardening, ancient metalworkers could not have had any knowledge of the beneficial
mechanical properties of the alloy. He therefore suggested that polymetallic ore deposits
were simply exploited as found and that smelted prills of arsenical copper could be selected-
for based on their lighter colour and reserved for the production of specific object types. This
was done for reasons unknown, although it was pointed out that colour itself was unlikely to
be the end goal as all of these objects were annealed and forged to shape, something which
would have removed any strong colour differences through homogenization of the
segregation layer with the body and overall arsenic loss. This view simply reaffirmed
previously held beliefs that no form of alloying or conscious control was necessary to explain
the typical composition of Bronze Age British assemblages (Coghlan and Case 1957; Tylecote
1962). Nearly identical conclusions have been drawn from artefact analysis alone at several
other early consumption sites, and this methodology continues to be widely applied today
(Palmieri and Sertok 1993; Pereira et al. 2013). Unfortunately, the disparity in arsenic content
of the objects in these studies could just as easily be produced from differences in
beneficiation or smelting practices as the preferential selection of arsenic rich prills. That no

work hardening was undertaken does not constitute firm evidence of production technology.

Further information can, in some cases, be teased out of such assemblages and conclusively

demonstrate some broad distinctions in production technology. Such is the case in the
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Northern Italian Chalcolithic and EBA Remedello and Rinaldone cultures (Eaton 1980;
Northover 1989). A comprehensive study of the composition of axes and blades from this
region demonstrated a clear preference for high arsenic content in the blades but a
consistent pattern of trace elements across both objects types. This led the researchers to
conclude that the same ore was being smelted and/or melted by different methods leading
to more arsenic retention in the case of the blades. However, once recycling is taken into
account, any such inference becomes untenable. As Kun¢ and Cukur (Kung¢ and Cukur 1987)
proposed for the Iberian Chalcolithic, the differential arsenic content by functional types
could be the result of preferences in the recycling of certain object types resulting in loss of
arsenic during each melt. While the authors suggested that smaller objects may have had a
greater chance of being recycled than larger objects in Iberia, shifts in perceived cultural
values can be responsible for the retention of certain forms (and their arsenic) regardless of
size. Regardless, these types of analyses likely form the upper interpretative limit of such
data sets; it is certainly difficult to ascribe the concept of technological choice without a

deeper understanding of the production chaine opératoire for the alloy.

This is not to say that production remains always offer a clearer view of cultural behaviour,
but they can certainly help in narrowing the range of possibilities. Indeed, although the
production of speiss in a separate step leaves behind clear, distinct, and relatively long-lasting
remains, most of the processes described above do not. How then can archaeologists
differentiate between the reduction of copper arsenates, the co-smelting of copper oxides
and copper sulfarsenides, or the addition of copper arsenides to molten copper since none
of them is likely to have left much in terms of slag or other production remains? Similarly,
slags produced from the co-smelting of copper oxide and speiss would be exceedingly similar
to those produced from the co-smelting of copper oxides and native iron arsenide mineral.
Furnaces and melting crucibles would be nearly identical and the final objects would most
certainly be indistinguishable. Howerver, the distinction implies a much more advanced

industry or the trade in an entirely different material if synthetic speiss is used.

In many cases, knowledge of the ore minerals present at or near the production site along
with the composition of the final objects can be sufficient in assessing whether co-smelting
was the main means of production and if this was done intentionally or incidentally. Thus,
the presence of complex copper arsenates and arsenides near and within several Chalcolithic
sites of Southern Spain has led researchers to convincingly show that arsenical copper objects
produced at Los Millares (Keesman et al. 1991-1992), El Malagon (Hook et al. 1987; Hook et
al. 1991), Almizaraque (Delibes et al. 1991), and La Mancha (Bhardwaj 1979) were the result
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of direct smelting without special beneficiation or mixing of different ores. This evidence
does not exclude the further addition of arsenic minerals at any stage of the production

process, but it is certainly less likely to have been necessary.

However, this was possible only because the technology was simple enough to be answered
through the exclusive presence of complex ores on site. Where the technology involves
mixing from two different sources, or when the nature of the ores remains unknown,
reconstructing the production process becomes more difficult. In many cases it necessitates
microanalysis of slag and technical ceramic remains. As the complexity of the dataset is then
increased, so the resulting interpretations become less certain. For example, early analysis
of Aegean slags from Kythnos pointed towards the accidental production of arsenical copper
from complex ores (Gale and Stos-Gale 1989), something which has more recently been put
into question (Bassiakos and Philaniotou 2007). More extensive analysis of material from a
wider range of sites is now directing research towards the idea that arsenic minerals were
imported from elsewhere and added to pure copper smelted on site (Catapotis and Bassiakos

2007; Doonan et al. 2007; Georgakopoulou et al. 2011).

There is no ‘one size fits all’ methodology here and to fully answer these questions it is often
necessary to analyse every available aspect of the production process, from ore minerals to
tailings, slag, and technical ceramics. Still, our understanding of alloying practices is
expanding and archaeologists are continuously uncovering new production sites which help

in testing the various theories offered thus far.

3.2 Late Chalcolithic and Early Bronze Age Use

3.2.1 Origins of Metallurgy with Comments on Colour

In the last decades there has been a dramatic rise in interest in the study of
archaeometallurgy, which has led to a surge in the number of projects undertaken to answer
many of the burning questions of the discipline. Despite this, the early use of metal-bearing
minerals as pigments continues to be considered as the most likely origins of human
interactions with such materials (Radivojevi¢ and Rehren 2015). The chronology may have
been pushed back further in time, but our understanding of the sequence of technological
development continues to remain static. This is due to the typical longue durée approach to
innovative and socio-cultural development in the Neolithic which sees slow, incremental
development over several millennia, followed by rapid Early Bronze Age urban expansion and
dramatic changes in the fundamental structure of societies (Milevski 2013). Technological

innovations occurring before the development of complex urban societies are often
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perceived as following a linear evolutionary pathway prior to this period (Craddock 1995;
Hauptmann 2007; Amzallag 2009). In that context, the use of copper-bearing mineral
pigments is seen as part of a larger evolving package rather than a significant development
in and of itself, and it is the use of the new colours associated with these that is very much

of greater significance here.

Indeed, when compared to the earlier reliance on red and yellow ochres, the appearance of
green and blue stones as beads for body adornments and as pigments in the Pre-Pottery
Neolitihic A (PPNA) marks the beginning of change in perceptions of aesthetics which has
long term impacts on patterns of resource acquisition and cultural interactions (Bar-Yosef
Mayer and Porat 2008; Roberts et al. 2009), what Yalgin (2008) has described as the ‘pre-
metallurgical phase’ in his technological chronology. The earliest of these colourful minerals
yet identified date to the 11'" to 9*" millennia BC. Green stones have been recovered from a
number of cave sites throughout the Near East, but most notably at Hallan Cemi (Rosenberg
and Davis 1992) and Cayonii Tepesi (Ozdogan and Ozdogan 1999) in southeastern Anatolia,
a pendant from Shanidar Cave in Northern Iraq, and a perforated bead from Rosh Horesha in

the Negev mountains (Bar-Yosef Mayer and Porat 2008).

Certainly by the Pre-Pottery Neolithic B (PPNB) there was an explosion in the use of green
and blue minerals as beads and amulets with minerals such as apatite, malachite, chrysocolla,
turquoise, amazonite, serpentinite, and lapis lazuli, being used with increasing frequency and
traded over thousands of kilometres as seen by the large numbers of such beads found at a
wide range of type sites such as Nahal Hemar (Bar-Yosef and Alon 1988), Jericho (Wheeler
1983), and Yiftahel (Gubenko and Ronen 2014). This has been remarked by some as a
fundamental shift in the way settled peoples viewed their environment and a changing
cultural value of aesthetics associated with sedentarism and the spread of agriculture (for an
overview, see Bar-Yosef Mayer and Porat 2008). Links between the green colour and rebirth,
fertility, health, and abundance have certainly been advanced a number of times, but never
based on much concrete evidence. Regardless of whether one accepts these perspectives,
the fact is that there was increasing demand for such colourful objects, and by the Late

Neolithic green copper-bearing mineral adornments abound throughout the Near East.

Colourful minerals are thereafter part of the material assemblage of sedentary human
societies and the frequency of use and extraction continuously increases throughout this
period. It is during the PPNB that we have the first direct evidence of metal use, in the form

of worked native copper beads and pins from late 9" Millennium BC Cay®nii Tepesi in
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Southeastern Anatolia, alongside perforated copper mineral beads (Maddin et al. 1999;
Ozdogan and Ozdogan 1999; Stech 1990). It should be said that the site’s exceedingly rich
copper assemblage (over 50 copper objects weighing several kilograms) is unique at such an
early period; other finds of native copper objects, dating to this period are few and far
between. Early worked native copper objects have been identified in Anatolia at Asikli HOyUk
dating to the 8" Millennium BC (Yalgin and Pernicka 1999), at Catalhdyiik dating to the mid-
8™ to mid-6™ Millennia BC (Birch et al. 2013), and Ali Kosh and Chogha Sefid in northern
Kuzestan dating to the 8™ Millennium BC (Hole 1977; Smith 1969). By the 7™ Millennium,
annealed and hammered native copper objects began to proliferate outwards towards the
Balkans and throughout the Near East and were increasingly common over the course of the
following two millennia. This long experimental period is considered by Yalgin (Yalgin 2008)
as the ‘beginning phase’, which gave rise to the eventual ‘development phase’ with the
advent of casting and extractive metallurgy in the Chalcolithic by the 5™ Millennium BC

(Yener 2000).

The topic of the earliest emergence of smelting technology is a hotly debated one which has
seen the hypothetical innovative centre pinned at times in Mesopotamia, Anatolia, Iran, and
more recently in the Balkans. Whether the near simultaneous emergence of extractive
metallurgy across such as wide geographical expanse is due to independent indigenous
developments or whether diffusion played a role remains unsettled. Smelting was certainly
taking place in Eastern Serbia at the Vinca culture site of Belovode at the very onset of the
5% Millennium BC (Radivojevi¢ et al. 2010) as attested by a small number of slag, ore, and
heat altered ceramic finds. However, there is also substantial evidence for smelting, in the
form of slagged ceramic sherds interpreted as crucibles, at Tal-i-Iblis (Caldwell 1968; Caldwell
and Shahmirzadi 1966; Frame 2012) and at Tepe Ghabristan (Majidzadeh 1979; Majidzadeh
1989). Both of these sites, situated in southwestern and northwestern Iran respectively, are
dated to the 5™ Millennium. Although an isolated find, a single slagged crucible fragment
dating to 4600-4000 cal BC from Cheshmeh-ali in the central highlands may also prove to be
indicative of early copper smelting technology in the region (Matthews and Fazeli 2004, 65).
Similar production material has been unearthed at the site of Mentesh Tepe in Azerbaijan

dating to the second half of the 5" Millennium BC (Courcier 2012).

Their near contemporaneity and distance from the Balkan evidence may indeed suggest
independent centres of invention, but the scarcity of data on Chalcolithic sites in the
Caucasus and Anatolia (Courcier et al. 2012; Schoop 2010b), largely due to a general

enthusiasm for the Neolithic and Bronze Age period to the detriment of the Chalcolithic, may
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also explain the large geographic void. The emergence of smelting technology from small-
scale craft activities also bears responsibility in the ephemeral and rather limited nature of
remains left behind by early smelting. Although it is often possible to identify whether the
copper of a finished object is the result of extractive processes or the working of native
copper based on increased impurities of arsenic, antimony, silver, nickel, and lead (Charles
1994; Maddin et al. 1980; Pernicka 1999; Krismer et al. 2012; Dussubieux & Walder 2015),
direct and datable evidence, in the form of crucibles, furnace remains, and slag, is relatively

rare.

Regardless of where smelting technology actually began, we have some ideas of the cultural
and technological context under which it must have evolved. As previously mentioned,
cultural association with colourful minerals played some role in their further processing and
the discovery of their copper content. It is certainly well accepted that the earliest smelting
most likely involved the reduction of rich oxidic copper ores found at or near the surface
(most likely malachite) in open hearths in a non-slagging process (Craddock 1995;
Hauptmann and Weisgerber 1996). This is certainly the case for the two earliest smelting
sites known; oxidic manganese rich copper ores at Belovode and carbonate-hosted
sulphides, arsenates, and chlorides for Tal-i Iblis (Pigott and Lechtman 2003, 294-295; Frame
2012). The heat treatment of lithic material and pigments were common in this period
(Domanski and Webb 2007), thus heating of copper mineral adornments leading to the
development of smelting is not unlikely. Experimental reconstructions of malachite and
mixed oxide smelting in small furnaces abound, and it is without a doubt that producing

copper from such rich copper ores is relatively simple (Bourgarit 2007; Bourgarit et al. 2003).

It has also been suggested that the development of early smelting typically occurred at, or
near the ore deposits themselves (Levy and Shalev 1989; Nezafati et al. 2008b). However,
there have been few early smelting sites identified in the vicinity of prehistoric mines, which
Hauptmann and Wagner (2007) argue is because these coloured copper ores were well
integrated into the wider exotic goods trade network. They propose that this trade in
obsidian, which was conducted over distances of well over 100 km, resulted in
experimentation with the materials at the point of consumption, some distance from the ore
deposits. This would explain the focus on the copper production of high status objects such
as pins and needles (Esin 1976; Thornton et al. 2002) rather than more utilitarian tools as
well as the more domestic nature of early metalworking within settlements themselves. This
theory appears to hold up not only in the Southern Levant where the study was undertaken,

but also at early centres of metallurgical development such as Belovode in Serbia with
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material likely originating from Majdanpek more than 100 km to the east (Radivojevic et al.
2010, 2781-2782), in Anatolia at Arlsantepe where ores came from several deposits in the
Ergani-Maden area (Palmieri et al. 1999; Palmieri and Sertok 1993), at Norsuntepe
(Hauptmann 1982; Zwicker 1980), Tiillintepe (Ozbal 1986), Cayénii (Maddin et al. 1999;
Ozdogan and Ozdogan 1999), and in Iran at Ghabrestan (Majidzadeh 1979; Majidzadeh
1989), and Tal-i-lblis (Frame 2012). At each of the locales, evidence of early smelting and

metalworking practices appears in settlement contexts, away from the sources of copper.

Ultimately, the separation between mineral and metal extraction may have been partly
responsible for the eventual appearance and use of new and complex ores. The long range
aspect of the exchange implies a disconnect between individuals involved in mining and
those involved in smelting, not just geographically but also in their knowledge of technologies
and techniques. Metal extraction and mineral extraction are, after all, fundamentally
different processes requiring different skills. Throughout recorded history these activities
have typically been conducted by entirely different people, and it appears that the earliest
days of copper metallurgy were no exception given the distance between smelting remains

and the ore sources.

In many ways this would have resulted in considerable competition to obtain the most
productive ores through a highly decentralized system of prospection for new deposits. A
variety of new ores must have thus occasionally (and increasingly) entered these distant
settlements and preference for ores that resulted either in increased production success or
in metal with desirable properties would have been quickly established. In essence the
distance between mineral and metal production centres created a breeding ground for
innovation which ultimately resulted in technological adaptation and innovation. Chalcolithic
settlements were thus able to relatively quickly adopt novel sources of metal deposits, not
just limited to copper, and to experiment with them. The scene was set for the development
of lead, silver, ‘gold’, sulphide, mixed oxide-sulphide, and polymetallic smelting, for crucible-
bound and furnace-bound pyrotechnology, for blowpipes and for bellows, and for the
eventual rise of arsenical copper and other alloys in the Late Chalcolithic and Early Bronze

Age.

3.2.2 Late Chalcolithic Innovations and Arsenical Copper Production
The currently accepted narrative on the rise of the Metal Ages has been well established over

the decades since interest in ancient metallurgy began in earnest with Gordon Childe. It

generally states that by the Late Chalcolithic, around the turn of the 4" Millennium BC, the
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Near East and the Balkans witnessed a dramatic increase and outwards expansion of smelting
activities which was to eventually reach Western Europe by the early 3™ Millennium BC and
Eastern Asia by the late 3™ Millennium BC. Silver and lead smelting also proliferated at this
time and metals quickly entered the realm of everyday life. As copper production increased,
use shifted away from small luxury items to the manufacture of larger utilitarian objects,

bringing with it a slew of socio-economic changes.

The increasing scale of these developments invariably led to the intensification of mining
activities, which in turn quickly depleted the oxide enriched zone deposits near the surface,
forcing the workers to dig ever deeper in search of copper-bearing ores (Craddock 1995;
Yener 2000). It is this quest for copper which is thought to have forced ancient miners to
exploit the more widely available but also more complex polymetallic ore deposits already
mentioned, and consequently to the production of arsenical copper and other unusual alloys

(Charles 1967; Wertime 1964).

As the name implies, polymetallic deposits typically contain several different metals and
metalloids which have a tendency to partition into the copper product. These often include,
but are not limited to, arsenic, antimony, nickel, zinc, bismuth, cobalt, and silver. They have
several effects on the properties of the final copper alloy which may or may not have been
sought after by early metallurgists. Interestingly, and regardless of whether past societies
were aware of the deposits’ impurities, the relative proportion of each element within
polymetallic ores is often distinctive enough to be trackable in archaeological objects from
certain periods and geographical regions (Chen et al. 2009; Northover 1983; Radivojevic et
al. 2013; Shalev 1999; Tadmor et al. 1995). However, these deposits are not ubiquitous to all
regions and their complex chemistry means that metal could be difficult to extract efficiently
with the technology of the prehistoric period. As such, only a few of these ore deposits
appear to have seen mass exploitation during prehistoric times and it is unlikely that most
‘special alloys’ (Chen et al. 2009) were even recognized as distinctive during this time period,
although some exceptions exist (Chakrabarti & Lahiri 1996; Kienlin et al. 2006). Apart from
isolated instances such as the antimonial copper objects of the Nahal Mishmar Treasure and
the silver alloys of the Royal Tombs of Arslantepe, arsenical copper is perhaps the only major
exception as its early widespread production and use undeniably suggests at least some

awareness that its properties were distinct from those of pure copper.

The extraction of such ores can be seen at a number of Chalcolithic and Bronze Age sites

across the Old World and China and in the majority of these cases it is clear that the arsenic
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content of finished objects is the result of the geological nature of the deposits rather than
any wilful attempt at increasing it. It is generally thought that the complexity of such
mineralizations undoubtedly caused some difficulties in the extraction of copper metal and

likely initiated the development of innovative technologies to deal with them.

Foremost amongst these difficulties was the fact that deeper copper deposits were
increasingly bound within gangue minerals which needed to be separated first by
beneficiation, and then through the formation of slag from which copper could be extracted
either through differential density or by mechanical means after cooling. For this reason, until
the advent of slag tapping techniques, which are a hallmark of Bronze Age and subsequent
metallurgy, the scale of copper production during the Chalcolithic was often restricted by the
amount of gangue present in the mineralization and on the labour required to mechanically
separate it. Due to limited understanding of slag liquefaction factors and optimal smelting
conditions, the resulting copper prills were often trapped within a mass of semi-molten,
viscous slag, which prevented them from coalescing into a billet (Bourgarit 2007). These
amorphous lumps of slag had to be crushed to extract the enclosed copper prills.
Furthermore, in order to achieve the temperatures required to achieve even this, Chalcolithic
smelters had to include the fuel along with the charge in a relatively small reaction vessel,
typically a crucible or bowl furnace, which further limited the scale of production. Fragments
of crushed slag are characteristic of Chalcolithic smelting and are effectively found in all
Chalcolithic copper-producing cultures across the Old World (Bourgarit et al. 2003;
Georgakopoulou et al. 2011; Hauptmann et al. 2003; Miiller et al. 2007).

Additionally, the increasing presence of sulphidic mineralizations in deposits approaching the
water table and the secondary sulphide enrichment zone had to be dealt with, or risk forming
unworkable copper sulphide (matte). For most of the prehistoric period, co-smelting of oxide
and sulphides may have been sufficiently effective, but as the oxidic component was
progressively depleted through mining, new approaches to extraction had to be developed.
Conventionally, it is thought that this was achieved either by first roasting the ore to remove
large portions of the sulphur or through a two-step matte smelting and conversion process.
The combination of both oxide and sulphide ores, the so-called co-smelting discussed in
sections 3.1.2 and 3.1.3, is seen as a technological form directly preceding the more complex

sulphide technology (Valério et al. 2013; Rostoker and Dvorak 1991).

This is, however, where the story begins to show its oversimplicity and reliance on modern

principles of economic geology to extrapolate ancient technology. The proposed methods of
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metal extraction from complex and sulphidic ores assume highly reducing conditions within
the smelting furnace, which promote the retention of sulphur as matte. This means that
sulphur had to be removed either before hand (roasting) or following the smelt (conversion).
Co-smelting is essentially a work-around to allow for an oxidation reaction to occur within a
reducing atmosphere. However, it increasingly appears that early experimentation with
polymetallic ores achieved some limited success following the same process as earlier direct-

smelting techniques.

This is best exemplified at the site of Mariahilfbergl near Brixlegg in the Tyrollian Alps, and in
particular in layer SE 6, dated to the late 5™ to mid-4" Millennium BC. There, remains were
found which suggest attempts were made to extract copper from fahlores through direct
smelting (Bartelheim et al. 2002; Bartelheim et al. 2003; Hoppner et al. 2005). Analysis of the
slag fragments described them as highly porous, containing numerous relict quartz gangue
fragments and copper prills, and confirmed their origin from local tetrahedrite deposits.
However, lead isotope analyses of the copper objects from the site revealed them as having
most likely originated in Serbia, with isotopic ratios compatible with those of the large
deposits of Majdanpek (Hoppner et al. 2005). The authors argue that this represents early
attempts by peoples with links to the Carpathian basin at smelting fahlores in the Alpine
region. Although they stop short of claiming that workers at this site were successfully
producing copper objects, they acknowledge that fahlores were at least heated and smelted
under lightly reducing conditions in an attempt to extract copper. The limited conclusions
are no doubt the result of the small size of the assemblage, and it is probable that analysis of
more objects from the region will show them to have been manufactured from local ores.
Indeed, it is notable that the analysed slag did in fact contain significant amounts of
recoverable arsenical copper prills and had been intentionally crushed to 0.5-2cm fragments
(Hoppner et al. 2005, 300), suggesting that copper had indeed been recovered from the slag

in the characteristic fashion of Chalcolithic copper smelting.

Fahlore smelting under lightly reducing conditions, as that proposed at Brixlegg, is further
attested at the site of La Capitelle du Broum, at La Cabrieres in the French Alps, where the
earliest smelting evidence has been found for this part of Western Europe (Bourgarit et al.
2003). Although the site is later in date, around the early 3™ millennium BC, this study and
the one at Brixlegg reinforce the ease by which copper sulphide minerals could be smelted
to produce both copper metal and matte prills without a need for roasting, or separation
through slagging, a point which will be returned to in the context of early Southwest Asian

arsenical copper.
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Before discussing the Asian archaeometallurgical perspective, it is worth delving briefly into
another European case which epitomizes the use of polymetallic ores: the Iberian Peninsula.
Dating to a slightly earlier period than the rest of Western Europe, the Southern Iberian
Peninsula is remarkable for its extensive use of mixed ores and preference for antimonial and
arsenical copper alloys. As early as the 4" Millennium BC and extending well into the 3" and
in some places early 2" Millennium BC, sites in Southern Spain and Portugal produced large
quantities of objects of both pure copper and copper alloys. The early appearance of smelting
remains and the distinctive character of their technology are often viewed as evidence that
metal extraction was the result of indigenous development (Thomas 2009; Hunt-Ortiz 2003).
The region has been the subject of a remarkably large body of analyses by scholars and its
arsenical copper production is perhaps the most thoroughly investigated of all the regions of
the Old World. These studies have concluded that the smelting of copper arsenate ores was
taking place pan-regionally and is well attested at sites such as Vila Nova de San Pedro
(Pereira et al. 2013), Zambujal (Mdller et al. 2007), El Acequion and Mora de Quintanar in La
Mancha (Bhardwaj 1979), Almizaraque (Delibes et al. 1991), El Malagon (Hook et al. 1987),
Los Millares (Rothenberg 1989), and other Argaric culture sites (Coghlan and Case 1957;
Selimkhanov 1982). Although the topic of intentionality has been more hotly debated for the
Iberian Peninsula than in most places, with positions vacillating back and forth between these
over the last few decades (for example Hook et al. 1987; Hook et al. 1991), it now seems well
accepted that ancient smelters were selecting prills high in arsenic content based on their
colour rather than following a conscious alloying process. The presence of copper arsenate
minerals, typically containing several weight percent of arsenic, near remains of slag and in
association with arsenical copper objects at the sites of Zambujal, Almizaraque, EI Malagon,
and Los Milares, is certainly suggestive of the direct smelting of such ores (Delibes et al. 1991,
Fernandez-Miranda et al. 1996; Rothenberg 1989). Geological studies of Southern Iberian
copper deposits certainly show them to be rich in polymetallic minerals. Furthermore, there
is a clear connection between artefact function and arsenic content, but studies of the
hardness of these objects has conclusively shown that there was no link between hardness
and function, meaning that it was rather the characteristic colour or smell of arsenical copper
which were perceived as valuable to ancient consumers (Pereira et al. 2013, 2055). All in all,
metalworkers of the Iberian Peninsula had a clear preference for arsenical copper and were

able to recognise it as distinct from pure copper even if alloying was not strictly taking place.

These Central and Western European sites are important because they represent direct

evidence in support of the commonly accepted view of the fortuitous smelting of
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polymetallic ores and the perhaps intended but uncontrolled (Thornton and Roberts 2009)
production of arsenical copper alloys. Archaeological remains at these sites leave little
possibility for alloying of two different metals to have been practiced in any modern
metallurgical sense. They fit the picture developed based on the elemental and trace analysis
of a large body of artefacts dating from the Chalcolithic which shows the increasing
dominance of this alloy without the compositional consistency observed in the later tin
bronzes. It would, however, be an error to assume this to be the case in all situations,
especially so in Southwest Asia where technological approaches to metal extraction appear

to have been more varied.

Given that much of the archaeometallurgical literature has been written by European
scholars, often with backgrounds in modern economic geological roots, and trained on
Central and Western European archaeological contexts, it is doubtless that the prehistoric
Near Eastern archaeometallurgical evidence has been viewed with a healthy measure of bias.
Applying cross-cultural extrapolation is inevitable, and as such it appears that Near Eastern
arsenical copper has more often than not been viewed as the product of the fortuitous
smelting of polymetallic ores as it is understood to be in Europe. While some scholars have
been more willing to accept the possibility of arsenical copper alloying as possibility (cf.
Craddock 1995; Ozbal et al. 2002; Rehren et al. 2012; Zwicker 1991), there has been little

effort to interpret the archaeological record of Asia in this light.

Granted, the majority of primary production sites in the Near East dating to the Late
Chalcolithic revolve around the extraction of pure copper even well into the 4" Millennium
BC. This is evident at Wadi Fidan 4 (Hauptmann 1989; Hauptmann 2007), Abu Matar (Shugar
2003; Shugar 2000), Shigmim (Golden et al. 2001; Shalev and Northover 1987), Tal-i Iblis |
(Pigott and Lechtman 2003), Tepe Ghabristan (Majidzadeh 1979), and Camlibel, one of the

sites discussed in this thesis.

This is surprising since there are many Chalcolithic sites, throughout the Old World where
arsenical copper objects appear to have been in regular use but where the source of arsenic
remains ambiguous, including at least two pure copper smelting sites, Camlibel (Rehren and
Radivojevi¢ 2010) and Shigmim (Golden et al. 2001). In seems that all such instances,
researchers have tended to err on the side of caution and explained the production of these
alloys as being the result of polymetallic ore smelting. It would of course be unwise to infer
technological complexity where no evidence is present to suggest so, but the opposite is also

dangerous and can easily lead to an oversimplification of the data.
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Such is the case for Tilintepe and Tepecik, two multi-period occupation sites 10km apart in
the Western Altinova region of Eastern Anatolia. Interpretation of the material remains from
these sites has led researchers to conclude that polymetallic ores were being smelted
without knowledge of their arsenic content (Cukur and Kung 1989; Ozbal 1986; Yalcin and
Yalgin 2009). However, despite this matter-of-fact assertion, there does not seem to be any

real evidence for this.

The analysis of ten Chalcolithic slag fragments from Tilintepe by AAS revealed that half
contained no detectable arsenic (below instrumental detection limits of 8ppm) while the
other half had between 2 wt% and 5 wt% (mean of 3.7 wt%) of the element (Cukur and Kung
1989, 114). In contrast, the earliest relevant metallurgical material from Tepecik is dated to
the Late Chalcolithic and consists of one fragment of crucible slag free of arsenic, one
fragment of malachite bound to limonite gangue containing significant bulk arsenic (2 wt%),
two pure copper objects, and a further two copper objects containing unusually high
concentrations of lead and iron but again no arsenic (Cukur and Kung 1989, 114). The authors
then combine the datasets to suggest that the ores smelted at both sites likely consisted of
rich oxidic copper mineralizations occasionally bound with an arsenical component and infer

that arsenic content was a pure geological coincidence (Cukur and Kung 1989, 119).

However, aspects of the interpretation are problematic, not least of which is the unlikely
connection between the malachite fragment at Tepecik and the slag from Tilintepe from
which they mainly draw their conclusion. The chemical analysis of the malachite revealed it
to contain up to 18 wt% by bulk of iron. In contrast Chalcolithic slags from both sites are
universally poor in iron (<4 wt%), but still described as crucible smelting slags with pyroxenes
approaching the composition of Kirschsteinite (CaFe?*SiO4) as the main crystalline phase. Of
course beneficiation could have removed much of the iron from the copper mineralization,
but overall this iron deficient slag composition is much more suggestive of crucible melting
than smelting. Furthermore, the extreme difference in arsenic content of the slags (over five
orders of magnitude!) cannot be simply due to local variations in the same geological
deposits, which, if arsenic bearing, would always contain significant amounts of arsenic
throughout with concentrations in the copper mineralizations. The near complete removal
of arsenic is known to be difficult even by modern standards (Rehren et al. 2012, 1724) and
therefore the variation cannot be explained through production processes either. As such,
even if they were sourced from the same region, the ores must have originated from two
distinct deposits which were processed separately. Lastly, the authors do not comment on

the fact all of the Chalcolithic and Late Chalcolithic objects uncovered at the sites are in fact
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free of arsenic. Given how notoriously difficult it is to remove all vestiges of arsenic from
copper, none of these objects are likely to have been produced from polymetallic ores

containing arsenic.

While these data by no means suggest that alloying of arsenic and copper was occurring at
these sites on any conscious level, they also most certainly do not exclude the possibility.
Comments by researchers such as “the slags with high arsenic contents indicate that from
the Chalcolithic Age arsenical copper ores were used as raw material” (Cukur and Kung 1989,
119) and, in reference to a hoard of Chalcolithic objects near Tilintepe “in all of the objects
the amount of arsenic lies between 0.5 and 3.1%. Only one sample (Tr-19/7) has 0.2% As. We
can assume that arsenic comes from the extracted ores; thus it is not consciously alloyed
with major copper”, may be inaccurate and oversimplified. In the latter example, the
interpretation was an extrapolation of a previous study of Hassek Hoylk material which
linked objects to the nearby Ergani Maden deposits known to be polymetallic through lead
isotope analysis (Schmitt-Strecker et al. 1992). A similar relationship between ores and
objects using lead isotopes has never been established for either Tiilintepe or Tepecik and is
entirely based only on the presence of arsenic. The link to polymetallic ores and the rejection

of conscious alloying practices thus remains purely conjecture.

Another prime example of confusion in the arsenical copper chaine opératoire is the well-
known site of Arslantepe, a deeply stratified multiple occupation settlement in southeastern
Anatolia. In this case the arrival of new Mesopotamian cultural assemblages seems to be
associated with the exploitation of new copper ore types, identified by characteristic
impurities present in the final objects. Thus, indigenous Late Chalcolithic smelters of
Arslantepe (level VII radiocarbon dated to 3700-3400 cal BC) made use of polymetallic ores
containing antimony, nickel, and bismuth recovered from the site itself (Palmieri et al. 1993),
which match the impurities found in the metallic objects of the period (Caneva and Palmieri
1983). In contrast to this, in the subsequent Late Uruk phase (level VIA, marked by the
appearance of bevelled rim bowls), nickel-arsenic sulphide copper ores began to be in use.
These new ores required new smelting techniques to deal with the increased sulphur while
maintaining the elevated arsenic content (Palmieri et al. 1996a; Palmieri et al. 1996b) and
therefore represent a change in smelting techniques as well as raw materials. By the Early
Bronze Age | (level VIB), the ores recovered from the site were found to be either pure
sulphides or oxides of copper and iron such as chalcopyrite/pyrite and cuprite/malachite/iron
oxide/jarosites (Palmieri and Sertok 1993). The slags contain large quantities of iron and

copper matte, and the ores contain very little, if any, amounts of As, Sb, or Ni (Palmieri et al.
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1996b). Although many of the objects found on site are likely to have been imported from
elsewhere, the intensive smelting activities present within the settlement suggest that much
of the copper was produced on site and that the changes in the nature of ores reflect shifting
patterns of trade and importation of ores from local to more distant sources in the Central
Taurus or Northeastern Transcaucasia, an interpretation based on the prevalence of obsidian
objects from that region found in related contexts at Arslantepe (Frangipane 2012;
Hauptmann et al. 2002; Lehner and Yener 2014). The excavators stop short of making any
conclusions on the alloying of these objects, and rather trust the ores to always have been
arsenic-bearing despite the fact that no ores were recovered in the later occupation phases.
However, regardless of the shifting patterns of ore sourcing, the final objects almost always
contain consistently high levels of arsenic throughout all occupation periods (Yener 2000),
which indicates that they had established ways of increasing the amount of arsenic

independently of that present in the copper ores themselves.

Degirmentepe, a large 2.5-hectare mound site located on the southern floodplain of the
Euphrates in Turkey, reveals a similar story, with clear evidence of experimentation with
various ore sources presumed to be of polymetallic origins. Dating to the Ubaid period, Layers
9 to 6 at the site show a strong link to metallurgical activities, with hearth/natural draft
furnaces, slag, ore, pigment, groundstone tools, and ceramics recovered throughout the site.
The best preserved of these were found in level 7 (4166 +/- 170 cal BC) (Yener 2000, 34),
typically within tripartite mudbrick architectural complexes lacking stone foundations, which
are reminiscent of southern Mesopotamian architecture. Unlike most sites discussed here,
metallurgical activities appear to have been limited to the melting and casting of copper
objects based on the analysis of crucible slag and crucible remains (Ozbal 1986; Ozbal et al.
1999), with primary smelting likely undertaken at the mines themselves (Palmieri et al. 1992;
Palmieri et al. 1993), despite the fact that these sites remain to be found. It has also been
suggested that a secondary refinement of copper-rich slags and copper metal may have been

undertaken at Degirmentepe itself (Lehner and Yener 2014; Yener 2000).

What is fascinating is that once more the vast majority of objects recovered from these
phases were composed of arsenical copper which have been described has having been likely
produced from polymetallic ores from nearby Malatya. However, problematically, there is no
real understanding of the nature of these ores since none were recovered at the site, and no
direct evidence for a link with the Malatya deposits has been demonstrated. It would
therefore be useful to conduct lead isotope analysis, or at least an in-depth micro-phase

analysis, of the assemblage of the site in an effort to relate it to known deposits. This lack of
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data on the ores means that although analysis of the crucible slags has demonstrated that
arsenic was a strong component of the charge, typically between 0.67 wt% and 2.33 wt% by
bulk, it remains impossible to know whether this originated with the ores or was added in a
separate stage. The only conclusion on production technology that can be drawn from
Degirmentepe is that copper ores were smelted elsewhere and that arsenical copper objects

were manufactured on site.

The ambiguity regarding the intent of these ancient metalworkers exists because it is often
insufficient to relate intentionality and the concept of ‘alloying’ by relying exclusively on the
correlations between ores and objects to infer past behaviour. In reality, it is likely that the
concept of intentionality was much more complex in prehistoric times than we perceive it to
be now. Ancient smelters had, after all, only incomplete knowledge of the physical properties
of the metal they produced and while they probably had a practical understanding of what
worked in terms of metal extraction processes, they certainly did not know why or how.
Although this distinction may not have been relevant to the success of prehistoric smelting
operations, the appearance of intentional alloying practices marks an important and
archaeologically visible shift in metallurgical knowledge. The already discussed arsenical
copper production of the Iberian Chalcolithic is a case in point. Not only did approaches to
technology vary widely both locally and regionally, but what constitutes conscious

production of a specific metal or alloy may also have.

Unlike later periods when extractive technologies are systematized and at times state
controlled or sponsored, the Late Chalcolithic and, to a certain extent, the Early Bronze Age
are characterised by an explosion in prospection of new metal deposits and consequently in
experimentation. This created what has been termed a ‘balkanized’ landscape of approaches
to copper extraction (Lehner and Yener 2014; Yener 2000), with each locale adapting first to
their particular geological realities, and modifying known techniques to maximize benefit,
explaining the uneven and disparate spread of arsenical copper smelting techniques across
the Old World. Production remains may appear identical on the surface across any number
of unrelated sites but represent completely different approaches to metal extraction and a

simple one-size-fits-all model is inappropriate in this context.

Regardless, there is increasing archaeological evidence that arsenic content in copper was, if
not directly manipulated, then at least recognized as creating a material which is distinctive
from pure copper. Indeed, something of this nature can be observed at the last of the large

mounds of Anatolia to show clear evidence of Chalcolithic arsenical copper production:
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Norsuntepe. The excavation’s deep sounding (levels 10-1) revealed Ubaid style ceramics
dated to the mid-4™" millennium BC and a number of structures reminiscent of the tripartite
architecture identified at Degirmentepe and related to the Mesopotamian architectural
traditions. Three rooms (3, 8 and 9) from the later Chalcolithic (levels 10-8) contained large
quantities of metallurgical remains, several furnace features, copper slag, ores, and

|II

frustratingly vague remains termed “alloying material” by the authors (Hauptmann 1982;

Hauptmann 1993; Zwicker 1980; Zwicker 1991).

Unlike the other large mound sites however, Norsuntepe holds strong evidence in favour of
the distinction between pure copper and arsenical copper production. Although the
archaeometallurgical report pointed to the use of polymetallic copper-antimony-arsenic
oxide ores containing chalcopyrite as the main source of arsenic, the author also noted the
presence of ores that were copper rich but free of arsenic and antimony (Zwicker 1980).
Zwicker also states that the slag from the same Chalcolithic levels as these ores contained no
traces of arsenic or antimony (Zwicker 1980, 17) which has been interpreted as evidence that
arsenical copper production at Norsuntepe was based on the addition of arsenic minerals to
pure copper in a secondary or final production stage (Lehner and Yener 2014, 541).
Experimental co-smelting of As-Sb-Cu and copper oxide ores recovered from the site by
Zwicker found that the resulting alloy was too brittle to be of use without removing excess
arsenic and antimony. However, his experiments were conducted using modern materials in
strongly reducing atmospheric conditions (Zwicker 1980, 15) which probably do not properly
reflect expected losses of volatile elements of Chalcolithic technology (see section 2.4).
Regardless, since the slag identified at Norsuntepe contained no arsenic, there is no evidence
that such co-smelting was taking place. Unlike similar sites in the region, Norsuntepe’s
remains are unambiguous and form an effective contrast to the other sites already discussed.
Certainly it demonstrates that some form of arsenic alloying was indeed taking place by the
4™ millennium, and, as will be discussed further below, evolved into a reliable and large scale

industry by the Early Bronze Age.

Smaller production sites located on the periphery of the Mesopotamian lowlands, as well as
those further abroad in the Levant, Iran, and Transcaucasia offer contrasting evidence to that
of the large mound sites and further highlight the diversity in Western Asian metallurgy in

the Chalcolithic.

Even in regions devoid of arsenic mineralizations, such as the Levant (Bar Adon 1980; Golden

2009; Shugar 2000), some arsenical copper production, although limited, was undoubtedly
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taking place during the Chalcolithic. Two well-known production sites in particular offer clues
to the technology employed in the Levantine production of the alloy: Abu Matar and

Shigmim.

Evidence from the late 4" Millennium site of Abu Matar conclusively shows that arsenic ores
were being imported and co-smelted with the explicit aim of producing arsenic enriched
copper prills (Shugar 2003; Shugar 2000). In this case copper oxide/sulphide ores from the
Faynan area are believed to have been co-smelted with arsenic-bearing copper ores
imported from elsewhere. This is reflected in the lead isotope analysis of four ‘ore’ fragments
from the site, three of which were strongly paralleled with the Faynan signature, and the
fourth appears to have most closely related to deposits in North Central Anatolia (Shugar
2000, 178, 232-235), although the latter connection remains questionable given the distance.
Regardless, the conscious addition of alloying material to a smelt to create synthetic copper
arsenate charge was undoubtedly taking place at Abu Matar. Although not technically
alloying, it certainly qualifies as the conscious production of arsenical copper given the

trouble metalworkers went through to obtain distant arsenic-bearing ores.

In contrast, the Late Chalcolithic site of Shigmim focused rather on the production of pure
copper utilitarian objects while importing arsenical copper alloys (Golden et al. 2001; Levy
and Shalev 1989; Shalev and Northover 1987). A clear preference for the alloy could be
observed in the complex disc-shaped macehead which required the lost wax technique to
manufacture and thus attests to the knowledge of the difference between the two materials
(Golden et al. 2001). Slag, crucible, and ore remains uncovered at Shigmim contained no
traces of arsenic, so it is clear that arsenical copper objects or ingots had to be brought in
from further afield, with polymetallic copper sources in Eastern Anatolia and Transcaucasia
being commonly cited candidates (Hauptmann 2007; Tadmor et al. 1995). There is some
osteological evidence to suggest that working, or melting of arsenic-bearing material was at
least occurring at the site (Oakberg et al. 2000), but no primary production seems to have

taken place.

This is also the usual origin given for the fabulous Nahal Mishmar hoard items which are
mainly composed of antimonial copper and to a lesser extent arsenical copper (Moorey 1988;
Shalev 1999; Shalev and Northover 1993; Tadmor et al. 1995) as well as to lesser known cave
hoards, such as Peqi’in (Gal et al. 1996), Nahal Oanah (Gopher and Tsuk 1996), and Givat

Ha’oranim (Scheftelowitz and Oren 1997). Overall the Chalcolithic Levant, while a voracious
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consumer of copper alloys, engaged only in limited production due to the great distance from

arsenic and antimony bearing sources.

The opposite is true for the region of Transcaucasia which is rich in polymetallic deposits
(Courcier 2014, 621-622) and has resulted in the widespread appearance of arsenical copper
metal in the Chalcolithic, exemplified by the late-5" millennium Azerbaijani site of Mentesh
Tepe where ores, slag, and finished objects all contained minor elements typical of the use
of complex As-Ni-Cu ores and later fahlores (Courcier 2012; Courcier et al. 2012; Lyonnet and
Guliyev 2012). However, archaeometallurgical research in the Caucasus has thus far been
rather limited and few production sites dating from this period have yet been excavated. Still,
primary production remains have been uncovered but not yet thoroughly investigated at a
number of Chalcolithic sites besides Mentesh Tepe, such as Tsiteli-Sopeli, Leilatepe, and
Aratashen in Azerbaijan, and GOy Tepe in Armenia, which all point to the development of
local copper production and to the widespread use of copper objects containing 1-3% arsenic
(Courcier 2014). Further study in Transcaucasian metallurgy has tremendous potential in
enhancing our understanding of the early spread of arsenical copper throughout Southwest
Asia as the region has historically been used as catch-all origin for many of the unexplained
occurrences of the alloy in distant sites such as the Aegean (Betancourt 1970), Iran (Berthoud
et al. 1982; Vatandoust 1999; Yener 2000), and the Levant (Hauptmann 2007; Tadmor et al.
1995), particularly so in light of the suggestion that much of the production of arsenical
copper could have been the result of the use of a high-arsenic copper ‘master alloy’ (Eaton

and McKerrel 1976, 177-178) which could easily have originated from this region.

Much like in the rest of Western Asia, arsenical copper begins to appear within a large corpus
of pure copper objects at a number of sites spanning the western highlands of Iran around
the mid-5™ millennium BC. This is reflected at sites such as Tepe Hissar (period IA-B) (Pigott
et al. 1982), Susa (Period I) (Malfoy and Menu 1987), and Tepe Yahya (Periods VIA and VA/B)
(Thornton 2010; Thornton et al. 2002) which all have assemblages dating to the 5%
Millennium which include both pure and arsenical copper objects. Interestingly, two
production sites from this early period in Iran have also been well investigated but offer little
help in discerning the origins of these arsenical copper objects but are worth mentioning

here.

Analysis of slag adhering to crucible fragments from Tal-i Iblis periods | and Il (Caldwell 1967;
Caldwell 1968; Caldwell and Shahmirzadi 1966) indicated the presence of some arsenic in

copper prills, which was matched by the appearance of Cu-As mineralizations in ore
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fragments recovered from the site beginning in late period | (Frame 2009; Frame 2012).
However, despite the strong correlation to complex arsenic-bearing ore deposits, very few
of the copper objects from Tal-i Iblis appear to have contained significant quantities of
arsenic (Pigott and Lechtman 2003). This suggests that either these objects were being
imported from elsewhere, or subsequent stages in the manufacture of finished objects

resulted in the removal of much of the arsenic.

While we have little understanding of the origins of the earliest arsenical copper production
process in Iran, the situation changes rather dramatically, as it does elsewhere in Western
Asia, starting in the mid-4" Millennium BC when large-scale arsenical copper production
begins to appear at Tal-i Iblis V (Frame 2009; Frame 2012), Arisman | (discussed later), and
Tepe Sialk IV and later phases (Nezafati and Pernicka 2006; Pernicka 2004; Schreiner et al.
2003), and Tepe Hissar period Il (Pigott 1989). In parallel to the emergence of these
production sites, the use of the alloy expands exponentially throughout the region as
exemplified by sites such as Godin Tepe’s periods Il and Il (Frame 2010), Shahr-i Sokhta
(Hauptmann and Weisgerber 1980), Tepe Yahya (Heskel and Lamberg-Karlovsky 1980;
Thornton et al. 2002), and Susa’s period II/l1lIA (Malfoy and Menu 1987; Tallon 1987). Use of
the alloy endures much longer in Iran than other regions, likely due to the well developed
and consistent production techniques already discussed (see section 3.1.5) (Boscher 2010;

Rehren et al. 2012).

3.2.3 Onset of the Early Bronze Age
Generally speaking, the 4™ and 3™ Millennia can be described as dominated by arsenical

copper alloys throughout Southwest Asia. While other copper alloys were certainly in use in
more isolated contexts such as the copper silver of the royal tombs of Arslantepe (Caneva
and Palmieri 1983; Hauptmann et al. 2002), the surprisingly early 5™ millennium tin bronze
of the Vinca culture (Radivojevic¢ et al. 2013), or the antimonial copper objects of the Nahal
Mishmar hoard (Shalev and Northover 1993; Tadmor et al. 1995), it is arsenic which is the
alloying agent of choice for at least a full Millennium (Figure 3.1). By this point there is a very
clear recognition of arsenical copper as distinct from other alloys as evidenced by its

preferential use for certain object types and functions.
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Figure 3.1 Composition of Anatolian copper alloy objects according to period from Pulur,
Yazilikaya, Yortar, Tilmen, Kayapinari, Horoztepe, Tarsus, Beycesultan and Bayindirkéy,
Ikiztepe, Tepecik, and Tiilintepe (Cukur and Kunq 1989, 229). Each dot represents a single object
which can be present in several rows.

Nowhere is this better represented than at the site of Ikiztepe, along the Black Sea coast of
Anatolia, which witnessed a dramatic shift from the almost exclusive use of pure copper in
the Late Chalcolithic occupations dating between 4250 and 3200BC to an assemblage
dominated by copper objects containing between 1 and 12% arsenic in Ikiztepe’s mound |
dating to 2800-1900BC (Kung 1986). It is during this period that a clear preference for the use
of high arsenic alloys (above 9%) could be observed in jewellery and ceremonial objects
found at the site. Lower arsenical copper (1-3%) on the other hand was more commonly used
in the manufacture of more utilitarian weapons, needles, and awls. A similar shift is apparent
at several other sites throughout Western Asia (Hauptmann et al. 2002, 51, Table 7; Thornton
et al. 2002). Thus appreciation for the alloy’s aesthetics rather than its mechanical properties
appears to have driven demand in many instances (although see Eaton and McKerrell 1976),
giving rise to the complex lost-wax castings of the Levant (Golden 2009; Levy and Shalev
1989; Moorey 1988; Shalev 1996; Shalev and Northover 1993), and culminating in the famous
polychrome bull of Horoztepe dating to the mid-3" millennium BC (Smith 1973) with

contrasting bands of pure and arsenical copper (Figure 3.2).
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Figure 3.2 Copper and arsenical copper bull from Horoztepe. Photograph from the Oriental Institute of the
University of Chicago.

Intertwined with these developments in metallurgical technology are the emergence of
increasingly complex societies and the rise of urbanism associated with the appearance
throughout much of Southwest Asia of Uruk assemblages spreading outwards from
Mesopotamia in the 4" and 3" Millennia BC. The appearance of new architectural traditions
and the introduction of distinct material assemblages to highland regions surrounding the
Tigris and Euphrates river valleys has long been the source of much debate on the driving
force of market economies and the conspicuous consumption of elites in driving demand for
the acquisition of raw resources in more marginal areas (Algaze 1993; Frangipane 1993;
Oates 1993). However, this position has been increasingly rejected in the highland regions of
Anatolia, Transcaucasia, and Iran (Courcier et al. 2012; Stech 1999; Stein 1999; Stein and
Wattenmaker 1990; Thornton 2009; Yener 2000; Frangipane 2012) and it is now apparent
that significant levels of demand for and production of luxury metallic goods did indeed exist
in earlier periods and played an important role in the indigenous development of these

‘peripheral’ regions.

Inseparable from concepts associated with the inception of Early Bronze Age models of
subsistence has been the development of tin bronze metallurgy. Not only are the two bound
etymologically since Christian Jirgensen Thomsen’s seminal work, but the two have often

been synonymous with increasing technological and social complexity. Indeed, tin bronze has
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often been seen as the earliest undeniable evidence of true alloying given the scarcity of
geological deposits with both elements (with some exceptions, see Radivojevi¢ et al. 2013).
This view is problematic as it ignores the growing body of evidence which shows that the
emergence of alloying technology did not appear in a vaccuum and most likey evolved from
pre-existence knowledge obtained from experimenting with arsenical copper and other
exotic alloys (Lehner and Yener 2014). The sophistication of metallurgical technology at the
sites already mentioned here (Arslantepe, Norsuntepe, Abu Matar, or the objects of the
Nahal Mishmar and other Levantine hoards) as well as the two sites which form the basis of

the thesis certainly reinforce this view.

Indeed, there is increasing evidence to suggest that there is a direct link between the earliest
occurrence of tin bronze production and existing known arsenic-bearing deposits. Without
entering into the important debate on the earliest origins and most significant sources of tin
in the Near East (Muhly 1973; Muhly 1979; Muhly 1985; Penhallurick 1986; Stdllner et al.
2011b; Yener and Vandiver 1993), it should be acknowledged that the Bronze Age site of
Goltepe offers significant insight into tin production technology of the Near East. Although it
may not have been directly responsible for supplying the tin necessary for the great surge in
bronze production of the Bronze Age, the site does offer some clues as to the sequence of

development leading to the exploitation of tin mineralizations around Kestel mine.

The first set of evidence appears as powdered ore found in one EBII house which was found
to contain up to 3% tin as well as traces of arsenic (Adriaens et al. 1999). Secondly, several
objects from the site were found to be composed of complex alloys, often containing tin,
silver, and, crucially, arsenic (Yener et al. 2003). And thirdly, more recent unpublished surveys
of the area around Kdiltepe in Hisarcik area northeast of Erciyes Dag have confirmed the
existence of arsenic and tin mineralizations in close proximity to each other along with a
number of Early Bronze Age sites reminiscent of Goltepe (Lehner, pers. com.). These tin oxide
mineralizations (cassiterite) were often associated with occurrences of arsenic-bearing
yazganite deposited superficially in fissures and fumeroles in the host andesitic and
pyroclastic rocks. While the archaeological sites remain to be investigated and no firm
connection has yet been made, the geological link between the two alloying elements is

clearly present in the region and will necessitate further study.

The appearance of tin bronzes in the archaeological record marks the beginning of the end
for arsenical copper use in most regions of Southwest Asia. Indeed, following a period in

which both are used in parallel, production declines sharply in the Middle Bronze Age. This
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can be seen by the increasing number of objects recovered which contain both arsenic and
tin. This is generally seen to be due to the recycling of old arsenical copper which is then re-
alloyed with tin. By the Late Bronze Age tin becomes the alloying agent of choice for much of
the Old World and arsenical copper, with some few rare exceptions, all but disappears. In
Eastern Anatolia this occurs around the 18™ Century BC in what is termed the Assyrian
Colonial period (Yener et al. 2003), while in Iran and in the Arabian Peninsula use persists a
few more centuries and ends abruptly in the 12" century BC (Heskel 1983; Heskel and

Lamberg-Karlovsky 1980; Thornton and Roberts 2009; Thornton 2010).

The evidence thus presented suggests a gradual evolution from polymetallic arsenical copper
smelting to the intentional co-smelting of the alloy appear to have eventually led to the
alloying of arsenic minerals with copper metal in the Late Chalcolithic. Although still
tentative, there is also mounting evidence to suggest a connection between existing arsenical
copper technology and the emergence of tin bronze in the Early Bronze Age. It is the period
just prior to the introduction of tin which is the focus of this thesis, and two sites which show

clear evidence of alloying will now be presented.
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Chapter 4 Camlibel Tarlasi

4.1 Geographic and Geological Context
The site of Camlibel Tarlasi consists of a small intermittently occupied hamlet in the Central

Highland region of Anatolia dating to the mid-4™" millennium BC, and thus firmly in the Late

Chalcolithic.

Excavations were undertaken at the site between 2006 and 2009 by Dr. Ulf-Dietrich Schoop
from the University of Edinburgh as part of the on-going Hattusa/Bogazkoy expedition of the
Deutsches Archdologisches Institut (Schoop 2009; Schoop 2010a). The project was
undertaken to answer a number of critical questions relating to the Central Anatolian
Chalcolithic. It had been previously established through large surface surveys that, unlike
other regions of Anatolia, land-use in Central and Northern Anatolia did not appear to be
dominated by elevated mounds and permanent proto-urban settlements (Schoop
forthcoming; Summers 1993; Summers 2002). It was therefore felt that, given the current
archaeological focus on early mound sites and later Bronze and Iron Age sites in this region,
excavations at the small, flat, archaeologically nearly invisible settlement of Camlibel would
reveal new insight into the lives of a large, dispersed, and until now ignored, segment of
Chalcolithic society. In addition, it was hoped that obtaining new Chalcolithic radiocarbon
dates would settle the currently ambiguous and questionable pre-Bronze Age pottery
seriation established for the region (Schoop forthcoming). It is through unexpected fortune
that these excavations also revealed archaeometallurgical remains indicative of the early
production and use of arsenical copper, thereby making the site of prime relevance to this
study. Furthermore, it is likely that this group is representative of a common yet widely
understudied Anatolian cultural tradition and Chalcolithic way of life (Schoop forthcoming)
that may have been responsible for supplying the distant urban settlements with a small but

steady supply of metal.

The site is situated on a low sloping plateau between two basaltic ridges at the end of a
narrow valley (Figure 4.1). The plateau overlooks a small seasonal stream, Karakegcili Dere,
fed by springs further upland. The site is approximately 3 km from the main river valley
floodplain, and just 2.5 km west of the later Hittite capital of Hattusa. Parts of the site have
been extensively eroded by seasonal runoff (Marsh 2010), but the local geomorphology rules
out an original area greater than 50 x 50 m. Although today the climate is arid to semi-arid

and rather barren, archaeobotanical analysis has shown that precipitation was much more
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elevated in Chalcolithic times and that the site was situated in partially forested but well-

established arable land (Papadopoulou and Bogaard 2013).

Figure 4.1 View from the northwest of Camlibel Tarlasi excavations at the end of a ridge overlooking the
Karakegili Dere Valley.

The local landscape has been shaped by tectonic compression lifting the ocean crust to the
surface to form complex geological formations of ophiolites, marine limestone, basalt, and
deep-crust rocks such as serpentinite. This created a patchwork of low rolling hills on which
clay and silt rich sediments were later deposited. The landscape is typified by mixed areas of
arable land, where soils derived from basalt and limestone tended to be highly fertile while
those formed onto serpentinite were characteristically poor and generally devoid of
vegetation. Geochemically, these ophiolitic formations are generally associated with rich
copper mineralizations such as can be seen in the famously rich copper deposits of Cyprus. A
single small but rich chalcopyrite deposit dispersed in amorphous pyritic masses within
weathered serpentinite beds was identified about 2 km north of Camlibel during a
geomorphological survey of the area (Marsh 2010). Although this deposit has only recently
been uncovered by erosional forces and could not have been itself used in prehistoric times,
a few pottery sherds clearly belonging to the Late Chalcolithic were identified at the top of a
nearby hill less than 50 m from this bedrock exposure. Marsh and others have hypothesized
that deposits such as this one would have been much more common during the Chalcolithic
(Hauptmann 2007; Marsh 2010) but that wide scale erosion of the hillsides due to agricultural

activities has led to their long-term exposure to the elements leading to extensive leeching
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and depletion of the copper sulphides. Although there are indeed a large number of limonite
and haematite outcrops in the vicinity, the absence of significant copper oxide minerals does
seem to put this theory into question. One would expect these minerals to be much more
prevalent if large quantities of copper sulphides were exposed to the atmosphere for several
thousand years. However, if rich copper deposits were present during prehistoric times, their
close association to barren serpentinite ridges would certainly have increased their visibility
in the landscape, greatly helping in their identification, and might explain why Camlibel is
located in this particular valley. Regardless of whether these deposits were rich or poor, the
presence of this copper mineral source within walking distance of Camlibel is of particular

interest and will be further explored in this thesis.

4.2 Archaeological Context

4.2.1 Chronology

Excavations at the site have been quite extensive and revealed four occupation layers
separated by two periods of intermittent ephemeral use (Table 4.1). Radiocarbon dates were
obtained from cereal grains embedded in the settlement floors of two of the layers (CBT I
and CBT IV) recovered through flotation from the 2007 excavations. Two radiocarbon dates
were obtained for both of these stratigraphic layers and calibrated using Calib 5.0 (figure 4.2).
The dates presented here are averages of each set. The occupation of Camlibel is therefore
seen as relatively short lived, lasting at most 300 years (20), and most likely lasting just 120
years (1o) between 3590 and 3470 cal BC once both pair estimates are combined (Schoop et
al. 2009). Unfortunately, the 10 an 20 error margins are not reported for the calibrated
radiocarbon dates, these are assumed to be approximately equivalent to the uncalibrated

results.

Table 4.1 Occupation phases at Camlibel with the two available radiocarbon dates (From Schoop et al. 2009).

Phase Sample 14CBP(10) Calibrated Radiocarbon Date
Camhibel Tarlasi IV Lolium seed 4735240 3470 cal BC
Cereal grain 4790 + 30

Second Phase of Enhemeral Use - - -
Camlibel Tarlasi IlI - - -
First Phase of Ebhemeral Use - -
Cereal grain 4725 + 35
Cereal grain 4780 + 30

Camlibel Tarlasi 11 3590 cal BC

Camlibel Tarlasi | - - -
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Figure 4.2 Calibrated dates for Camlibel (from Schoop et al. 2009).

4.2.2 Camlibel Tarlasi |
The first phase of occupation at the site, Camlibel Tarlasi | (CBT 1), did not involve the

construction of permanent habitation structures. It appears that the main activity conducted
at this time was seasonal agriculture as demonstrated by the presence of a large granary
(Figure 4.3) and several sickle blades. Agricultural use of the site is further evidenced by a
thick deposit of black ash, in places as thick as 1m, containing burnt cereal seeds (Figure 4.4).
In the later period of this phase, a small structure with a raised floor was constructed,

interpreted as a grain storage silo.

In parallel to this activity, a few small pits exposed to intense heat were interpreted by the
excavators as bowl furnaces (Figures 4.5 and 4.6). These pits were subjected to further
analysis to assess whether they were indeed metallurgical furnaces and will be discussed

more fully in the results section (see 7.1.3).
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Figure 4.3 Foundation of granary structure, elevated to  Figure 4.4 Alternating ashy layers in CBT | phase (from
avoid moisture (from (Schoop 2010a)). (Papadopoulou and Bogaard 2013)).

. I ' ."‘:.

Figure 4.5 Top view of 'bowl furnace' feature 3 (from Figure 4.6 Section of 'bowl furnace' feature 3 (from
(Schoop 2010a)). (Schoop 2010a)).

Metallurgical finds from this phase included five small copper objects (two wires, two
perforators, and one pin), 29 limonite or haematite mineral fragments (4345 g), 15 fragments
of mixed iron and copper oxide minerals (1258 g), and two pieces of slag (112 g). One of the

slag fragments had a flat base.

4.2.3 Gamhibel Tarlasi Il
After a period of abandonment, Camlibel witnessed a second phase of occupation (CBT ).

This layer was radiocarbon dated to 3590 BC Cal (Schoop et al. 2009). It is at this time that a
number of stone-built houses are constructed in several clusters (Figure 4.7). The habitations
always included well-built domed ovens with occasional signs of repairs. In addition, the
remains of several infants and children were found buried beneath the floor of some of the
houses (Figure 4.8). This phase ends in the complete abandonment of the site. Every house
was emptied and well cleaned, leaving behind no finds from the occupational floors

themselves.
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Figure 4.7 CBT Il structure plan (From (Schoop 2010a)).
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Figure 4.8 Infant burial dating to CBT Il uncovered beneath a habitation structure (From
Schoop forthcoming).
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Clusters of bowl hearths seen in the first phase can once again be seen during this period.
Metallurgical remains uncovered in this layer consist of four small copper objects (two
intertwined wires forming a two-link chain, two needles, and a single pin), one small lead
wire, 17 limonite or haematite mineral fragments (1809g), 9 fragments of mixed copper and

iron oxide minerals (167g), and eight pieces of slag (260g), of which one had a flat base.

4.2.4 First Phase of Ephemeral Use (FPEU)
The site continued to be used sporadically for some time (First Phase of Ephemeral Use —

FPEU) as testified by the presence of a few more bowl hearths dug into the abandoned floors.
Two pieces of slag (37g), 12 iron oxide and sulphide mineral fragments (479g), 10 mixed
copper and iron oxide mineral fragment (1359g), and four copper objects (a needle, a pin,
and two perforators) were found in this layer. A small ceramic fragment with a layer of bright
copper metal, likely a mould fragment, was also found in this layer. Metallurgical industries
therefore clearly continued in this period in much the same way as in the previous two

phases, only on a limited scale.

4.2.5 Camlibel Tarlasi Il
The next phase, Camlibel Tarlasi Il (CBT Ill), is characterised by the construction of much

more substantial, rectangular, and widely spaced structures than in the previous stages
(Figure 4.9). Several of the structures have stone wall foundations and in at least one
structure a series of thick limestone floors were laid down. A number of ritual activities
clearly took place as demonstrated by enigmatic bone installations ringed by small hearths
(Figure 4.10). This period saw the hamlet’s longest continuous occupation but the structures
were ultimately cleaned out and at least one building was intentionally burned before the

whole site was abandoned once again.

In terms of metallurgy, this phase shows a dramatic shift in site use. No intensely heated pits
were identified in this period, but we see a dramatic increase in the amount of slag recovered
(n=39, 1139g), and a decrease in the amount of iron oxide minerals (n=6, 180g) and mixed
copper and iron oxide minerals (n=4, 22g). It is also the first phase in which crucible fragments
begin to appear. These crucibles have distinctive tall and narrow oval perforated pedestals
topped with a shallow oval bowl. Three copper pins and three copper perforators were also

found in this layer.
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Figure 4.9 Plan of the 'burnt house' of CBT Ill. Note the series of ring hearths surrounding bone features in
the north-eastern corner (from Schoop forthcoming).

Figure 4.10 Photograph of the CBT Il ritual features. In the centre is an
arrangement of bones which is surrounded by several small hearths (from Schoop
forthcoming).
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4.2.6 Second Phase of Ephemeral Use (SPEU)
Camlibel was then once more used only occasionally (Second Phase of Ephemeral Use —

SPEU) and a new series of pit hearths were dug amidst the decaying ruins. Metallurgical
remains were much less abundant in this phase than in any other. Just two copper objects
were found (a pin and a needle), along with two pieces of iron oxide and sulphide minerals
(8g), four pieces of mixed copper and iron oxide minerals (895g), and two fragments of slag
(22g). The discovery of a ceramic casting mould for a ring-shaped figurine (Figure 4.11)
proved to be the most exciting find from this period. These ritualistic types of artefacts are
known to originate mainly from the Balkans, but are distributed as far east as Western and
Northern Anatolian coastal regions (Zimmermann 2007). They are often thought of as a clear
marker of contact between these regions during the Late Chalcolithic and Early Bronze Age.
This object constitutes the first evidence that ring-idols were produced outside of the Balkans

and may be indicative of metallurgical techniques linking the two regions.

o —

——5cm

Figure 4.11 Photograph of terracotta ring-shaped figurine casting mould (Schoop 2009).

4.2.7 Camlibel Tarlasi IV

This was followed by the last period of occupation of the site, Camlibel Tarlasi IV (CBT IV; 3470
cal BC), during which several new houses were constructed following the similar large rectangular
plan of CBT IIl. However, unlike in CBT lll, these were no longer isolated but rather clustered
together once more as in the earliest periods. At the highest point of the site were two large
structures connected by a covered courtyard (Figure 4.12 and 4.13). In the corner of this
courtyard was a large rectangular oven installation measuring 2 X 2.3 m. It was covered by a large
domed superstructure composed of several layers of mud and pottery sherds. The courtyard was
strewn with a large quantity of broken slag fragments, hammerstones, and two flat anvil stones,
which has been interpreted as a slag processing area where slag was crushed for the recovery of

trapped copper prills (Schoop forthcoming).
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Figure 4.12 Plan of CBT IV courtyard with oven in south-eastern corner (from Schoop 2009).

Figure 4.13 Photograph of large domed oven with plaster base from the CBT IV courtyard
(from Schoop 2009).
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This phase saw a continuation and intensification of the metallurgical activities seen in CBT
lll. Finds included 63 fragments of slag (2811g), six crucible fragments, one iron oxide and
sulphide mineral fragment (80g), 18 mixed copper and iron oxide mineral fragments (272g),

a copper perforator, a copper pin, and an amorphous lump of copper.

The site was then abandoned for the last time, but no cleaning of interior spaces was

undertaken.

4.3 Previous and Related Research
A preliminary study of some of the slag remains from Camlibel was previously conducted by

Rehren and Radivojevic¢ (2010). Based on the characterisation of three samples by OM and
SEM-EDS, the main conclusion was that copper bearing ore used at Camlibel was likely to be
a copper oxide and hydroxides bound to a matrix of iron hydroxides as part of the gossan
layer. The authors interpreted the presence of sulphide phases as the result of the use of
sulphur bearing gangue minerals rather than any purposeful process. The authors
acknowledge that they were limited in their conclusions since only two samples were
analysed by SEM-EDS and proved to be compositionally very different. They highlighted the
fact that no arsenic was identified in the slag but that unpublished analyses of copper objects
were of arsenical copper. The authors encouraged further research to be conducted on the
site in order to identify the origins of the arsenic content of the objects — part of the reason

the assemblage was chosen for this research.

In addition to this current archaeometallurgical research project focusing on production
remains, a parallel study of the finished objects from Camlibel is also being conducted (Weeks
et al. forthcoming) and preliminary unpublished results have been made available for
comparison (Appendix B.8). Their analysis does not form part of this thesis, but where

relevant these results will be taken into account in the discussion.
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Chapter 5 Arisman

5.1 Geographic and Geological Context
The site of Arisman was first identified by a local teacher with a background in

geomorphology in 1996 and brought to the attention of the Iranian Cultural Heritage
Organisation (ICHO). The discovery of this site occured at a fortuitous time since the ICHO
had taken steps in the previous few years at resuming scientific cooperation with western
institutions with the aim of exploring Iran’s significant role in the development of early
metallurgy. This importance of the region had previously been highlighted through a number
of excavations prior to the Iranian Revolution of 1979, but it was only with the formation of
the “Early Mining and Metallurgy on the Western Central Iranian Plateau” project (EMWCIP),
inaugurated in 1999, that research in this area was to recommence. The multidisciplinary
study consisted of joint cooperation between the Iranian Cultural Heritage and Tourism
Organisation (ICHTO), the German Archaeological Institute (DAI), the Geological Survey of
Iran (GSl), the German Mining Museum Bochum (DBM), and the Department of

Archaeometry of Freiberg Technical University (TU Freiberg) (Vatandoust et al. 2011a).

It was decided that a comprehensive study of the metallurgy of Arisman would form the core
of the project, although the overarching goals were not limited in scope to the site itself. The
study would also encompass all aspects of raw material acquisition, manufacture, and
distribution of finished goods in as broad a regional basis as necessary. Since little work had
been done on mining sites since the Wertime expeditions of the 1960s (Wertime 1968), the
first goal of the project was to undertake an archaeometallurgical survey to identify potential
mineral deposits responsible for supplying ores to the site of Arisman. Several samples were
collected from various candidate deposits for lead isotope analysis, which were then
compared to material remains recovered from Arisman. However, by far the greatest
contribution to the project has been the result of the excavations of Arisman, conducted
between 2000 and 2004, which uncovered a vast Early Bronze Age smelting workshop of
industrial scale (Vatandoust et al. 2011b; Chegini et al. 2000; Chegini et al. 2004) that has
provided half of the material analysed for this thesis. The term ‘industrial’ is used here to
refer to metal production vastly greater than any possible local demand and where the site
appears to have been specialized for this industry. The metallurgical production remains
uncovered at Arisman are several orders of magnitude larger than those observed at other

sites in the region, such as the contemporaneous and closely related site of Tepe Sialk.
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Early surveys of the site revealed that it in fact consists of three distinctive activity areas
covering several hectares named Arisman |, Il, and lll. Arisman | is the largest of the three
sites, the only one to have been systematically excavated, and therefore the one which this

thesis is referring to when discussing Arisman, unless otherwise specified.

The site is situated 1000 m above sea level, on a narrow corridor between the Karkas
Mountains to the southwest and the Latif Massif to the northeast, along the western edge of
the Central Iranian Plateau (Figure 5.1). This relatively flat region receives abundant water in
form of seasonal runoff from Karkas Mountain range, which acts as a year-round reservoir.
The water provided by snowmelt, historically tapped in underground Qanat irrigation
systems, makes the region one of the most fertile in the generally inhospitable transition
between the high mountains and the desert plateau. The continental climate is characterised
by hot and dry summers and cold winters, receiving just 100-200 mm of precipitation a year,
although the period in which the site was occupied is known to have been slightly wetter
(Neef 2011). However, botanical evidence shows that vegetation around the site of Arisman
was still quite sparse and comprised mainly of limited riparian forests of willow, poplar,
tamarisk, maple, and ash, separated by wide areas dominated by drought resistant shrub
steppe (Neef 2011). The foothills of the Karkas Mountains are thought to have been much
more densely vegetated with a type of pistachio-almond steppe-forest which has today been
destroyed by grazing and deforestation. Surprisingly, it is the more arid region immediately
to the east of Arisman which is thought to have been the main source of fire wood for
industrial activities at the site. Growing abundantly on sand dunes, and of excellent calorific
value, were large steppe-forests of haloxylon persicum (white saxaul) (Neef 2011). The use

of these shrubs as smelting fuel will be further discussed later.
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Figure 5.1 Location of Arisman with Karkas Mountain range in the background and
the excavation of Area Cin the foreground along with topographic map. Topographic
map from Chegini 2000, 285, and photograph from Chegini 2004, 212.

Geologically, Iran’s highland regions are rich in metal resources, with abundant copper
deposits concentrated in the Orumiye-Doktar metallogenic zone, part of the Alpine-
Himalayan metallogenic belt, that extends from Sistan in the southeast to Azerbaijan in the
northwest (Stollner et al. 2011a). The Karkas Mountain range, just a few kilometres to the
southwest of Arisman and extending from Kashan to Ardestan, is part of this metallogenic
belt and consists mainly of Tertiary magmatic and sedimentary rock units with a Pre-
Cambrian basement that is prone to the concentration of metallic minerals such as porphyry
copper deposits, volcanogenic massive sulphide deposits, hydrothermal lead-zinc-barium

deposits and accumulations of gold, silver, arsenic, antimony, and mercury (Mansour 2013).



Loic Boscher Arisman 99

However, despite several mining surveys having been conducted around Arisman (Chegini et
al. 2000; Pernicka et al. 2011; Stollner 2011) uncovering several new ancient mines, none
have been identified as dating to the Late Chalcolithic. Although dating mining sites is
notoriously difficult, the latest survey, conducted as part of the same project as the Arisman
excavations, was able to reject early dates for all of the identified mining sites based on the
presence of iron tool marks and characteristic mining techniques known to have been
developed in later periods. Stollner (Stéllner 2011, 629) further suggests that the absence of
slag at the mines may also be a marker of Chalcolithic exploitation, based on the dominance
of such slagheaps at Tepe Sialk and Arisman and their absence from the, admittedly slightly
younger, mining district of VeSnave associated with Tepe Sialk. Predictably, mines surveyed
in the Karkas Mountains were invariably associated with slag remains and therefore unlikely

to be related to Arisman.

Ore samples obtained from several deposits in the Karkas and Latif mountains also proved to
be disappointing in terms of copper content (typically less than 3.5%), and described as
“hardly accessible to ancient miners” (Pernicka et al. 2011, 642). It should be noted that these
conclusions were based on the microscopic analysis of just 11 samples and on the chemical
analysis of just three of those, chosen on the basis of their proximity to Arisman and presence
of associated mining galleries, hardly representative of such a large region. In addition, the
composition and microstructure of the analysed samples from Darhand, a deposit within the
Karkas Mountains, was found to be broadly comparable to that of two ore fragments and the
slag recovered from Arisman if we assume that iron minerals were added as flux. The study
also further acknowledges that this hydrothermal deposit is stratabound below the large
Qom limestone formation together with vast Eocene amygdaloidal basalts which are
expected to extend over a much larger area towards Natanz to the southwest. Relevant
deposits and potential ancient mines may therefore remain unidentified further away from
Arisman itself.

Table 5.1 Comparison of analysis of Darhand copper mineralisation with ore and slag recovered from Arisman
I. All data obtained by SEM-EDS and published in (Pernicka et al. 2011).

SIOZ A|203 FeO MnO MgO CaO NazO Kzo TIOz PzOs CUzO A5203

Arisman | slags | 38.5 7.5 23.7 | 03 23 | 163 1.8 19 0.3 0.3 4.7 1

Arisman ore 56 13 7.5 0.2 5.5 5.7 2.1 0.1 0.5 0.1 8.4 0

Arisman ore 59 12 4.4 0 0.2 3.4 5.5 0.8 0.8 0.2 11.5 n.d.

Darhand ore 49 14 4.4 0 0.1 32 0.1 <0.01| 0.1 0 0.9 n.d.

Darhand ore 46 16 4.9 0.1 0.3 31 0 <0.01 | 0.1 0 2.7 n.d.
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More distant, but rich in copper, are the Anarak and Talmessi/Meskani mining areas which
had previously been highlighted as potential major sources of copper during the prehistoric
period (Berthoud et al. 1982). This latter region is part of the Central Iranian Geological Block,
situated on the southwestern edge of the Dast-e-Kavir desert, approximately 200 km to the
east of Arisman. Recent analyses of ore samples from these deposits have shown them to
contain elevated nickel and cobalt content which rules out the region as a source of copper
for Arisman since these elements are not found in any significant quantity in the slag or

copper alloy objects recovered from the site (Pernicka et al. 2011).

The copper deposits exploited at Arisman have therefore not yet been identified, either
because they have been destroyed by later activities, or because ores were brought from
further afield than the surveyed areas. Alternatively, it has been suggested (Stollner et al.
2011a) that the lack of large mining galleries dating to the Chalcolithic may be because
several smaller deposits were exploited by small sporadic expeditions over a very large area
and gathered centrally at settlement sites such as Arisman for further processing. These
small-scale enterprises, when sufficient in number may account for the remains uncovered

at Arisman and as well as the dearth of contemporaneously associated mines.

5.2 Archaeological Context
Thanks to the efforts of the members of the EMWCIP project, the results of excavations at

Arisman are now well published, covering a thorough multidisciplinary approach to the site.
It is not the aim of this section to reproduce the work that has already been carried out, but
rather to highlight the relevant metallurgical elements of the site within their respective
chronological and archaeological contexts. The chronology of the site will therefore be
discussed first in broad terms, followed by an overview of each individual excavation area of

Arisman | with a focus on the metallurgical remains.

5.2.1 Chronology
Arisman being a large occupation site, excavations were conducted on several large distinct

features which have been designated areas A, B, C, D, and E which were occupied over several
overlapping centuries but with distinct chronological developments. Typologically, the
ceramics recovered from the various foci are associated with Sialk 11l and Sialk IV (also known
as Proto-Elamite) styles, although there is little appreciable further deviations or evolution
beyond these basic types (Boroffka and Parzinger 2011; Helwing 2011c). Rather than use the
excavation nomenclature, activity areas will be presented here chronologically according to

their radiocarbon dates (B, D, C, A, and E).
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The Sialk lll pottery assemblage, which is mostly concentrated in Area B, is defined by the use
of local clays and shapes which have strong links with Tepe Sialk, Tal-i-Iblis, and Tepe Hesar,
but also contain early bevelled rim bowls and nose-lugged jars which have parallels with
Middle Uruk layers at Godin Tepe (V) and Susa (IIB) pottery types, linking Arisman to the Uruk
influence sphere and Mesopotamia (Boroffka and Parzinger 2011, 133-143).

Sialk IV pottery, on the other hand, was mostly recovered from Area C and to a lesser extent
Areas A, D, and E, showing a clear chronological shift in the site’s focal points and a move
away from ceramic industries towards metallurgical ones. Although contemporaneous with
Late Uruk phases further to the west, it is much more obviously related with the assemblage
recovered from the large Proto-Elamite center of Tal-i-Malyan in Fars in the southern Iranian
highlands and other sites in Iran than with their Mesopotamian counterparts, although
bevelled rim bowls and seal typologies still show continued interactions (Helwing 2011c, 219-

220).

Radiocarbon dating is generally in agreement with the pottery seriation, although most of
the lower Sialk Ill layers of Area B appear to suffer from the problematic use or re-use of old
wood (see table 5.2), giving much older dates than the earliest strata on site (Helwing 2011a).
Overall, the site appears to have been in use from the mid-4™" to the mid-3" Millennium cal
BC (Gorsdorf 2011). Based on stratigraphic realities rather than purely on radiocarbon dates
biased by the old wood problem, the earliest part of the site to be occupied is Area B, lasting
from the 36™ to 34" centuries cal BC, with most structures alternatively used as pottery
workshops and habitations. With some overlap, the focal point of the settlement later shifts
to metallurgical production and the expansion of the large slagheap in Area D and associated
settlement in Area C starting in the early 35" Century and lasting until the end of the 31
century cal BC. After a period of abandonment of up to two centuries, Area C was re-occupied
by secondary workshops and used as a pithoi burial ground sometime in the first half of the
third millennium as evidenced by a very small number of pottery fragments which hint at
similarities with the Early Dynastic period of Mesopotamia. The secondary workshops of Area
C appear to be related to a furnace in Area A which has been dated to the first two centuries
of the 3" millennium cal BC. Lastly, area E, which suffers from erosional damages and has
poor stratigraphic integrity, has been dated to the 29t to 25 centuries BC, although the

presence of a few pit furnaces suggests earlier use as well.
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Table 5.2 Radiocarbon dates for the different areas of Arisman | (from Gérsdorf, 2011). Dates in parentheses
for area B are those given by Helwing (2011) taking into account stratigraphy and pottery assemblages
indicating the probable re-use of old wood. Dates given for Area C represent two distinct occupations with
approximately 100 years of abandonment. Areas are presented in this table chronologically.

Area  Sample Sample No. 14CBP (1 0) Calibrated Radiocarbon Date (10)

5461 + 33
5177 + 36 4350-3370 cal BC
4908 £ 38 (3630-3370 cal BC)
4700 + 29
4666 + 39
4635 + 35
4633 + 39
4517 + 41
4495 + 48
4474 + 37

D Charcoal 12 4564 + 33 3520-3100 cal BC.
4537 + 39
4522 £ 37
4518 + 37
4514 + 36
4510 + 37
4437 £ 33

C Charcoal 3 4525 + 35
4317 + 42
4388 £ 35

A Charcoal 3 4367 + 34 3080-2880 cal BC
4290 + 36
4148 + 31

E Charcoal 2 4114 + 38 2870-2580 cal BC

B Charcoal 4

3360-3110 cal BC
3010-2880 cal BC

5.2.2 Arisman| Area B
Located on a small elevated spur in the central part of the site, Area B forms the earliest

occupation of the site. Excavations revealed five phases of occupation spread over 13
stratigraphic layers, all of which were associated with Sialk Il style pottery. The lowermost
occupation layers (12-9) show little in terms of structural remains but rather scatters of lithic
and ceramic fragments. It is only in layer eight that permanent structures are evident in the
form of several rectangular buildings of pisé construction arranged on either side of a small
alley. The architecture of these houses shows strong parallels with those of published for
Tepe Sialk’s layers llls;. From that period onwards, occupation consists of alternative layers
of domestic pisé houses (layers 8 and 6) and pottery workshops (layers 7 and 3) (Boroffka et
al. 2011). The kilns uncovered were well constructed, clearly permanent, and involved in
large-scale production, certainly precursors to the industrial scale metallurgy which was to

take place at the site in later periods.

Of special note is the presence of a number of small finds relating this part of the site to small

scale metallurgical activities. Most obvious of these are 16 Ghabrestan-style pedestalled
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crucibles as well as a single flat-bottomed crucible fragment, a slagged crucible rim sherd, six
crucible lid fragments, and a possible tuyére fragment. In addition, four nearly complete
shafthole axe moulds, seven fragments of rectangular moulds, a single triple ingot mould,
and eight nondescript mould fragments were also found in this area. Silver cupellation is
attested here by the presence of 13 litharge cakes, some of which are formed of several
connected elongated cakes. Furthermore, and not necessarily indicative of metalworking
activities, four anvils and 20 hammerstones were also recovered from various layers in this

area (Helwing 2011d).

Surprisingly, very few copper objects have been recovered from this (n=22), or indeed any
other area of Arisman, which has been suggested as strong evidence of the nature of Arisman
as purely a production site intended for export rather than local consumption (Helwing
2011d). Objects recovered from Arisman mainly consist of small tools or implements, usually
pins, chisels, awls, and rods, along with a few blade fragments, rather than the larger objects

suggested by the shafthole axe and rectangular moulds.

The majority of objects clearly related to metallurgical production (40 of 58) were uncovered
in layer 6, one of the habitation phases, indicating that metallurgical activities were typically
conducted in domestic contexts. This has already been discussed in reference to Camlibel
and other Late Chalcolithic sites (see section 3.2), but it is worth noting that Arisman
demonstrates in situ the process of industrialisation and centralisation of metallurgical
production. At no other time beyond the Sialk Il period of Area B was this type of enterprise
undertaken alongside domestic contexts. In all other instances, each area was either entirely
devoted to metallurgical processes, or it was only after an area had been abandoned that
such crafts were allowed to move in. This will be made evident from the description of the

following Sialk IV period areas.

5.2.3 Arisman | AreaD
Area D is divided in what appears to be two distinct focal points. On the surface, the area is

dominated by a large slagheap 30 m in diameter, but a magnetometer survey revealed the
presence of over 100 strong anomalies 50 m to the northeast of the slagheap and covering

an area of 60X80 m (Helwing 2008; Steiniger 2011, 82-93).

The slagheap consists of complex alternating and intermixed layers of slag and sand
extending to a depth of approximately 2m, underlain by a thick ash and charcoal deposit.
Based upon the systematic recording of a cubic meter of slagheap remains, it was calculated

that this slagheap contains roughly 88 tons of slag and 15 tons of furnace remains (Steiniger
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2011, 93), representing production on scale even larger than the more thoroughly studied
slagheap A (Boscher 2010; Rehren et al. 2012). A few pits and small mudbrick scatters were
observed within the heap, but no significant structures or furnace remains were identified.
In addition to slag and furnace fragments, the excavators recovered several mould
fragments, a few pieces of litharge, anvils, and hammerstones. Although not particularly
abundant, yet present throughout, were Sialk IV pottery fragments. Except for the presence
of litharge, the distribution and deposition of the slag and other artefacts of slagheap D is

remarkably similar in nature to the slagheap recorded in area A which will be discussed later.

A trench dug to investigate the magnetic anomalies revealed that they were in fact a series
of circular pits with diameters ranging between 1.2 and 2.5m and generally preserved to a
depth of 0.6m. The walls were sharply defined, either vertical or slightly concave, and
sometimes covered in remains of plaster lining, while the bases were either flat or lightly
depressed and always left bare. The surrounding gypsum appears to have been reddened
and the plaster often exhibited flow textures, testifying to the presence of intense heat.
Associated with these features were the typical slag and furnace fragments that litter the
area in general, but marked here by a high proportion of litharge fragments and some
metallic lead droplets, suggesting that the area was used in the smelting of lead and/or silver

cupellation (Steiniger 2011).

5.2.4 Arisman|AreaC
Area C consists of an urban settlement and composed of several mudbrick structures each

containing several rooms (Chegini et al. 2011, 40-68). Five houses have been excavated,
arranged around a north-south alley. The well organised grid-layout of the settlement, tightly
packed around a main alley and leaving space only for drainage channels, has led the
excavators to suggest that it was pre-planned rather organically grown. Each house was
occupied for some length of time as attested by the presence of several occupation layers.
Processing of copper is attested in at least two houses (house | room A and C, and house
room C) by the presence of pit furnaces next to ‘fire platform’ and related to copper residues
and slag fragments. As this occupation is contemporaneous with the large slagheap in Area
D, it seems that while primary smelting was a communal or outdoor affair, secondary

processing of copper was taking place in more private indoors contexts.

The area was then abandoned for some time and re-occupied a several centuries later. The
area appears to have first been reused as a metalworking workshop as evidenced by fire

platforms constructed partly above the walls and the large number metal processing
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artefacts uncovered such as flat axe and ingot moulds, grinding stones, and crushed slags
(Chegini et al. 2000; Helwing 2008). The ruins must have provided some measure of shelter
for these activities, as although it is likely that the roofs had collapsed, the walls were most

probably still standing.

The area was then once again abandoned and pithos burials associated with the Sialk 1V/2
period were later dug into the ruins. One pithos of note contained the remains of a small
child buried with a single broken mould and the base of a crucible, although it is unclear

whether that was intentional.

5.2.5 Arisman | Area A
Area A is dominated by a single large slagheap ca. 22m in diameter and a 1.2m in height,

representing some 31 tons of slag, 5 tons of furnace linings, and 0.75 tons of stone, crucibles,
and pottery fragments (Steiniger 2011, 69-82). This slagheap has been well investigated and

sampled, and is therefore the main source of material studied in this thesis.

Although a modern irrigation channel has cut through the slagheap and destroyed about a
third of it, the remainder is stratigraphically sound. Much like the slag deposit of Area D, this
feature is composed of several layers of slag mixed with fragments of furnace lining and
crucible, separated by thin, intermittent strata of loose reddish sandy lenses of varying
thicknesses, all of which lies directly on virgin soil (Chegini et al. 2004, 294). Due to instability
in the sections and the difficulties in differentiating between the various layers, these have
not been reported and there is therefore no reported provenance for the various slag

samples (Steiniger 2011, 69-70).

Although there is mention in the excavation monograph of the visual identification of three
distinct slag types, there is no reported distinction in their stratigraphic provenance and they
have been described as evenly distributed throughout the slagheap (Steiniger 2011, 80).
These slag types are defined as (1) black glassy slag, almost obsidian in appearance, (2) coarse
matt-brownish black slag, and (3) coarse and porous brownish-black slag with large
guantities of green secondary copper mineralizations. The distinction between these has
been studied in some depth and will be further discussed later as they form an integral aspect

of early arsenical copper alloying technology at Arisman.

Most interestingly, the remains of a remarkably well preserved furnace were buried beneath
the slagheap. The furnace was built first on a southeast-oriented mudbrick platform placed

directly upon virgin soil. This platform measured 1.4 m wide, 1.8 m long, and 0.75 m high and
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had a small extension protruding towards the southeast. A second platform was later built of
clay to accommodate the increased height from succeeding furnace re-constructions. It
appears that the front of the furnace was systematically broken open, re-lined with clay, and
the superstructure rebuilt a number of times. These repairs could be observed from the
presence of a sequence of between 33 and 40 distinct furnace linings, hinting at the original
shape of the reaction chamber which was preserved up to a height of 40cm, an upper
diameter ranging from 40-70cm, and a lower diameter of 30cm. The chamber appears to
have been somewhat pear-shaped and always faced the northeast, with each repair and
rebuilding of the furnace gradually extending it in that direction. Directly in front of the
furnace, a pit feature filled with sand and smaller slag fragments was uncovered which has
been interpreted as a working area kept clear during operation of the furnace. The slagheap
appears to be partly composed of smaller dumps of slag deposited directly on virgin soil in a

circle around the central furnace.

The excavators describe two different kinds of furnace lining which are critical to our
understanding of the operations carried out here. The first group was sand tempered,
approximately 2cm thick, and highly vitrified and glassy to a depth of about 1cm due to
exposures to high temperatures. These formed a hemispherical shape which was open to the
front where the structure seems to have been intentionally broken apart to extract the
product. The second group of linings were just 0.5-1cm thick clay, and although partially
reddened and burnt from heat, these were never exposed to the extreme temperatures of
the first group and thus never vitrified. They are reported as forming a vertical U-shape about
15cm high, 30-40cm long, and 25-30cm wide. The base of these linings was generally flat or
slightly inclined towards the northeast. It is noteworthy that neither of the linings is

associated with any metal remains.

Steininger proposes that these two types of lining form distinct features of the same
operating furnace. He suggests that a spherical firing chamber was constructed above a U-
shaped hollow into which a crucible was slotted into and attached to the furnace by another
lining of clay. Once the charge had fully reacted, it is suggested that an opening would be

made and the slag and metal would be tapped into the crucible below.

This interpretation is somewhat problematic for a number of reasons. Foremost is that there
is no direct archaeological evidence of a link between the two furnace linings, although the
fact that the furnace was often lined with both types in alternative succession does suggest

that they are related somehow. It is also difficult to envisage how such a system would be



Loic Boscher Arisman 107

advantageous over simply letting the charge cool inside the furnace unless the use of the
crucible was designed to remove the slag from the furnace to keep the operation running
while copper accumulated at the base, in which case simply tapping the slag downslope
would have been simpler and probably more effective. It remains possible that the two
linings are associated with entirely different operations, one of which may have required a
slightly different shape and much lower temperatures. This possibility should be keptin mind
in light of the two distinct speiss and copper smelting processes recently proposed for

Arisman (Rehren et al. 2012).

Also of note is the fact that the furnace was buried under the slagheap, which suggests that
metallurgical operations were ongoing at the site long after the furnace was abandoned.
Although it is difficult to calculate how much slag was produced from a single smelt given
that the slag may have been removed in a continuous operation, it is clear that a large
number of such furnaces would have been required to produce such a large slagheap. Also
of interest is the similarity in furnace design with those uncovered at Feinan in the Wadi
Arabah in Jordan (Hauptmann 2007), although the comparison is somewhat tangential as few
structural remains of furnaces from this period have been excavated anywhere, let alone
closer to Arisman. The only notable exception is the workshop at Sahdad dating to mid to
late 3™ millennium BC which has been described as a smelting furnace (Hakemi 1992),

although the absence of slag or vitrified material has cast doubt on this (Pigott 2004).

In addition to the furnace, a number of small finds recovered from the slagheap are worth
mentioning. Over three hundred fragments of Sialk IV pottery were found distributed evenly
throughout the slagheap, evidently deposited in secondary context as refuse. These, in
addition to the radiocarbon dates, suggest that the slagheap is contemporaneous with Area
C’'s secondary workshop phase. Other finds included several crucible fragments, chaff-
tempered mould fragments, one of which was clearly for a flat axe, and six hammer- and
anvil stones. Problematically, no ingots, prills or any metallic finds were recovered from this
slagheap so there is little direct archaeological evidence of the intended end product from

such a large-scale operation.

5.2.6 Arisman | Area E
Three trenches were dug in Area E to investigate a shallow slagheap, a magnetic anomaly,

and a surface scatter of furnace fragments (Steiniger 2011, 93-99), yielding little in terms of

new data.
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The slagheap appears similar to those reported for Area A and D, but the furnace lining
fragments mixed within are described as lacking the vitrification and evidence of intense heat
found on similar fragments in the other slagheaps. In addition, none of these exhibited the
typical crucible contact faces often found on the more typical furnace fragments of Arisman,
prompting the excavator to describe these artefacts as reminiscent of Area B kilns rather
than smelting furnaces (Steiniger 2011, 95). In addition to pits and a small mudbrick wall,
metallurgical finds from the slagheap included anvil-, hammer-, and grinding stones, the
eponymous slag, litharge, mould fragments, and two crucible fragments. The only
identifiable pottery associated with the slagheap was discovered within the mudbrick wall
and belongs to the Sialk Il period, which does no line up well with radiocarbon dates
obtained from a pit below the slagheap which dates to the mid-3" millennium, and which is

therefore likely to be in secondary context.

A similar assemblage of small metallurgically-related finds was also uncovered buried in a
small number of pit features in the trench covering the magnetic anomaly, although these

are likely to be the result of secondary deposition rather than use.

The furnace fragment scatter proved equally disappointing to the excavators who had hoped
them to be indicative of the presence of a buried furnace structure. These furnace fragments
were similar to those found in association with the slagheap in the same area which have
already been mentioned. The only feature of note was a large pit which is, albeit smaller,
nearly identical to those found in Area D tentatively linked to lead and silver metallurgical
operations. The range of small finds matches that of the rest of the area, with slag, litharge,
furnace fragments, grinding and anvil stones, and a few fragments of pottery making up the

assemblage.

All'in all, Area E does not appear to be of great relevance to this project as the slag remains
either date to a much later period, or are too fragmentary to be directly identifiable as
metallurgical, although further efforts to identify the nature of the technical ceramics
identified here would be of use to our understanding of the pyrotechnical processes present

on site as a whole.

5.3 Previous and Related Research

Despite early hopes that excavations at Arisman would continue beyond the first five years
in the early new millennium, it now appears unlikely that further work will be undertaken in

the near future due to political reasons. Yet Arisman has been the focus of comprehensive
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multidisciplinary study and is therefore one of the best understood metallurgical sites in the

Late Chalcolithic/EBA transition period in the Near East.

A number of preliminary reports were published as the excavation was ongoing (Chegini et
al. 2004; Chegini et al. 2000; Helwing 2005; Helwing 2006; Helwing 2008; Pernicka 2008),
which, although of great use in reporting early results, have now been superseded by the site
monograph, the source of most data presented in this chapter (Vatandoust et al. 2011b). In
terms of metallurgy, this publication does not only report on the archaeological excavations
and mining surveys conducted as part of the project, but also on the analysis of a large
number of metallurgical finds. While this monograph was being prepared, a parallel study of
the slag was undertaken by the author of this thesis as part of a Master’s dissertation in order
to assess the possibility of the use of speiss as an alloying agent at Arisman (Boscher 2010),
the data of which was later published (Rehren et al. 2012). However, the excavation
monograph was published just after the submission of the article and thus some new

information came to light in each publication and a revision is in order.

For example, the excavation monograph inconclusively comments on the lack of distinction
between copper and speiss slags (Pernicka et al. 2011, 654, 660) based solely on bulk analyses
and only a handful of selected samples for micro-phase analysis. The lack of clear patterns
was then shown by the parallel study to be the result low analytical resolution due to the
preliminary nature of the study (Rehren et al. 2012). On the other hand, data from the
monograph has provided further details on some of the production remains which had until
then gone unnoticed by the latter publication (black slags and crucible material) and form

the basis for this research program.
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Chapter 6 Methodology

6.1 Sampling Strategy
The material currently available for analysis consists of approximately 50 kg from Arisman,

and approximately 10 kg from Camlibel Tarlasi. Metallurgical remains from these sites consist
of ores, slags, crucibles, and furnace remains. These form only small portions of much larger
assemblages, particularly in the case of Arisman, which are currently in storage near the

excavation sites themselves.

Sampling bias is a well-known problem inherent to all archaeological material which greatly
affects the statistical representativeness of any assemblage relative to its original population
(Shennan 1998, 361-362). There is, unfortunately, little that can be done to affect cultural
discard practices or indeed reverse the preferential nature of taphonomic processes, but
thankfully it is possible to sample the archaeological record in such a way as to maximize the
effectiveness of probability analysis. To do this, sampling of these two sites followed a
stratified random strategy, often considered one of the most representative ways of
sampling archaeological assemblages (Baxter 2003; Orton 2000; Shennan 1998). Following
this methodology, the number of random samples collected from each archaeological
context is proportional to the size of the assemblage recovered from that particular phase
relative to the overall site. Thus the analytical assemblage is representative of the original
excavated population and retains more statistical strength. This sampling strategy was
applied by the excavators (Dr. Schoop for Camlibel and Dr. Helwing for Arisman) who sent
samples of each distinct metallurgical material type for laboratory analysis at UCL’s Institute
of Archaeology in London. Thus, periods of intense metallurgical activities resulted in greater
number of samples and analyses overall but representing a lower percentage of the total
assemblage than in layers with fewer metallurgical remains. This is because smaller
assemblages require a large analysis of a larger proportion of the total population in order to

remain statistically relevant (Baxter 2003).

It should be noted that one of the problems often associated with metallurgical remains is
that they are often misidentified, incorrectly catalogued, or entirely missed by the excavators
who may not be aware of the significance of small slag or mineral fragments (Jones 2001).
This is particularly the case at primary copper production sites where there is a clear
preference to recover common green copper oxide stained minerals, slag, and corrosion
products at the expense of other less colourful ones. Furthermore, efforts to associate

production remains from archaeological sites with geological ore deposits typically suffer
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from the fact that ancient mineral resources have typically been exploited in later periods,
often obliterating not only any archaeological remains, but also the mineralizations extracted
by the ancient miners (Craddock 1995, 8). These difficulties complicate efforts to isolate the
nature of the exploited ore, and it was hoped that the metallurgical focus of the excavations
and excellent knowledge of metallurgical remains by the excavators at both Arisman and

Camlibel would mitigate this sampling bias.

Following macroscopic analysis of the total assemblages, prepared samples were analysed
using light optical microscopy (OM) and scanning electron microscopy with an energy
dispersive spectrometer (SEM-EDS). Finally, samples which could only be accessed in the field
were analysed using portable X-Ray Fluorescence (pXRF) in order to identify potential
candidates for further export and analysis. The pXRF analysis was only conducted for
Gamlibel, since revisiting the site of Arisman was not possible, and resulted in the
identification and export of an additional seven stained metallurgical ceramics and two
fragments of crucible slag, categories of artefacts which had gone unreported prior to the

campaign.

Bulk chemical analysis of the slag, such as those obtained from powdered or otherwise
homogenised samples, was not undertaken because it was deemed of limited value to the
aim of identifying technological choice given the large amount of variability identified both
macroscopically and microscopically. The typical presence of partially unreacted gangue and
the inclusion of large fragments of technical ceramics in many of the samples, compounded
by difficulties in accurately quantifying minor and trace elements in iron-rich material, meant
that there was little to be gained from such bulk analyses that could not be obtained more

dependably through phase analysis in the SEM.

6.2 Optical Microscopy

Optical microscopy can be used in two main ways. Transmitted light microscopy, where light
passes through a thinly prepared sample, is mostly used in determining crystalline
compositions using the optical properties of minerals. It is useful when looking at natural
minerals (MacKenzie and Adams 2011) or synthetic materials such as ceramic (Quinn 2009;
Reedy 2008; Whitbread 1995), but much less so when used in the study of slag and metal
which are generally isotropic and opaque. For this reason, reflected light microscopy has
proven to be much more useful in the examination of microstructures of metals (Scott 1991),
but also for slag, crucibles, and furnaces, and is now considered a standard first step in their

analysis (Bachmann 1982; Jones 2001; Rehren and Pernicka 2008).
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Samples to be analysed using OM were prepared following a standard procedure. The
specimens were first cut into approximately 1cm? using an abrasive tile cutter and mounted
into an epoxy resin and cured. These were then ground using silicon carbide paper from 320
grit to 4000 grit, and then polished down to a near mirror-like finish using progressively finer
polishing cloths and ending with 0.25 um diamond paste. This sample preparation procedure
being equally useful for SEM-EDS analysis, the same resin blocks were used for chemical

analysis when deemed appropriate (Veldhuijzen 2003).

Samples were observed using a binocular Leica DM LM optical microscope with an external
light source in order to gain a basic understanding of the chemical and crystallographic
composition of the slag and technical ceramics. Plane polarized light (PPL) was used in order
to determine the samples’ crystalline phases, colour, homogeneity, porosity, and inclusions.
Particular attention was given to trying to determine distinct categories or types of slag
through phase analysis and the presence of distinct (semi)metallic prills. Cross polarized light
(XPL) was also used to help in the identification of internal microstructures and phases as
well as characterize the technical ceramic fabrics. Such examination also helped in locating
areas of interest for further SEM-EDS. The microscope was equipped with a Nikon digital
camera and photomicrographs were taken of both typical and atypical features within the

samples.

6.3 Scanning Electron Microscopy — Energy Dispersive Spectrometry (SEM-EDS)
Widely used in the scientific study of various archaeological materials, the SEM-EDS enables

both high resolution imaging as well as compositional analysis to be conducted both reliably
and quickly. It is especially well suited for complex multi-phase characterisation and to
identify spatial variations in composition of heterogeneous materials (Pollard et al. 2007;

Pollard and Heron 1996) such as slag and technical ceramics (Rehren and Pernicka 2008).

The SEM-EDS is based on the principle that a beam of electrons aimed at a sample will cause
vacancies in the inner shells of atoms along the surface forcing outer shell electrons to
repopulate the inner shells, which causes secondary x-rays characteristic of the element to
be emitted (Pollard and Heron 1996; Pollard et al. 2007). Low energy (less than 50 eV)
secondary electron (SE), used to obtain a topographic image, and higher energy (more than
50 eV) back scattered electron (BSE), used to visualize compositional contrast between
different phases, are both emitted when the sample is bombarded with electrons. It is the
emitted x-ray energy levels which are characteristic of the elements present in the sample

and which are therefore measured and counted by the energy dispersive spectrometer (EDS)
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(Pollard et al. 2007). The downside of the technique is that the detection limits are rather
elevated and thus only element concentrations above c. 0.1 wt% can be reliably measured,

making the instrument unsuitable for trace element analysis.

A scanning electron microscope with an Oxford Instruments EDS was used along with INCA
and Aztec software. Samples were prepared following the same methodology as for optical
microscopy, but also coated with a thin layer of carbon to increase conductivity. The EDS was
set up with an accelerating voltage of 20 kV, a spot size of 5.1, a working distance of 10 mm,
and an operating dead time between 30 and 40%. The stability of the instrument was verified
approximately every 30 minutes using a cobalt standard and kept within reasonable range to
ensure adequate quantitative reliability. All results were normalized to 100% in order to
facilitate comparison and reported either stoichiometrically for oxides such as ceramic,
minerals, and slag bulk compositions or as elemental weight percentages for the metallic
prills and objects. A ZAF correction procedure was applied to calculate the measured
intensities of characteristic energy lines in order to obtain accurate chemical compositions.
The use of several certified standards ensured acceptable quantitative reliability (Appendix
A), with results believed to be accurate within ten percent relative of the measured value for

concentrations above c. 5 wt%.

Since the arsenic content was deemed to be of crucial importance to this study special
attention was paid to the instrument’s accuracy and reliability in detecting it. The element is
notoriously difficult to detect in the presence of lead as the arsenic K-a peak is overlapped
by lead’s L-a peak at ~10.5 KeV. This generally means that samples that have lead-to-arsenic
ratios of 10 to 1 or more cannot be calculated efficiently because the lead peak overwhelms
the arsenic peak. Thus, in the presence of lead, the arsenic levels may be calculated as higher
than they really are, and precision is moderately decreased as a consequence. Spectra where
arsenic and/or lead were detected by the instrument were individually assessed and in the
rare cases where both elements were present lead was measured using its K-a peak and
arsenic using its L-a. Two arsenical copper standards (BCR 691 Alloy C and 36X CuAs3A) were
used to test the instrument’s baseline reliability. However, due to BCR 691C’s heterogeneous
microstructure and its intended use in XRF analysis rather than microbeam analysis such as
SEM-EDS, results were found to be largely overstated by over 40% relative to the certified
value of 4.6 wt% As (Boscher 2010). It was therefore decided that only the results of the
analysis of 36X CuAs3A would be relied upon despite small inconsistencies regarding the Sn

content of this particular standard (Appendix A).
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A few further limitations of the SEM-EDS are expected to affect the results presented in this
thesis and are worth mentioning here. First and foremost are the errors in accuracy
introduced by use of a micro-analytical instrument for bulk analysis of complex, multi-phased
material. Slag, which is dominated by just a few major elements, such as iron and silicon, is
particularly prone to this shortcoming. However, common alternatives, such as the bulk
analysis of crushed samples by XRF, is even more problematic given that the complex
crystalline phases are notoriously difficult to fully homogenize. In addition, the
heterogeneous and incompletely molten aspect of the slags mean that in many of the cases
minerals were not incorporated into the melt and their inclusion in the bulk results would
not accurately reflect the prevailing atmospheric conditions of the smelt or melt. As such, it
was deemed that the somewhat more subjective micro-analytical approach to bulk analysis

of slag provided by the SEM-EDS was preferable to one based on powdered pellets.

Iron is typically present in most copper smelting slag in both of its oxidation states of Fe?* and
Fe3* which cannot be accurately quantified using SEM-EDS alone, which leads to a certain
amount of error in reporting this element. Without the use of mass spectrometry, or other
techniques such as Mdéssbauer spectroscopy, it is only possible to qualitatively observe the
relative presence of ferric and ferrous iron through its association with crystalline species
such as magnetite or fayalite. Given this difficulty, iron oxides in this thesis are reported
rather simplistically as Fe?*, stoichiometrically as FeO. This overstates the ratio of iron to
oxygen, since the iron is more likely to be present in slag as a combination of both oxidation
states. This negatively affects the analytical totals and should be kept in mind when

encountering both normalized and non-normalized results.

Loss on ignition (LOI) is another expected source of complication when conducting bulk
chemical investigations using not only SEM-EDS but any other instrument. This effect is
caused not by limitations in the instrument but by changes taking place in the material itself
at the point of production involving high temperatures. The effect of escaping gases from the
oxidation of reactive compounds, such as sulphur and carbon, and the volatilization of other
elements such as antimony and arsenic, when exposed to thermodynamic conditions

prevailing during smelting of ores or the firing of ceramics are particularly prominent.

At the point of SEM analysis, this problem translates into increased porosity which negatively
influences the analytical totals due to the uneven, porous surface. This effect can be
mitigated by crushing and homogenizing the samples, but as already discussed, this is a less

than desirable compromise in highly complex material. Every effort was made during this
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research to avoid overly porous regions in bulk and area analysis of the various samples in
order to limit this problem. Bulk compositions of ceramic, slag, and other porous material
will be presented in the body of this thesis as normalized totals in order to ensure

comparability. Non-normalized totals are included in the appendices for reference.

That being said, it is worth noting that the greatest issue caused by LOI is not analytical but
interpretative since the lost volatile elements create a large disparity between the original
material which was gathered and transformed by human agency, and the final product and
waste produced. For example, the addition of organic matter (chaff) to ceramics is only visible
as characteristically shaped voids since the actual temper has long since been consumed
during firing. More problematic for this particular thesis is the volatile nature of arsenic and
its oxides. Although some arsenic, should it have been present during smelting or melting,
should always remain present in detectable quantity, it should be kept in mind that
significant amounts of the element were undoubtedly lost during the production process

which will not be reflected in the material analysed here (see section 2.4).

The calculation of averages for several samples with elements at or near the instrument’s
detection limit is a commonly encountered problem. In order to obtain meaningful means,
values below the detection limit must either be estimated or ignored, resulting in totals
which are slightly inaccurate. This is particularly problematic when a few samples contain a
few elements in significant concentrations while the rest of the assemblage does not.
Prehistoric slags produced from inconsistent or variable charge and smelting conditions are
especially prone to this issue. However, the error introduced into the mean values by the
estimation of elements below the detection limit is generally smaller than the overall
precision of the SEM-EDS and therefore has little impact on the interpretative value of the
resulting data. For the purpose of this thesis, mean values and standard deviations of
elements which were found to hover around the detection limit were calculated using the
estimated minimum detection limit of the instrument for elements which fell below the
detection limit. Exceptional cases where just a few samples have an extraordinarily high

guantity of one element will not be averaged but will be discussed separately.

In order to obtain as meaningful results as possible, bulk analysis of the samples was
conducted on a standardized area covered by 100x magnification at a working distance of 10
mm, which measures 1.2 mm by 0.8 mm whenever possible. In cases where samples were
found to be exceedingly porous for rigorous analysis (analytical total of less than 80%),

smaller areas were selected at increasingly high magnification.
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6.4 Portable Hand-held X-Ray Fluorescence (pXRF)
The pXRF is an instrument which has seen increasing use in the last decades (Frahm and

Doonan 2013) and which is quickly becoming a staple of archaeometallurgical analysis
(Helmig et al. 1989; Karydas 2007). It is particularly well suited for non-destructive surface
analysis of metallic objects. Although not designed for use with slag, analytical methods

intended for mineral analysis are, to a certain extent, applicable for this use.

The portable XRF is based on the same principles as the ED-XRF but it does not require prior
sample preparation or a vacuum to be present. However, the x-ray beam only penetrates the
sample to a depth of a few tenths of a micron and therefore the analysis is essentially only a
surficial one. For this reason, any sample should be cleaned of corrosion and preferably flat
for the results to be meaningful. For this reason, field analysis of slag, minerals, ceramic, or

soils was always performed on a freshly broken surface.

The Innovex Delta Premium instrument was set up using the ‘alloys’ mode for analysis of
metal objects, and the ‘soils’ mode for all other materials. The results using the ‘soils’ mode
were only valid as a basis of comparison between the remains on a broad qualitative scale
and only used to identify trends or anomalies in the results rather than as quantitative data.
The results of pXRF analysis will be presented only as supportive evidence to the analysis
conducted by SEM-EDS since the data gathered from it were not deemed reliable enough for

direct inferences.

6.5 Multicollector Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
An investigation of the isotopic composition of metallurgical material from Camlibel was

conducted in an effort to identify probable sources of copper ores for the site and to
characterize local deposits for future comparison with other datasets. This now well
established technique has been widely used to identify probable raw material sources
(Begemann et al. 1989; Hoppner et al. 2005; Lehner et al. 2009) and to infer the existence of
trade networks over both local and inter-regional scales (Pryce 2011; Weeks et al. 2009). The
advantageous nature of lead isotopes is that, unlike most trace elements, fractioning of lead
during metallurgical processes insignificantly alters the relative quantity of each lead isotope
(Cui and Wu 2011). This allows for a direct correlation to be made between the final metal
product and the geological deposit from which it was produced and define unique groupings
of artefacts which can be tracked over space and time (Artioli et al. 2008). In many ways, the
use of lead isotope signatures has revolutionized our understanding of metal distribution and

exchange.
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The strength of these interpretations has been subject of much debate (Gale 2009; Pollard
2009) and has recently led to a resurgence of interest in trace element fingerprinting as an
alternative or at least parallel method (Pollard et al. 2015). However, lead isotope studies are
now well accepted and although any result must be considered within the context of the
‘Provenance Hypothesis’ (Wilson and Pollard 2001, 508), these types of studies remain the best
tool in unravelling the conundrum of provenancing material that is produced through a

transformative process.

For this thesis, sixteen samples from Camlibel were sent to the Curt-Engelhorn Zentrum
Archdaometrie for lead isotope characterisation under the supervision of Prof. Ernst Pernicka.
The investigation was conducted using MC-ICP-MS, a technique now commonly used for
relatively fast and accurate isotopic quantification of archaeological objects (Pernicka 2014;

Pollard et al. 2007, 195).

The samples were taken from as wide a range of contexts as possible, and were intended to
represent several steps in the production process. This involved the analysis of a few fragments
of minerals, slag, and finished objects (two copper-based and the other a lead wire). Although
the majority of LIA studies tend to focus on the analysis of finished objects with the aim of
linking the isotopic profile to a well sampled and characterized ore deposit, the fact that
isotopic ratios are little affected by the transformative smelting and melting processes
(Pernicka 2014, 249) means that slag should have the same isotopic ratios of lead than that of
the finished copper, and thus can be equally informative (Schreiner et al. 2003; Stos-Gale and

Gale 2011).

This is especially true in the case of Camlibel where preliminary studies had already
demonstrated a discrepancy in the arsenic content of the objects and the slag which had
suggested either distinct sources or of an alloying operation. A comparison of the lead isotope
ratios of the finished copper objects and slag could therefore offer supporting evidence for
either scenario. If the ratios match, then the arsenic and copper come from deposits with the
same geological age or the arsenic deposit contains too little lead to significantly impact the
ratio. Should the objects and slag have noticeably distinct ratios, then either they have

unrelated origins or the addition of an alloying agent has shifted the lead isotope ratios.

LIA using ICP-MS can be conducted on samples which have been either dissolved into solution,
or using minimally destructive targeted technique of laser ablation. However, the laser ablation
instrument of the Curt-Engelhorn Zentrum Archdometrie is coupled to a quadrupole ICP-MS

which is much less precise in determining isotopic ratios. In addition, laser ablation likely
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induces fractioning of isotopes which cannot be calculated or corrected for and thus may affect
the results (Pernicka, pers. com.). Given that destruction of the material was not problematic
in this case, and in order to maximize the accuracy of the analysis, the measurements were
carried out in solution. Samples were first thoroughly cleaned and homogenized before being
dissolved. In addition to the lead isotopic ratios, the total lead content was also determined to
assess whether enough was present within the sample to provide meaningful results. Both of

these results will be presented below in chapter 8.
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Chapter 7 Analytical Results

7.1 Cambhibel

7.1.1 Assemblage
The total metallurgical assemblage recovered from Camlibel Tarlasi consists of material from

all aspects of metal production and use, albeit with some caveats. For the purpose of this
discussion, the term ‘object’ refers to finished metallic artefacts and is thus distinguished
from all other artefacts which consist of production remains. Crucibles refer to either melting
and/or smelting crucibles and this distinction will be further discussed in the next section.
Lastly, it is rather difficult to distinguish between minerals, ores, and gangue without a
thorough understanding of the economics of the extraction process, and, as such, this
category of finds is left intentionally ambiguous. It should, however, remain broadly

representative of varying mineral extraction and use in the settlement.

Although some metallurgical remains were found dating to each occupation period, they vary
in their chronological distribution, with some periods marked by only limited production,
while others witness a dramatic change in artefact distribution patterns. It is possible to
identify a few trends in the frequency of these remains which are worth mentioning here as
they may represent identifiable changes in cultural behaviour and may reflect technological

developments at the site.

Table 7.1 Distribution of the total metallurgical remains at Camlibel Tarlasi by period.

Phase Objects Crucibles Minerals/Ores Slag Total
Surface 6 1 2 51 60
CBT IV 3 6 19 62 90
SPEU 2 0 6 2 10
CBT llI/IV 0 0 2 1 3
CBT Il 5 2 9 40 56
FPEU 4 0 21 2 27
CBT I/l 0 1 0 5 6
CBTII 5 1 25 8 39
CBT I/1l 0 0 1 1 2
CBTI 5 0 42 2 49
Total 30 11 127 174 342
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The table presented above lists all major metallurgical artefact categories found at Camlibel

by stratigraphic layer (Table 7.1). Material which could not be securely assigned to a single

phase were set in new categories (i.e. CBT lI/1ll) by the excavators to reflect ambiguity while

still being able to identify broad chronological trends without loss of resolution. Excluded

from this list are the ‘bowl furnace’ features and purple-stained ceramics which remain

poorly understood and will be discussed separately. It is however worth noting that the ‘bowl

furnaces’ were found in all layers except for CBT Il and CBT IV while the stained ceramics

were found mainly in CBT IV, but that a few stray examples were found in deeper levels.
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Figure 7.1 Bar chart distribution of the metallurgical remains from secure contexts at Camlibel Tarlasi by period.
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Figure 7.2 Numbers of metallurgical remains at Camlibel

Tarlasi by chronological period (normalized to 100%).

Figure 7.3 Weight of slag and ores at Camlibel Tarlasi by
chronological period (normalized to 100%).

Ignoring phases with unclear stratigraphy (CBTI/II, CBT II/lll, and CBT llI/IV), to focus rather

on the more obvious copper producing periods, there appears to have been a shift in the

nature of copper production starting in CBT Il (Figures 7.1, 7.2, and 7.3). Prior to this period,
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the metallurgical assemblage was dominated by oxide and sulphide minerals rich in iron and
copper (n=89, 83%) and had relatively little slag (n=18, 17%). In contrast, after the site was
re-occupied in CBT lll, the assemblage contained fewer copper and iron minerals (n=38, 19%)
and was increasingly composed of slag (n=156, 81%), from a ratio of mineral to slag of about
4:1 in CBT | and Il to about 1:4 in CBT lll and IV. Whether this represents a technological
change or the relocation of ore processing and smelting activities remains to be established.
It is worth noting that CBT Ill is also marked by the appearance of pedestalled type crucibles
and coincides with the disappearance of bowl hearths from the site, and so there is a clear

break in the metallurgical package at this time which will be discussed further in chapter 9.

Interestingly, despite this clear difference in the metallurgical assemblage of the later
periods, there is no significant change in the discard rate of metal objects throughout these
occupation phases (between 2-5 metal objects per stratigraphic layer). This occurs despite
some very fundamental changes in the nature of the settlement during both periods of
ephemeral use (FPEU and SPEU) as well as the increase in the number of permanent
structures in the latest period (CBT IV). Furthermore, the distribution of the types of copper
alloy objects does not appear to be affected by the rise and fall of metallurgical activity at
the site (Schoop, pers. com.), suggesting that increased in situ metal production in later
periods did not necessarily translate in a surge in metal use at the site. This may either
indicate that although object use at the site remained stable, their production occurred at
other locations in earlier periods, or alternatively, it may imply that the additional metal

produced on site was destined for another market and thus used and discarded elsewhere.

Ninety-one samples from the total assemblage were selected for archaeometallurgical
analysis and sent to UCL’s Institute of Archaeology. With the exception of the two arsenic-
rich slag samples and the six stained ceramic samples exported following the author’s visit to
the site in 2012, all of the samples were randomly selected by the excavator, Ulf-Dietrich
Schoop, with the number of samples representing the total amounts recovered from each
occupation phase. Of these 91 samples, five were found to be non-metallurgical upon closer
inspection, consisting of quartz, asbestos, and heat-altered wall plaster, and will therefore
not be discussed here. After microscopic and chemical analysis, a further seven samples were
deemed to be of no relevance to the metallurgy of the site. Four of these were found to be
molten ceramic with no evidence for use as crucibles, moulds, or furnace structures. The

other three samples consisted of a bone splinter covered in copper corrosion, a ceramic



122 Analytical Results Loic Boscher

storage vessel, and a stone containing no copper-bearing minerals. As such, these twelve

samples will also be excluded from these results presented here (Table 7.2).

All of the remaining 79 metallurgical samples have now been analysed through optical
microscopy and 67 of them have also been analysed by SEM-EDS. This includes the revisiting of
three samples (128-1083, 55-440, and 60-3094) previously analysed at UCL and published by
Rehren and Radivojevi¢ (2010). Five soil samples and seven samples of the bowl hearth lining
were not analysed by SEM-EDS and will be discussed separately. The metallurgical assemblage
which remained in Turkey was analysed on site using a pXRF. These results will only briefly be
discussed in the context of the bowl hearths since the reliability of the instrument is
questionable on this type of multiphased material and results may not be accurate enough to

make valid inferences unless further more quantitative testing can be conducted.

Table 7.2 Camlibel Tarlasi metallurgical samples analysed. Numbers in parenthesis indicate the number of
samples which were macroscopically evaluated but not prepared for and analysed by SEM-EDS.

Phase Slag Crucibles Minerals Bow Stalne'cl Soil Total
/ores hearths ceramic

Surface 5 0 0 0 0 5(5) 5(5)
CBT IV 19 3 4 0 4 0 29
SPEU 2 0 2 0 1 0 5
CBT Il 8 2 0 0 1 0 12
FPEU 1 0 0 0 0 0 1
CBT II/11 0 1 0 0 0 0 1
CBT I 2 1 4 0 0 0 7
CBT I/11 1 0 0 0 0 0 1
CBTI 2 0 3 7(7) 0 0 12 (7)
Karakaya 0 0 1 0 0 0 1
Total 40 7 14 7(7) 6 5(5) 79 (12)

7.1.2 Crucibles
As mentioned, several fragments of metallurgical ceramics were collected from Camlibel. All

fragments were identified as belonging to metallurgical activities based either on their
distinctive flaring rims which did not match any of the local pottery wares or by the presence
of what appeared to be high temperature greenish residues coating their inner surfaces near

the rims (Figure 7.4).

These metallurgical ceramics were found in layers mostly dating to the last two periods of
occupation at Camlibel (Il and 1IV) and their appearance within the assemblage coincides with
changes in the distribution of metallurgical finds previously discussed (see section 7.1.1). The
only fragment to belong to an earlier period, 956-6202 from CBT I, has an entirely different

morphology and will therefore be treated separately than the other pieces.
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Although several large nearly complete examples were recovered by the site’s excavators,
these were deemed of too much cultural value for export. As such, seven fragmentary
specimens (Figures 7.5 and 7.6) were made available for analysis for this research, all of which
were sampled and fully investigated given that they were deemed of critical importance in
developing a complete picture of the metallurgical activities at Camlibel. Particular attention
was paid to the inner greenish coatings in order to identify whether the crucibles were used for
smelting, melting, or alloying operations. The composition, microstructure, and refractory
properties of the ceramic fabrics were also assessed with an eye towards their comparison with

that of local pottery ware and the possibility of distinct specialised ceramic industries.

S r‘__ LA < A S
Figure 7.4 Photograph of residue layer of crucible 139-6312. Photograph
courtesy of Ulf-Dietrich Schoop.

The overall morphology of these crucibles could be reconstructed thanks to the number of
larger fragments recorded in the field but not available for analysis. They are best described
as pedestalled (Figures 7.7 and 7.8), with flat bases and 10-15cm tall narrowing necks that flare
outwards near the top to form shallow oval bowls 5-10cm long and 3-5cm wide. The depth of
the bowls, in fragments where it could be estimated, was approximately 2-3cm, giving them a
maximum volume of 0.15 litres. The oval pedestals are pierced along their narrow axis by a
single hole approximately 1cm in diameter which is thought to have been made to facilitate
transport of the crucibles and their content while hot. The crucibles were clearly heated from
the top as no evidence of heat damage or vitrification could be seen on any of the crucibles’
outer surfaces. This design would have ensured that the pedestals remained relatively cool
throughout the operation and allowed it to be easily handled using organic material such as

wooden shafts slotted through the hole with supporting shafts on either side.
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Figure 7.6 Photograph of crucible fragment 242-
6470.

Figure 7.5 Photograph of crucible fragment 62-6450.
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Figure 7.7 Photograph of Crucible 636-6459. This Figure 7.8 Drawing of crucible 139-6312. This

crucible showed no evidence of high temperature
use and was identified as a crucible purely based on
its shape and similarity to other more fragmentary
objects. Photographs courtesy of Ulf-Dietrich
Schoop.

crucible's inner surface was strongly vitrified and
had several areas of green copper oxide
corrosion growth. Due to its excellent
preservation, it was deemed too valuable for
destructive analysis Drawing by Edward Rayner.

Interestingly, the crucible fragments were typically broken just below the rim, with the
residue present only on a small area directly above the missing inner surface (Figures 7.5 and
7.6). It is unfortunately impossible to tell whether this was the result of an intentional effort
to remove any traces of copper for re-processing, the result of damage caused by the

metallurgical operation itself, or preferential post-depositional taphonomic processes.

Microscopically, the crucibles have fabrics with dark grey cores and light grey to beige inner
and outer surfaces (Figure 7.9). These colours are an indication of the redox conditions during
the metallurgical operation rather than any real compositional differences between the

layers. The inner layer of the crucibles is usually greatly heat altered, with zones of
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vitrification and bloating from intense heat, overlain by a dark residue left from the
metallurgical operation. The ceramics are chaff tempered as evidenced by frequent
elongated cavities throughout the bodies. In addition, occasional mineral inclusions of
quartz, as well as iron, chromium, and titanium oxides were observed throughout the
ceramic bodies. Other than the presence of chaff temper, these fabrics are macroscopically
identical to that of the local pottery wares (Schoop, pers. com.). It should be noted that the
use of chaff was advantageous in a metallurgical context as the elongated voids left by the
burning organic material enhance ceramic’s insulating property, stop cracks from spreading,

and reduce the coefficient of thermal expansion (Rice 1987; Tylecote 1982).

Dark grey heat
altered ceramic

Light grey heat
altered ceramic

Dark residue

Light grey/beige
oxidized ceramic|

Light grey/beige Grey rgduced
oxidized ceramic ceramic

Figure 7.9 Cross section of sample 242-6470 showing the
various layers present in the CBT Il and IV group of crucibles.

The bulk chemical compositions of the ceramic samples show only slight variation, and
certainly no chronological trends can be observed. The elevated arsenic content found in
sample 133-6376 is probably due to contamination from volatile arsenic gas freed during the
use of the crucibles, a point which will be discussed shortly. Overall, the consistent
composition of the ceramics suggests that the potters were returning to the same clay source
in both occupation periods and that although the crucible manufacturing and tempering was
highly standardized at Camlibel, these are probably a feature of the overall pottery industry
using local clay rather than a specialised refractory ceramic industry (Table 7.3). That being
said, Camlibel’s distinctive crucible shapes do suggest that some form of specialized
manufacture aimed at metallurgical activities did indeed exist. This is in agreement with the
observation by Bourgarit (2007) that Chalcolithic sites where smelting was conducted in
domestic settings such as Al Claus, La Cefiuera and Almizaraque smelting tended to be

conducted in non-refractory ceramic common wares.
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Table 7.3 Bulk composition of crucible and typical local pottery ware bodies as determined by SEM-EDS. All results
are the means of at least three area analyses, presented in oxide wt. %, and normalized to 100%.

Sample Phase Na;O | MgO | Al:0s SiO; K,O Cao TiO, FeO | As:0s
107-6457 CBT IV 1.9 34 1142|1621 | 25 9 b.d.l. 7 b.d.l.
133-6376 CBT IV 1.5 55 [13.7 589 | 21 9.1 0.7 7 14
136-6325 CBT IV 11 79 (118539 | 1.3 13 1.6 9.4 | bdl
242-6470 CBT I 1.7 6.6 [ 139612 | 1.3 4.3 14 | 9.6 | bdl
62-6450 CBT Il 1.7 58 (143 | 616 | 1.7 3.9 1.5 9.6 b.d.l.
79-6471 CBTII/IN| 1.6 5.7 | 13.7 | 61.3 2 4.9 1.2 9.6 b.d.l.
Mean 1.6 58 [13.6 598 1.8 7.4 11 8.7 0.2
Std. dev. 0.3 1.5 0.9 3.1 0.5 36 | 06 1.3 0.6
Camlibel pottery

mean of 6 samples various 1.7 74 | 17.7 | 576 | 1.8 5.1 1.3 9.8 b.d.l.

The clay is rich in calcium, iron, and magnesium oxides and rather deficient in aluminium
oxide, all of which are to be expected from the use of the local ophiolitic clays, but which
would have made it poorly refractory (Figure 7.10). However, the use of such highly
calcareous and ferruginous clays for technical ceramics appears to have been prevalent at
this time period (Frame 2012; Freestone 1989; Thornton and Rehren 2009; Tite et al. 1990)
and seems to have been sufficient for the purpose of smelting. In actuality, it is quite possible
that the use of such poorly refractory material was actually somewhat beneficial to the
crucible technology employed here. Since the crucibles were heated from above, the
material’s low thermal conductivity would have limited the amount of heat permeating
through the crucible and therefore diminishing the chances catastrophic failures occurring
from bloating and melting (Bayley and Rehren 2007; Hein et al. 2013). These crucibles would
have therefore maintained their structural integrity, at least on the outside, but have a thin

layer of vitrified ceramic on the inside which would interact strongly with the charge.
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Figure 7.10 Composition of refractories from Timna (Tite 2001), Los
Millares (Freestone 1989), and Tal-i Iblis (Pigott 2012) to those of
Camlibel. The outlined section to the bottom left delineates the
composition of modern refractory firebricks while the one in the centre
is of clays that bloat by 1300°C. Adapted from Freestone (1989).

The most interesting aspect of these crucibles is the thin layer of calcium arsenate adhering to their
inside surface (Figures 7.11 to 7.13). These residues appear to have been at least partially molten as
they have a bubbly porous appearance from the escape of gases and adhere to the ceramics in a hot
contact. They are typically composed of a single phase of calcium arsenate, although in some instances
the layer is composed of magnesium calcium arsenate (Table 7.4). Four crucibles contained calcium
arsenate exclusively, one contained only magnesium calcium arsenate, and one contained both types
of arsenate phases. Both of these alkali earths are expected to behave similarly and are chemically
interchangeable so that the final composition of the residues reflects the availability of each element

in the system rather than any other atmospheric parameter.

Although the sample size is quite low, it is possible to notice a correlation between the elevated
magnesium oxide phases and sodium, a compound commonly associated with fuel ash. On the other
hand, the high calcium oxide phases appear correlated with increased silica and alumina and indicate
greater interaction and input from the crucible fabric and charge, particularly in sample 79-6471. As
already mentioned, the preference for one phase or the other is likely to be the result of local

concentrations of each element.

Potash (K;O) and soda (Na,O) are also encountered in the arsenical layers. These are typical
compounds found in virtually all crucible slags to some extent as they result from the interaction of
fuel and ceramics (Tylecote 1987). However, in the case of about half of the Camlibel crucibles,

potassium and sodium are only found in relatively low proportion, and in no instance do they appear
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to correlate with each other. This is somewhat surprising as they would be expected to occur more or

less in tandem.

However it should be remembered that these layers are not slag in the conventional sense and
calcium/magnesium arsenates most likely do not interact with these fuel ash elements in the same
way as iron silicates do. Furthermore, their location well above the reaction zones means that the
layers did not come in direct contact with liquefied material, limiting contact with less volatile
elements. In addition, a system very far from equilibrium, as can be assumed to exist here, would be
expected to allow a much less constant interaction with the crucible and therefore a lower and more
inconsistent content of these elements to enter the slag. It has also been suggested that since the
vessel had to include both the charge and fuel, a bed of burning charcoal may often have isolated the
‘slag’ or (semi-)molten phases from the crucible walls, resulting in the lower presence of these

elements as was surmised for the Early Bronze Age crucibles of Wadi Fidan 4 (Rothenberg 1988).

[ E00pm : — ] I 600pm - . i
Figure 7.11 SEM image of the calcium arsenate layer Figure 7.12 SEM image of the calcium arsenate layer
on crucible fragment 107-6437. on crucible fragment 133-6376.

I : : aaou
Figure 7.13 SEM image of the calcium arsenate
layer on crucible fragment 136-6325.
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Table 7.4 Composition of the two types of arsenate phases in the crucible residue layers as determined by SEM-EDS.

Sample Phase Na,O || MgO || AlLO; | SiO, | P,Os SO; Cl K,0 || CaO MnO | FeO CuO As,0;
107-6457 | CBTIV 0.6 15.9 b.d.l. 3.1 2 b.d.l. b.d.l. 2.5 14 b.d.l. 2.5 12.4 47

133-6376 | CBTIV b.d.l § 175 § b.d.lL 2.1 0.4 b.d.l | bdl | 28 | 184 | b.d.l 1.4 6.1 51.3
Mean 0.3 16.7 | b.d.l 2.6 1.2 N/A N/A 26 || 16.2 N/A 1.9 9.2 49.2
133-6376 | CBTIV b.d.l. 2.6 b.d.l. 0.5 2.2 0.8 b.dl | 07 f| 379 | bdl | 01 3.9 51.5
136-6325 | CBTIV b.d.l. 0.3 0.9 5.1 0.2 0.3 1.7 0.7 || 46.2 0.6 1.2 | b.d.l 42.5
242-6470 | CBTII 11 3 0.5 4.9 4.5 1 b.d.l | 06 40 b.dl | 25 0.9 41.1
62-6450 CBT Il b.d.l. 2.2 1.1 13.5 33 0.5 b.d.l | 1.2 || 326 0.3 29 4.2 34.9
79-6471 CBT I/l | b.d.l 1.9 5.2 18.1 3.9 0.7 11 0.7 || 327 | bdl | 44 | bd.l 31.2
Mean 0.2 2 1.6 8.4 2.8 0.7 0.6 0.8 || 37.9 0.2 2.2 1.8 40.2

Most of the layers also contained significant quantities of copper oxide, varying from less

than 0.1 wt% to 12.4 wt% and a mean of 3.9 wt%. In one crucible, 133-6376, a large prill of

copper oxide was identified surrounded on all sides by calcium arsenate (Figure 7.14) and

shows clear evidence that, unlike the smelting slags, these crucibles were operated in the

presence of both copper and arsenic. It is therefore most likely that these crucibles were used

for melting and/or alloying rather than any form of smelting.

Tiameins S
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Figure 7.14 SEM image of a copper oxide prill (bright phase) surrounded by copper
corrosion (grey phase) with a thin layer of calcium arsenate (light grey, above). Small
bright dense phases within the cuprite prill are arsenical copper.

Although no arsenic minerals have been identified at Camlibel or in the immediate

surrounding area, it is still possible to assess the probable nature of the alloying agent used

in these crucibles. First and foremost, arsenic is unlikely to have been added as a metallic
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product as the reduction of arsenic ores is inherently difficult given its low boiling point and
strong tendency to oxidize. In fact, while later historical texts mention the use of various
arsenical minerals (Caley 1926; Eaton and McKerrell 1976; Healy 1978, , 158, 210-212; I-Tu
and Hsueh-Chuan 1966; Wyckoff 1967), there is no archaeological evidence to suggest that
metalworkers were aware of the existence of arsenic metal as a separate substance
anywhere until the post-medieval period. We must therefore assume that the arsenic was
added as a raw mineral to copper. Looking at the results presented here, it is possible to
narrow the range of minerals which could have been employed at Camlibel. The small
amount of sulphur present in the arsenate phases (mean 0.5 wt%) suggests that the original
arsenic source mineral was most likely to have been an arsenate with only a minor sulphide

component as has been already proposed by others (Craddock 1995; Zwicker 1991).

Arsenic-bearing mineral deposits where colourful arsenates could easily be identified as
weathering products on arsenical sulphide minerals are indeed found in the wider region
north of Camlibel (Enstitlisi 1970), well within 100 km of the site. Although it has been
suggested that arsenic sulphides such as orpiment or realgar could also be used to make
arsenical copper (Ozbal et al. 1999; Ozbal et al. 2008) the addition of such compounds would
have been unsuitable in this context as it would have resulted in excessive losses of copper

to matte (see section 3.1.4) and are therefore unlikely to have been used.

It is difficult to posit how the process functioned chemically without the original composition
of the ores, but the calcium/magnesium arsenate phases offer some clues. The operation
would certainly have required a reducing atmosphere in order to avoid arsenic losses to
oxidation. The iron present in the copper as described above, would in this case act as a
reducing agent for the arsenate mineral while itself being refined out of the copper as iron
oxide. Under these conditions, the arsenate would be readily reduced to metallic arsenic gas
which could then diffuse into the copper in a process similar to the well-known brass
cementation process. Any escaping arsenic gases would have quickly oxidized above the
charge to form arsenic trioxide (As;0s3), which in turn combined with calcium oxide, typically
introduced in crucibles as charcoal fuel ashes (Tylecote 1980), to form a compound with a
composition between 3CaOAs;0s and 4Ca0As;0s, much in the same way as modern arsenic-
based pesticides are manufactured (Robinson 1918; Smith and Murray 1931). In this case the
compound precipitated upon cooling above the crucible, forming the arsenate layers found

near the crucible rims.
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Similar arsenic-enriched layers deposited through the casting process have been observed
on moulds and crucibles from El Malagon in Southern Spain where they have been
interpreted as a typical effect of the release of arsenic gases during the melting of arsenical
copper (Hook et al. 1987; Hook et al. 1991). It should be noted that the process of corrosion
would also have a tendency to promote the enrichment of arsenic on the surface of these
objects, but this is clearly not the case here as the layers show morphological traits distinctive

of a hot process.

The earliest (CBT IlI) example of technical ceramics from Camlibel is sample 956-2602. This
particular specimen is exhibits a thin layer of reddish copper metal (Figure 7.15) and is
therefore likely to have been part of a casting or melting/alloying crucible or mould. No
discernible morphology could be tied to the underlying shape of the object other than the

assumption that the metallic residue and heat alteration indentify the inside of the crucible.

The ceramic fabric is relatively fine grained with frequent large quartz inclusions but does not
include any organic temper (Figure 7.16). Heat damage and vitrification is apparent directly
below the metallic residue, extending into the ceramic body to an approximate depth of 2
mm. Compositionally, the unaltered ceramic fabric is virtually indistinguishable from that of
the later alloying crucibles already described (Table 7.5). Immediately below the layer of
metallic residue is a shallow region which has been generally fully vitrified, with only
occasional clusters of thin copper iron oxides laths of delafossite (Figure 7.17). These crystals
are very common in highly oxidizing atmospheres typically associated with re-melting of
copper metal, reinforcing the original assumption that this particular sample is not a smelting

crucible.

Table 7.5 Bulk composition of melting crucible or mould fragment 956-6202 as determined by SEM-EDS.

Na0 MgOo Al,0; SiO, P,0s K,0 Ca0 TiO, FeO CuO As,0;
unaltered ceramic bulk 1.4 6.4 15.1 59.4 b.d.l. 2.2 36 1.4 10.4 b.d.l. b.d.l.
Heat altered ceramic bulk 0.8 7.3 10.4 59.4 11 2.7 4.6 1.3 10.6 1.8 b.d.l
Glassy area without delafossite 1.2 7.2 12.9 54.2 19 7.7 4.5 1.2 9.2 b.d.l. b.d.l.
Glassy area with delafossite 1.2 7.1 12.6 47.8 2.4 3.7 7.4 1.6 11.2 5.0 b.d.l.

Unfortunately, because the metallic layer does not appear to have truly meshed with the
ceramic fabric it was largely broken away during sample preparation and could not be
analysed by SEM-EDS. However, the complete absence of any arsenic in the ceramic fabric
and the clearly reddish colour of the surface residue mean that the metal was most probably

pure copper.
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Bulk composition of the heat altered areas of ceramic fabric shows a nearly identical
composition to that of the unaltered ceramic which has been slightly enriched in copper
where delafossite is present and more generally in elements commonly related to fuel ash.
This suggests that the glassy layers were not formed from interaction with slag and confirms
that the ceramic was likely not used for smelting. Furthermore, delafossite crystals are
commonly observed in oxidizing atmospheres typical of exposure to open air during the
melting, refining, alloying, or casting of copper metal and confirms the first impression of this

sample as either a melting crucible or mould fragment.

} mm . . . § mm
Figure 7.15 Photograph of sample 956-6202. Figure 7.16 Photomicrograph of ceramic body and
vitrified ceramic below metallic layer. Frame is
3.7mm wide.

Figure 7.17 SEM image of delafossite crystals just
below the metallic layer. Note that the metal layer was
lost during the polishing process.

7.1.3 Furnace Lining
A number of small shallow bowl shaped pits with evidence of extensive heat application were

uncovered, mostly in the earliest two levels of Camlibel (I and I1). Large deposits of charcoal and ash
were observed directly adjacent to them, testifying to their pyrotechnical use. The fills and
surrounding ashy soil contain abundant fragments of iron rich minerals such as limonite and
haematite which led to them to be described as bowl furnaces involved in the processing of copper

ores (Schoop 20103, 72-73). However, a number of questions remained as to their actual function
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and process and therefore a sample of ash (629-4416) was obtained from the lining of one of the
features from Camlibel | for detailed laboratory analysis. In addition, several of these pit features,
which had been removed as sectioned blocks by the excavators for preservation, were also
analysed in the field using a pXRF in order to identify and compare minor and trace elements
between the various component layers. The morphology of the bowl pits will first be described

followed by a discussion on their chemical composition.

The features were approximately 15-25cm in diameter and 10 to 20cm in depth (Figure 7.18). They
were haphazardly lined with small stones and broken pottery sherds in an ashy soil and the base
was invariably covered by a hard fired clay cap 2 to 5 cm thick. The few identifiable fragments of
pottery were found to be of the local domestic ware type (Schoop, pers. com.), suggesting that they
were reusing old broken pots to line the pit, although the purpose of this remains unknown. The
clay caps are shaped like concave lenses and appear to have been fired in situ from elevated
temperatures within the pit and the soil surrounding the pits was reddened to some depth
extending between 5 and 10cm beyond the edges of the feature, indicating that heat was sustained
for a protracted period of time. In some instances, a cluster of larger stones was buried beneath the

layer containing the pottery sherds, although no plausible explanation for this could be ascertained.

Above the clay caps, the pits were filled with several distinct deposits, identical in texture to the
surrounding natural soil but rich in ash causing them to be lighter in colour. In some cases stones
had been laid directly on top of the features as markers, prompting the excavators to suggest that

the pits were backfilled intentionally to preserve their structure between seasonal occupations.

Ash layer
Ash layer
Fired clay cap

Ashy soil with pebbles
and stone inclusions

Figure 7.18 Diagram of a typical bowl hearth cross-section. Figure 7.19 Photograph of furnace
feature number 4, sectioned and
collected from the site for later analysis.

As previously mentioned, the excavators recovered several of these features as sectioned blocks

during excavation (Figure 7.19) and these were cleaned and analysed in the field using a pXRF.
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The mean results of the various layers from six of these features are presented in Table 7.6. The
surface of the clay cap was treated as a separate layer in an attempt to confirm the nature of
these bowl furnaces by identifying any increase due to pollutants derived from the process. It was
hoped that the outer layer would show the increased presence of certain volatile elements such
as copper and arsenic when compared to the underlying body of the cap as well as to the

surrounding natural soil.

The results clearly show that most elements are tightly clustered and appear to be precise even
if not quantitatively accurate. While lighter elements (notably phosphorous, potassium, and
calcium) show large standard deviations, this is most probably due to the limitations of the
instrument and should not be taken to represent real compositional differences. Many trace
elements, on the other hand, have much lower relative standard deviations and should be

considered reliable for comparison between the layers analysed here.

It is clear that, at least compositionally, there is little difference between the fills, clay cap, and
underlying natural soil. The hard clay cap is therefore likely to be the result of the simple firing of
the clay-rich surrounding soil rather than a ceramic lining applied to the inside of the pits.
Analyses of three random fragments of domestic pottery using the exact same settings on the
pXRF instrument confirm this (Table 7.8). Although quite a few elements do overlap, the pottery

is lower in calcium and potassium, while consistently higher in titanium, manganese, and barium.

Of significance to this study are arsenic and copper contents which are much lower than one
would expect from contamination due to copper related activities. Although taphonomic
processes such as leaching are known to affect the concentration of such contaminants, there is
sufficient evidence to suggest that enough pollutants remain within the soil to enable the
identification of metallurgical activities even after several thousand years. For example, Bronze
Age mining and smelting at Copa Hill in Wales resulted in an increase in the copper content of the
surrounding peat from 30ppm to 90ppm at Copa Hill 2, a site located some 600m distant from
the main activity area (Mighal et al. 2002). Such contamination should have been even more
dramatic within the confines of the firing chamber where leaching would also have been
minimized by the insulating ceramic. This was certainly observed in prehistoric copper smelting
experiments which were aimed at reproducing Vinca culture technology where soil copper
content was increased by between 100% and 2600% within remains of the furnace (Figures 7.20
and 7.21). This difference is large enough that it should overshadow any resolution issues arising

from the semi-quantitative nature of the pXRF instrument used.



Table 7.6 Bulk elemental composition of bowl hearth fills using pXRF. The results are presented in ppm as the mean of three analyses across each layer of the six bowl
hearths and the associated natural soil adjacent to the features.

Cr Co Ni Cu Zn As Rb Sr Zr Sh Ba Pb
P(% S (% Cl (% K (% Ca (% i (% Mn (%) | Fe(%
(%) (%) (%) (%) (%) (%) (%) ™) (opm) | (opm) | opm) | wpm) | wom) | wom) | wom) | wom) | oom) | (opm) | (ppm) | (ppm)
Top Fill b.d.l. b.d.l. b.d.l. 0.8 12.8 0.7 0.1 6.0 570 610 640 100 80 b.d.l. 20 280 120 b.d.l. 280 5
Bottom Fill 3.3 b.d.l. 0.8 0.8 8.1 0.6 0.1 6.3 630 650 830 80 70 b.d.l. 20 220 120 b.d.l. 280 6
Clay Surface 43 0.8 0.9 1.1 12.5 0.5 0.1 5.3 520 620 560 130 90 5 30 310 150 b.d.l. 290 8
Clay 2.6 b.d.l. 0.6 1.1 8.3 0.5 0.1 4.7 390 430 500 80 80 5 30 320 140 b.d.l. 280 10
Natural 3.9 b.d.l. 0.7 0.8 9.1 0.7 0.1 6.1 640 630 660 100 90 4 20 310 130 40 300 6
Mean 3.5 0.8 0.7 0.9 10.1 0.6 0.1 5.7 550 588 638 98 82 5 24 288 132 40 286 7
Std Deviation 0.7 0.0 0.1 0.2 23 0.1 0.0 0.6 102 90 125 20 8 1 5 a1 13 N/A 9 2
Relative std 21.0 0.0 143 17.8 23.0 134 45 113 18 15 20 21 10 12 23 14 10 N/A 3 29
deviation (%)
Table 7.7 Bulk elemental composition of typical domestic pottery fabric determined with pXRF. Results are presented in ppm as the mean of two analyses on three randomly
selected fragments of pottery.
Mn Cr Co Ni Cu Zn As Rb Sr Zr Sbh Ba Pb
Sample P(% S (% (% K (% Ca (% Ti (% Fe (%

P ) | SCA | abe) | K@) | calh) | T | o *) | @pm) | om) | oom) | opm) | oom) | (opm) | (opm) | wpm) | (oom) | (oom) | (ppm) | (opm)
mean 2.8 b.d.l. 1.3 2.1 53 0.9 0.2 6.7 500 640 440 240 100 7 37 310 200 b.d.l. 500 10
Std dev 0.5 N/A 0.5 0.4 0.9 0.0 0.0 0.3 57.7 78.1 41.6 108.2 9.8 1.8 55 723 20.0 N/A 23.1 0.0
Relative std dev (%) 17.1 N/A 38.6 18.2 16.1 4.4 0.4 4.9 11.6 12.2 9.4 45.1 9.8 26.8 15.1 236 10.0 N/A 47 0.0
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Figure 7.20 Results of XRF analysis of soil contaminants  Figure 7.21 Results of pXRF analysis of the different
within and outside experimental prehistoric copper layers of the bowl hearths recovered at Camlibel.
furnaces (Radivojevi¢ and Boscher forthcoming).

Given that arsenic is significantly more volatile than copper, an even more striking increased
contamination of the surrounding soil would have been observed had these installations
been used for the melting or smelting of arsenical copper. Even using crucibles, the ash-rich
fills should have contained significant quantities of one or both of these elements if they
were related to metallurgical processes. That they were not present in significant amounts,
that no crucibles are associated with these layers, that little slag was found in association
with these same deposits, and that no evidence of ceramic vitrification could be observed

within the features suggests that they are not metallurgical installations.

As an alternative purpose, it is plausible that the features were used in the manufacture of
the micro-beads composed of synthetic steatite also recovered from Camlibel (Pickard and
Schoop 2013). This can unfortunately not be confirmed from these analyses since the pXRF
was not calibrated to accurately quantify silica and magnesium, the two main constituents of

steatite-derived minerals.

7.1.4 Other Metallurgical Ceramics
Post-excavation pottery cataloguing and analysis by the excavation team led to the

identification of a large number of broken pottery fragments which showed odd purple
staining (Figure 7.22). The team was intrigued by the fact that the staining appeared mostly
on broken body sherds of thick and wide vessels tempered with organic material and
concentrated in an area around the central courtyard of Camlibel IV’s flagstone house. The
breaks appear to have occurred prior to the staining of these objects given that the colour at
times ran over the broken edges. The stains are generally, although not exclusively, found on
the inner concave surface of the pots, and in some instances appear to be elongated as
though they were the result of a liquid dripping downwards. In some samples, the purple
colour is associated with a slight bulging of the ceramic, likely due to distortions and bloating

caused by high temperatures.
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It is worth noting that a few fragments of similar pottery recovered from the same area had
thick copper and iron corrosion layers (Figures 7.23 and 7.24). Given that they exhibited no
evidence of bloating or vitrification, it was assumed that this was caused by post-depositional

processes rather than metallurgical operations.

Figure 7.22 Three examples of large pottery fragments with distinctive purple staining on the inner surface.
Photograph courtesy of Ulf-Dietrich Schoop. In clockwork order starting in the top left, samples are 11-3,
651-16, and 100-3.

Figure 7.23 Pottery sample 758-6261 with large Figure 7.24 Pottery sample 200-6526 with 1cm thick
green and black corrosion staining. crust of iron hydroxide corrosion on the surface.

During the fieldwork campaign of 2013, eight purple-stained broken pieces of pottery were
ear-marked for pXRF analysis aimed at identifying the nature of these stains and whether
they were pigments or the consequence of some other effect. The results showed very clearly
that the affected areas were enriched in copper, iron, and sulphur (Figure 7.25) with little
effect on other elements. Since there was no similar increase in arsenic, the enrichment in

other elements probably did not involve arsenical copper, although it is possible that the
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element could have been leached out by taphonomic processes. It was therefore thought
probable that these remains were associated with smelting or ore processing activities. Given
these preliminary data, it was decided that seven samples should be exported for
microscopic and quantitative analysis to determine their role, if any, in the metallurgical
chaine opératoire of Camlibel. These seven specimens were thus integrated into the

analytical program of this thesis.
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Figure 7.25 Sulphur, iron, copper, and arsenic content of clean ceramic fabric and associated purple staining
as determined by pXRF. Each adjoining pair of results is from the same sample, demonstrating the consistent
increase in the first three of these elements.

The samples provided were from as wide a range of contexts as possible, and are therefore
not representative of the actual distribution of the finds. As previously mentioned, the vast
majority of these artefacts were found in CBT IV (Schoop, pers. Com.), but a few fragments
were found in strata belonging to the SPEU and CBT lll. Thus, the two samples analysed from
CBT lll and the one from SPEU are representative of only a very small number of examples

recovered from those layers.

The provided fragments are mostly body sherds, although two pieces have rounded rims
(108-6857 and 819-7020). Their thicknesses vary consistently between 1.52 and 1.76 cm,
with the exception of one of the rim sherds (108-6857) which is too damaged for an accurate
measurement. They are generally mottled orange and brown showing mixed redox firing
conditions, although several fragments also show an even beige colour on one of the

surfaces. This is typical of the appearance of local pottery vessels identified at the site.
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The fabrics are rather coarse, with significant amounts of organic chaff temper evident from
the presence of elongated cavities and occasional inclusions of quartz and other minerals
which may also have been added as temper (Figures 7.26 to 7.29). This is again typical of the

local domestic pottery types.
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Figure 7.26 Photomicrograph of sample 108-6838 Figure 7.27 Photomicrograph of sample 108-6838
ceramic fabric under plane-polarized light. ceramic fabric under cross-polarized light.

Figure 7.28 Photomicrograph of sample 228-6870 Figure 7.29 Photomicrograph of sample 228-6870
ceramic fabric under plane-polarized light. ceramic fabric under cross-polarized light.

Special attention was given during sample preparation so that the purple stained areas could
be seen in cross section at their thickest extent, typically in the centre of the discolouration.
Once mounted, the areas under question were very obvious under the microscope in all cases
(Figures 7.30 to 7.33) except for sample 21-6838 which proved to have a highly bloated
vitrified black inner layer which was completely different than the others (Figures 7.34 and

7.35) and will not be further discussed as it showed no evidence of metallurgical use.
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Figure 7.30 Photomicrograph of sample 108-6857 Figure 7.31 Photomicrograph of sample 108-6857
cross section showing the purple-coloured layer on cross section showing the purple-coloured layer on
the surface of the ceramic under plane-polarized the surface of the ceramic under cross-polarized
light. light.
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Figure 7.32 Photomicrograph of sample 720-6879 Figure 7.33 Photomicrograph of sample 720-6879
cross section showing the purple-coloured layer on  cross section showing the purple-coloured layer on
the surface of the ceramic under plane-polarized the surface of the ceramic under cross-polarized
light. light.

Figure 7.34 Photograph of sample 21-6838 with the Figure 7.35 Photomicrograph of sample 21-6838
black layer on the inner surface. cross section showing the black layer on the surface
of the ceramic under plane-polarized light.

In all other cases, the discolourations consisted of a single layer resting directly on the
ceramic body, although separated by a gap of up to 2um in some places. The layers were thin
and intermittent, ranging from a thickness of just 9um in sample 819-7020 to 150um in

sample 720-6879. These were clearly not the result of very high temperatures as was
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apparent from the distinctively cold contact with the underlying ceramic body (Figure 7.36).
Some of the layers were slightly diffused into the ceramic fabric down to a depth of 1mm but
those areas still did not show any evidence of bloating or heat alteration, suggesting that this
was the result of post-depositional corrosion and the migration of ions to fill porosities within
the ceramics. The layers themselves were always quite porous and in one instance (sample

616-6922) several mineral inclusions were present within the layer itself (Figure 7.37).

Figure 7.36 SEM Image of iron copper oxide layer on ceramic from
sample 720-6879.

500
Figure 7.37 SEM image of mineral inclusions within the iron
copper oxide layer from sample 616-6922. The ceramic, seen in
the bottom of the frame, is entirely detached from the layer.

Compositionally, the layers can broadly be described as copper and iron oxides and
hydroxides (Table 7.9) and quite distinct from the underlying ceramic fabrics (Table 7.10).
Three samples have elevated Al,0Os and SiO5; in two cases (228-6870 and 819-7020) this can

be attributed to the fact that the layers are relatively thin (9um and 17um respectively) and
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to the difficulty in analysing such small areas with the SEM-EDS, while in the third case (616-
6922) the layer is much less clearly defined and corrosion appears to have migrated into the
ceramic to a greater extent than in other samples. In both cases, the reported composition
is in part the result of the difficulty in analysing the layers without including the background
ceramic rather than compositional reality. In contrast, the presence of MgO, K0, and TiO; in
all of the samples cannot be caused by analytical influences from the ceramic since these
elements do not correlate with the amount of Al,O3 or SiO; present. They are more likely to
be present in the layers themselves, introduced either from soil contamination within
porosities, or from the same source as the iron and copper.

Table 7.8 Composition of purple layer on surface of local domestic pottery as determined by SEM-EDS. Reported
values are the mean of at least three area analyses normalized to 100%.

Sample | Na,O | MgO | Al,O3 | SiO, | SO; KO0 | CaO | TiO, | FeO | CuO
108-6857 | ND 1.8 0.6 1.2 | b.dl | 01 0.2 0.3 69.3 | 27.8
147-6832 | ND | b.d.l. | b.dl. | 04 | bdl | bdl | 01 | bd.l | 8.2 | 8.5
228-6870 | ND 0.6 53 7.8 b.d.l. 0.3 0.3 1.2 36 47.7
616-6922 | ND 2.3 4.4 7.1 0.3 0.2 0.4 0.5 73.6 | 144
720-5879 | ND 21 | bdl | 06 | bdl | bdl | 03 | bdl | 703 | 26.7
819-7020 | ND 2.7 53 11.2 0.3 0.4 0.5 0.8 45.1 | 323
Mean ND 1.6 2.6 4.7 | b.d.l. | 0.2 0.3 0.5 | 63.9 | 26.3

Table 7.9 Composition of local domestic pottery fabrics which exhibited purple staining as determined by SEM-
EDS. Reported values are the mean of at least three area analyses normalized to 100%.

Sample | Na;O | MgO | Al,O3 | SiO, | SO3 KO | CaO | TiO, | FeO | CuO
108-6857 | 1.9 4.2 17.2 | 60.9 0.2 3.1 2.9 1 8.1 | b.d.l
147-6832 | 1.7 6.4 15.2 | 59.8 0 1.8 2.7 1.2 10.1 | b.d.l.
228-6870 | 0.7 9.9 12.8 | 55.3 0.3 1.4 7.2 1.6 10.2 | b.d.L
616-6922 | 1.7 7.4 14.6 | 58.1 0.3 1.7 3.7 1.2 10.5 0.1
720-5879 | 1.8 6.5 15.7 | 58.1 0.2 1.8 3.7 1.4 10.2 | b.d.l
819-7020 | 0.8 10.1 | 12,5 | 53.2 0 1.1 10.5 1.5 9.9 | b.d.L
Mean 14 7.4 14.7 | 57.6 | 0.3 1.8 5.1 1.3 9.8 | b.d.l

The sulphur content of the layers proved to be much lower than first reported by the pXRF.
Although it is possible that the sulphur was present only as loose secondary sulphosalts which
were washed away during sample preparation, this would not have resulted the complete
absence observed here, and it is much more reasonable to infer that the pXRF instrument

was reporting false positives for such a light element.

In the samples where the layer was clearly defined and thick enough to exclude potential
interference from the ceramic body (108-6857, 147-6832, 720-5879), iron and copper oxide

accounted for more than 95% of the total weight of these layers. The only naturally occurring
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secondary mineral close to these compositions is delafossite (CuFe3*0,) which generally
forms as well defined black tabular crystals found in association with iron and copper
minerals. These have also been known to occur in anthropogenically formed glass and slag,
typically crystallizing as needle-like structures from glassy matrices containing sufficient
copper oxide during cooling (Radivojevic et al. 2010). This crystalline microstructure appears
in only one sample (228-6870) and is mainly concentrated within the ceramic porosities
where tiny crystals, measuring approximately 1-2um in length, evidently grew as secondary
corrosion (Figure 7.38). In every other sample, the layers appear as botryoidal masses typical

of haematite and malachite crystal growth patterns.

25um

Figure 7.38 SEM image of sample 228-6870 showing the needle-like delafossite
crystals present in ceramic porosities and in crevasses on the surface.

Itis the origin of the iron and copper oxide which is the main point of interest in this instance.
As there is little mention of such features in the archaeological literature, assessing what
created these mineral layers is problematic and requires the elimination of several

possibilities.

On the one hand the layers could be caused by natural post-depositional processes such as
the leaching of such elements in the soil and their deposition as hydroxides on the surface of
the ceramic, or from the formation of secondary minerals from the corrosion of elements
within or next to the objects. Distinguishing between these is important because, in the latter

case, the hydroxides may reflect culturally driven choices made in the production of the
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pottery (i.e. temper or clay source) or in its discard while the former may simply reflect

naturally occurring elements in the surrounding soil.

Alternatively, the layers may be entirely anthropogenic and could be directly representative

of a human process such as copper smelting or the storage of raw materials.

Leaching from soil is perhaps the least likely to have formed the discolouration. These appear
as discreet features on the surface of just a few ceramics at the site and not on the entire
surface of every pot as would be expected from leaching. Iron itself is known to be very stable
when well crystallized in clays and soils, and although some amorphous Fe*" ions can be
dissolved and leached in acidic solutions (Dousova et al. 2014), this cannot explain the limited
localization of the iron-rich layers. Although only approximately 100ppm of copper could be
detected in the soil (see the results of the pXRF analysis of the ‘natural’ soil in table 7.7 in
section 7.1.3 and Appendix B.2), copper ions tend to be highly mobile and susceptible to
leaching, which could account for the concentration of the elements in the levels observed

here (8-48 wt% CuO), but again the very limited extent of staining makes this unlikely.

For the same reasons, the copper-iron oxide layers are unlikely to have formed from
corrosion processes of the ceramics themselves. In addition to ceramic being a largely stable
material, the Camlibel pottery fabrics contain very little to no copper (<0.1 wt%) and

relatively little iron (~10 wt%).

This leaves the two previously mentioned probable sources for the iron and copper oxides
deposited on the ceramics: the formation of corrosion from natural processes from iron and
copper rich material directly abutting the ceramics post-depositionally, or, alternatively,

originating from culturally-derived processes.

The lack of visible heat alteration in the ceramics immediately below the layers seems to
suggest that they were not the result of a high temperature metallurgical operation such as
smelting or melting, and are rather more likely to be formed through lengthy process of
oxidation and corrosion. However, the exposure of these ceramics to material high in copper
and iron is most probably the result of an association with metallurgical activities more
generally. Whether this is simply from chance discard in a courtyard where slag and ore
minerals were also disposed of, or whether it is something more intentional has several

implications which will be further discussed in chapter 9.



Loic Boscher Analytical Results 145

7.1.5 Ores and Tailings
The assemblage of metallurgical finds at Camlibel includes several fragments of what appear

to be iron and copper rich minerals, mostly found in the earlier occupations of the site (see
section 7.1.1). These were first identified in the field based upon their red, yellow, and green
coloured surfaces (Figure 7.39), which contrasted strongly with the site’s geology (Schoop,
pers. com.) and which were catalogued as the remains of ores processed on site. A total of
127 fragments of minerals were recovered from the site. About half of these showed
evidence of green oxidation suggesting significant copper content (n=62). The minerals were
usually quite small, ranging from less than 1 cm? up to a maximum of 10 cm3. Thirteen
random fragments were made available for sampling and analysis for this thesis in addition
to a large mineral fragment recovered from a copper-bearing mineral outcrop near Karakaya,

2km upstream from Camlibel (Marsh 2010).

Figure 7.39 Photograph of various mineral fragments recovered from the
site presumed to have been intended to be used as ores.

Microscopic analysis of these samples revealed some patterns in the types of minerals in use
at Camlibel. Five fragments (934-5409, 799-5218, 637-4221B, 637-4222, and 637-4218)
consisted of highly degraded minerals of mixed sulphide and iron silicates with frequent
inclusions of pyrite and a few rare chalcopyrite mineralizations (Figures 7.40 and 7.41). These
tended to be found in the later phases of the site (CBT IIl and IV). Notably, a small inclusion
of sphalerite ((Zn,Fe)S) was observed in one sample (799-5218), which is consistent with the

presence of traces of zinc in some of the slags (see copper smelting slags in section 7.1.6).
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This comes as no surprise as these sulphide minerals are typically encountered in association

with pyrite and other sulphide deposits.

Another four samples (257-3130, 753-5028, 585-4328A, and 585-4328B) could be grouped
together as they are formed mostly of iron hydroxides with occasional pyrite and chalcopyrite
inclusions (Figures 7.40-7.43). Sample 257-3130 is interesting in that it is essentially a solid 1
cm? fragment of weathered pyrite with corrosion still maintaining the mineral’s cubic crystal
microstructure (Figure 7.44). One of these samples, 585-4358B, also contains large
magnesium silicate crystals with iron oxide inclusions (Figure 7.45), a feature common of
metamorphosed serpentinite. Most of these iron rich minerals appear to have been

concentrated in the earliest levels of the site (CBT | and Il).

p
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Figure 7.40 SEM image of sample 799-5409. The Figure 7.41 Photomicrograph of sample 637-4218
bright grey angular crystals are chalcopyrite showing a mixture of pyrite (white) and chalcopyrite
surrounded by light grey corrosion in a dark grey (yellow) in a quartz matrix (grey).

quartz matrix.

Figure 7.42 Photomicrograph of sample 585-4328A Figure 7.43 Photomicrograph of sample 753-5028
showing a network of elongated iron hydroxide with both magnetite and iron hydroxides within the
crystals. porosities.
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Figure 7.44 Photomicrograph of sample 257-3130.
The bright whitish phases are the remaining
chalcopyrite crystals surrounded by corrosion.
Entirely missing are the pyrite crystals which have
largely corroded to iron oxides, leaving behind only
the crystalline structure.

Figure 7.45 Photomicrograph of sample 585-4328B.
The black inclusions are iron oxides in a magnesium
iron silicate matrix.

Samples 877-5695 and 838-4870 (from CBT | and Il respectively) consist of highly weathered

chlorite minerals, both of which contain frequent remnants of oxidized pyrite inclusions.

While sample 838-4870 is the typical green colour commonly seen in much of this group of
minerals (Figure 7.46), 877-5695 is yellowish brown (Figure 7.47), suggesting higher iron
content. Chlorite minerals are largely expected from the surrounding ophiolitic geology as
they tend to form in a wide range of metamorphic contexts. They may well have been
associated with any copper ore deposit in the area, but despite their green colour they are

not copper-bearing minerals themselves.

L)

Figure 7.47 Photomicrogaph of sample 877-5695.

Figure 7.46 Photomicrograph of sample 838-4870.

The matrix is composed of fibrous magnesium
silicate serpentinite but contains some rare
chromite and iron sulphide minerals. No copper
mineralizations were observed, although SEM-EDS
analysis showed up to 2 wt% of copper present in
the matrix.

The reddish matrix is plausibly clinochlore while the
weathered cubic inclusions are the remains of pyrite
crystals. The bright phases in the top centre of the
frame are examples of the few pyrite crystals
remaining. The grey veins are magnetite corrosion.
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The last two samples are very different than the rest and are suggestive of some form of ore
processing being undertaken on site. Sample 727-4659 was found to be extremely
fragmentary and appears to be mostly composed of crushed angular grains of chlorite,
ranging between 20 um and 200um, with frequent pyrite, chromite, and chalcopyrite mineral
inclusions (Figures 7.48 and 7.49). This conglomerate texture and microstructure is
suggestive of ore beneficiation processes where minerals are crushed and sorted to remove

the metal bearing fraction and left to corrode and sinter post-depositionally.

- RSN P, MR

Figure 7.48 Photomicrograph of sample 727-4659
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Figure 7.49 SEM image of sample 727-4659. The
showing crushed agglomerated minerals sintered by interstitial area is copper and iron oxide corrosion
corrosion. binding the angular grains together.

Under the microscope, the last sample (619-3497) proved to be composed of highly
weathered iron hydroxides but with the remains of a network of magnetite crystals (Figure
7.50). These crystals take either the shape of long thin intermittent finger-like structures, or
of globular petal-shaped crystals resembling blobs of ink (Figure 7.51). The long thin finger-
like crystals of magnetite are known to form as oxidizing high temperature solid solutions
(HSS) from pyrite and chalcopyrite. They indicate that the temperature was not elevated
enough for the copper sulphide to have fully dissolved or liquefied, but that a strong oxidizing
atmosphere was present which was in the process of removing much of the sulphur. This
type of microstructure, although highly corroded here, is common when iron and copper
sulphide minerals are exposed to an open fire (Bachmann 1982, 23). Although a single
specimen is certainly not strong evidence, but it is plausible that this represents a conscious

attempt at roasting the ores prior to smelting.
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Figure 7.50 Photomicrograph of sample 619-3497
showing the original pyrite and chalcopyrite mineral
microstructure. The pinkish colours are chalcopyrite
while the grey is iron silicate and the light grey is
magnetite. Orange iron hydroxides can be seen
throughout where the mineral has weathered post-
depositionally.

Figure 7.51 Photomicrograph of sample 619-3497.
The majority of the sample consisted of this type of
microstructure showing a wide range of weathering
products. Just visible are the network of highly
stable magnetite ‘fingers’ and the dark grey inkblot
blebs of what appear to be wiistite.

Chemical analysis reflects the heterogeneity of the microstructures of these minerals, and

although the compositions reported here are more or less in agreement with the groupings

identified using optical microscopy, the results show a high degree of variability within each

group (Table 7.11). The lack of clear trends in the data is likely caused by the low sample

count. Given that the sampling was random, they should nevertheless be roughly

representative of the full gamut of mineral types found within the assemblage, even if the

results do not accurately reflect their distribution across the site.

Table 7.10 Bulk Composition of minerals recovered from Camlibel as determined by SEM-EDS. Results are the

average of at least three area analyses taken at 100X maghnification and presented in wt%.
Sample Phase Naz0 Mgo Al,03 Si02 P20s SO3 K20 Cao TiO, Cr03 MnO FeO Cuo As;03
934-5409 CBTI bdl | bdl | bdl | 156 | bdl | 206 | 76 | bdl [ bdl | bl | bdl | 472 | bdl | badl
257-3130 CBTI b.d.l. 0.2 b.d.l. 6.4 b.d.l. 4.2 0.9 0.5 b.d.l. b.d.l. 0.2 84.1 37 b.d.l.
877-5695 CBTI 2.2 5.4 121 33.2 0.4 0.7 1.8 0.6 21 b.d.l. b.d.l. 41.5 b.d.l. b.d.l.
753-5028 CBT I bdl | 51 | bdl | 128 | bdl | bdl | bdl | bdl | bl | bdl | bdl | 831 | bdl | badl
838-4870 CBT I bdl | 333 | 129 | 485 | bdl | bdl | bdl | 04 | bdl | 07 02 | 132 ] 19 | bdl
585-4328A | caTHl bdl. | 08 | bdl | 67 | 04 | 05 | bl | 124 [ bdl | bdl | 03 [ 895 | 05 | badl
585-4328B CBT I b.d.l. 7.3 0.2 17.8 0.4 0.4 b.d.l. 0.7 b.d.l. 0.5 b.d.l. 725 0.3 b.d.l.
727-4659 CBT Ill / SPEU b.d.l. 133 6.9 49.7 b.d.l. b.d.l. 0.5 53 13 b.d.l. b.d.l. 8.8 14.2 b.d.l.
799-5218 SPEU bdl | bdl | 31 | 412 | bl | 221 | 56 | 13 | bdl | bdl | bdl | 278 | bdl | bl
637-4218 CBT IV b.d.l. 1.0 21 77.1 b.d.l. 4.7 b.d.l. 0.2 0.2 b.d.l. b.d.l. 11.9 2.8 b.d.l.
619-3497 CBT IV b.d.l. b.d.l. 0.4 6.1 0.1 0.9 0.1 0.5 b.d.l. b.d.l. b.d.l. 70.1 219 b.d.l.
637-4221B CBT IV b.d.l. b.d.l. 0.1 39.6 b.d.l. 9.9 b.d.l. 0.2 b.d.l. b.d.l. b.d.l. 41.2 8.9 b.d.l.
637-4222 CBT IV b.d.l. 3.6 7.2 43.7 b.d.l. 6.9 b.d.l. b.d.l. 1.4 b.d.l. 0.6 33.1 3.9 b.d.l.
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Despite this caveat, it can be tentatively stated that minerals recovered from the earlier
periods of CBT | and Il tend to be ultramafic rocks high in iron and magnesium and poor in
copper (mean of 1.6 wt%), while later periods were dominated by silica rich sulphide minerals
with a higher copper content (mean of 11.9 wt%) in the form of chalcopyrite. This distinction
can be seen in the ratio of Si02:FeO+MgO which demonstrates a slight chronological divide,
with the exception of sample 619-3497 from CBT IV which consists of a fragment of possibly

roasted ore (Figure 7.52).
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Figure 7.52 Scatterplot showing the main two chronological groupings of mineral types
recovered from Camlibel.

Although the two broad categories appear separated chronologically, it should be mentioned
that in either cases the compositions of the minerals are either too rich in silica or in iron and
magnesium to form fully liquid slag at temperatures attainable during the Chalcolithic. As
such, mechanical separation of copper through differential density would not have been
possible without the addition of some flux. That being said, the combination of both of these
mineral types together would form a composition which approaches the fayalite eutectic (2:1
Me:Si). However, given the distribution of these minerals across distinct occupation phases,
there is little evidence to show that they were indeed mixed. Furthermore, these results do
not reflect the composition of the slag reported in the next section, which contain much

higher amounts of calcium oxide, which is notably low in these mineral samples.

The copper content is also problematic when describing these as ores. Most samples, with
the exception of 619-3497 (21.9 wt% Cu), 727-4659 (14.2 wt% Cu), and perhaps 637-4221B
(8.9 wt% Cu) contain too little copper to have been economically recoverable by Late

Chalcolithic extraction technology. As will be discussed in the next section, the slags
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themselves retained significant amounts of copper (3.6 wt% mean, and rarely less than 1
wt%). As such, an ore would need to contain significantly more than 3% copper in order to
be viably extractable, and therefore most of the minerals presented here cannot be
considered ores according to the modern definition of the term. Given that they were
transported to the site by human agency, that they do contain some copper, and are
generally associated with metallurgical debris, most of these samples are best described as
discarded tailings from the removal of gangue minerals during beneficiation to concentrate

the copper minerals before the smelt.

In contrast, sample 727-4659 represents the likely intended product of such operations,
being a conglomerate of crushed copper-rich particles mixed with a variety of gangue
minerals. Similarly, the most elevated copper content analysed was found in the highly heat
altered pyrite and chalcopyrite of sample 619-3497, which should therefore be also

considered an ore, albeit already processed by roasting.

The chemical analysis of the material confirms that the minerals are generally sulphidic and
ultramafic, which comes as no surprise in a landscape dominated by ophiolitic serpentinite
ridges. These geological formations are commonly associated with copper mineralizations,
such as is the case in the famous Troodos Mountains of Cyprus, and the minerals recovered

from Camlibel were most likely sourced from the immediately surrounding area.

The copper mineral source identified near Karakaya has therefore also been analysed in the
hopes of confirming the nature of the copper sources exploited at Camlibel. The outcrop
consists of an isolated extrusion of iron sulphide, roughly 2m in diameter, eroding from a
serpentinitic ridge (Figure 7.53). It is composed of a yellowish orange core with weathered
bands of iron and copper hydroxides (Figure 7.54). Sampling of this mineral source was
predominantly concerned with the green oxide formation and it was therefore the focus of
the analysis. The matrix was found to be mostly composed of a mixture of serpentinite and
iron hydroxides. Chromite crystals (FeCr,0Q4) surrounded by shells of magnetite corrosion as
well as a few crystals of phosphate rare earth compounds between the composition of
monazite-(Ce) and monazite-(La) were also identified throughout the sample. A few isolated
pyrite and chalcopyrite minerals were also observed (Figure 7.55), which may suggest that
some parts of the outcrop may be richer in copper than this particular sample. Spot analyses
of some of these chalcopyrite phases showed the presence of minor amounts of zinc,

although no zinc minerals such as sphalerite were observed.
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Figure 7.53 Photograph of the iron and copper sulphide extrusion from a serpentinitic ridge (photograph
courtesy of UIf-Dietrich Schoop).
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Figure 7.54 Photograph of the Karakaya Figure 7.55 Photomicrograph of the ore outcrop sample. The
ore sample. bright phases are mixtures of chalcopyrite and pyrite

surrounded by grey and yellow corrosion. The majority of the
matrix is composed of magnesium iron silicate.

Bulk analysis (Table 7.12) demonstrated an expectedly low copper content of just 1.7 wt%,
once again too low to be efficiently extracted by available techniques of the time. The
composition of the Karakaya source was found to be very similar to that of at least one of the
minerals recovered from Camlibel (838-487), although the aluminium content is significantly

higher in this case.

The lack of a clear relationship between the composition of this sample and those from
Camlibel certainly puts in question whether this type of deposit was indeed exploited at the

time, however this likely reflects the fact that only one sample was taken from a single
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outcrop, which is entirely too limited to characterize a geological deposit. Lead isotope data,
which will be discussed further in chapter 8, was also inconclusive in attempting to tie this
deposit to the minerals and slag from Camlibel due to the near complete absence of lead in

the sample.

Table 7.11 Bulk composition of minerals recovered from Karakaya outcrop as determined by four area analyses
at 100X magnification by SEM-EDS.

MgO | AlOs | SiO: SO3 cl Ca0 TiO2 | Cr:03 | MnO | FeO CuO | As:0;

Karakaya outcrop | 28.7 12.2 41 b.d.l. | b.d.l. | b.d.l 0.6 0.2 b.d.l. 15.6 1.7 b.d.l.

7.1.6 Slag
Slag cakes and slag fragments form the bulk of Camlibel’s metallurgical assemblage and also

contain the most informative clues towards the reconstruction of the extractive process. As
such, this section will thoroughly describe the full assemblage recovered from the site
macroscopically as well as the analysis of the 39 samples of slag and related material

exported for further study.

Most of the slag, although highly variable, will be described as a single group of samples since
no compositional or typological patterns could be identified which clearly defined separate
clusters amongst them. Regardless of the wide range of morphologies and compositions of
these samples, they can all be broadly categorized as smelting slag and will therefore be
presented together. Their macroscopic descriptions will focus on the characteristic of the few
complete slag specimens recovered from the site. This data will include samples measured,
weighed, and photographed during fieldwork conducted in 2013 to discern any general
morphological patterns in their distribution and compare this to their archaeological and
chronological contexts. Macroscopic descriptions of the slag will thus include information
obtained from samples which were unavailable for more in-depth microscopic and chemical

study.

Microscopic descriptions of exported samples will cover the entire spectrum of crystalline
phases present in the majority of the available assemblage of slag. Special attention will be
paid to sulphide and metallic phases as they are most relevant when discussing the intended
smelting products. Individual samples will only be discussed when specific features relate to
only a small subset of the main slag assemblage which highlight specific aspects of the

smelting process.

This will be followed by a discussion of the bulk chemical composition of these slags to once

again assess the presence of trends in the data. Bulk compositions will also be used to gauge
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thermodynamic conditions of the smelts as well as to relate the slags to their original ore

charges.

In addition to this main category encompassing the majority of the slag assemblage, four
samples will be discussed in two separate groups as they do not conform to the general
morphology and composition of the rest. These results will be presented in the same order
as that of the rest of the slag — macroscopically, microscopically, crystallographically, and
chemically. Two samples of matte and two samples of arsenic-rich slag will thus be described
separately from the rest. The matte will be useful in describing a waste or secondary product
of the smelting process, while the arsenic-rich samples represent an entirely separate

process and can best be described as crucible slags.

Copper smelting slag
Without those few notable exceptions, there is little to distinguish macroscopically between

the majority of the various lumps and fragments of slag recovered from Camlibel. The main
discerning factor seems to be the level of fragmentation of the slag, although this does not
correlate with any microscopic or compositional differences. While most of the slag
fragments were recovered as small crushed pieces of 1-10 cm3, at least ten specimens were
identified as complete or nearly complete (Figure 7.56), which were of great help in assessing

the slag’s original morphology.

Overall they can be described as slag cakes with a flattened base and heterogeneous top
surface. The bases are slightly convex and have sand and soil adhering to them, and therefore
likely formed by rapid cooling on a rough surface. Their upper surfaces are heterogeneous
and bubbly, with large fragments of unreacted gangue. No other features commonly seen in
typical tapped slags could be observed, confirming the initial interpretation that the slags
flowed from above (Rehren and Radivojevi¢ 2010) and were likely dumped onto the ground
or other surface as a lump rather than a continuous flow. Many of the smaller fragments also
have convex bases or heterogeneous surfaces, attesting that they were originally of the same

shape as the complete specimens.
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Figure 7.56 Photographs of two complete slag cakes with flat base and semi-molten upper area.

The slags are generally greyish brown in colour with copper oxide staining commonly present

on the outside and dark grey in in cross section. Approximately a tenth of the slag assemblage

had clear sulphide corrosion on the surface which suggests that sulphur was rarely

completely removed and remained an important component of the smelting charge. In two

fragments (60-3094 and 722-4629) the amount of sulphur was so extreme it is unlikely that

copper metal could have been produced (Figure 7.57).

60-3094

722-4629
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Figure 7.57 Samples 60-3094 and 722-7629 showing the formation and accumulation of iron sulphide

corrosion.

The cakes are roughly circular in shape, have a diameter of 5-10 cm, are typically less than

5cm in height, and weight between 50 g and 200 g. Of the entire slag assemblage of 174

pieces (7098 g), 71 (4792 g) have clear evidence of having a flat base (41%). Furthermore,
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those with identifiable bases also tend to be larger (mean 67.5 g) than amorphous fragments
(mean 22.4 g) and are therefore responsible for a larger portion of the total weight of slag
for the site (68%). Although this size range is well within the limits of what could be produced
within bowl furnaces, their characteristic shape indicates that they likely formed in crucibles
which could be emptied while hot. It is therefore unlikely that the small bowl hearths found
throughout the site could have produced them without the added use of crucibles (see
section 7.1.3). The slags do not appear to have been fully molten but rather achieved only a

highly viscous and heterogeneous state during smelting.

The macroscopic appearance of these fragments is well in line with the typical appearance
of Chalcolithic slags in general. These are usually defined as highly viscous, partially fused
material which contains frequent remains of incompletely reacted minerals and large
numerous millimetre-sized metallic copper prills resulting in relatively high copper content

(Bachmann 1980; Palmieri et al. 1992).

It is worth noting that in no instance was the negative impression of a regulus observed on
any of the slag bases. Such a feature would be expected should the metal have fully separated
into a solid metal or matte ingot below the slag (Figure 7.58). That it did not suggests that
either the slag solidified into these shapes after having been mechanically separated from
the product (such as by tapping or scraping the slag off), or that the copper remained trapped
as prills which had to be extracted by manual crushing and sorting due to the overly viscous
nature of the semi-liquid slag. Since no evidence for the former of these two exists and
because most of the recovered slag appears to have been crushed and processed, the latter
of the two explanations seems to be the most plausible. The presence of a flattened base is
in agreement with this since it appears to have rested directly on a hard surface rather than
on a bed of solid material which could have allowed the metal or matte to flow away from

the slag without forming the characteristic negative impression below the slag.
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Figure 7.58 Photograph of experimental copper oxide smelting products (Bamberger and
Wincierz 1990, 133). Note the ingot on the left with its slightly curved upper surface and the
inverted imprint on the base of the slag cake on the right with upraised meniscus caused by

surface tension.

In all instances the samples contain frequent porosities ranging in size from 5 um to 50 um,
with the occasional larger voids measuring up to 1cm in size. Slag porosity is known to be
largely caused by the formation and entrapment of gases caused both by the oxidation of
some elements and the reduction of volatile transition elements such as arsenic. In addition
to being dependent on atmospheric conditions which are responsible for the production of

gases, the amount of porosity is also directly dependent on the viscosity of the slag.

In fragments that could be orientated by the presence of a base, a clear difference in
microstructure could be distinguished between the top and bottom areas. In such cases, the
top areas were typified by large fragments of incompletely molten gangue minerals while the
bases were usually much more homogenized and composed of fully formed silicate crystals
in a microcrystalline matrix. This is caused by less than optimal charge compositions and non-
equilibrium conditions which prevented the slag from being fully molten. The denser and
more liquid slag invariably flowed down while the lighter, semi-molten or incompletely
dissolved mineral fragments remained floating on the upper surface. This has had the effect

of creating much heterogeneity, not only between slag samples, but within each sample.

As such, a wide range of crystalline structures could be observed in many of the samples
which are not commonly found in association with each other in later, more standardized
smelting operations (Bachmann 1982). The strong localisation of diverse silicates within the

slag is in part due to the highly variable mineral sources used by early smelters, but mostly
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the result of the partially molten state of the slag where the compositions, temperatures,
and free-oxygen pressures varied widely within the same smelt, something which comes as
no surprise in this context. In essence, the heterogeneity observed here epitomizes the trial
and error approach to smelting and its small scale, domestic nature commonly associated

with Chalcolithic metallurgy.

Generally speaking, the microstructure of the samples tends to be dominated by the olivine
group of minerals found in 35 of the analysed slags, with most samples containing either
fayalite crystal chains (Fe;SiO4) (n=12; Figure 7.59) or crystals approaching the composition
of forsterite (Mg SiO4) (n=15; Figure 7.60), and in some instances, both (n=6). The majority
of olivines were present as angular to sub-angular crystals, often exhibiting some coring with
the center being closer to the ideal mineral composition of end-members and the outer
edges enriched in Mg, Fe, or Ca depending on the overall bulk composition of the melt. In
addition to these two main minerals present, many of the samples also contained significant
calcium and can therefore be more accurately classified as belonging to the solid solution
spectrum ranging between kirschsteinite (CaFe?*SiO4) (n=9; Figure 7.61) and monticellite
(CaMgSiO4) (n=4) end-members (Figure 7.60). These minerals reflect quite accurately
geological specimens which are expected to be present in basic igneous rocks such as the

ophiolites found around Camlibel.

Figure 7.59 SEM image of sample 630-3866 showing

both elongated skeletal chains of fayalite (light grey) Figure 7.60 SEM image of sample 222-326A. The

and small feathery hedenbergite crystals (dark grey angular zoned polyhedral crystals are olivines

matrix). The bright prills are matte. approaching the composition of fosterite with an outer
edge enriched in iron. The dark elongated crystals are
calcium- rich monticellite and the small light grey blebs
are magnetite. All of these phases lie within a
microcrystalline matrix.
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| 100um

Figure 7.61 SEM image of sample 637-4456 showing a
typical microstructure of dark grey cored kirschsteinite
crystals within a glassy matrix. The bright prill in the centre
is matte, with both iron and copper sulphide phases. Light
grey sub-angular blebs are magnetite.

It should be mentioned that although the presence of silicon, iron, and magnesium and their
relative ratios in each of these slags must have been introduced from the ore charge or
originated with the inclusion of vitrified ceramic, it is probable that a significant proportion
of the variability in calcium was rather related to the amount of fuel ash present in the system
and thus a consequence of both the type of fuel used and of the duration of the smelt. As
such, the presence of minerals enriched in calcium, such as those approaching the
compositions of monticellite and kirschsteinite, may not reflect differences in the charge but

rather in the smelting technology or technique.

In only three samples (561-3957, 722-4629, and 846-5515) were olivine group minerals

entirely absent.

Approximately half of the slag samples (n=22) contained pyroxene group minerals in addition
to the olivines, although generally occurring with lesser frequency. These tended to fall
within the solid solution range between diopside (MgCaSi,O¢) (Figure 7.62) and hedenbergite
(FeCaSi,O¢) (Figure 7.63) or falling within the broad composition spectrum of augite
((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al);0¢) (Figures 7.63 and 7.65). These crystals appear angular and

often show clear zoning on their outer edges where they are richer in iron.
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Figure 7.62 SEM image of sample 637-4225 showing a
typical microstructure. The large dark angular cored
crystals are diopside with light grey fayalite chains
between the grains. The bright thin strings dispersed
throughout are matte.

100pm
Figure 7.63 SEM image of sample 846-5515. The large
dark angular crystals are hedenbergite while the small
lath-like crystals between the grains are fayalite. The
bright phases are HSS of copper and iron sulphide and
matte prills.
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Figure 7.64 Photomicrograph of sample 210-299 at
200X magnification. The dark grey angular crystals,

half of which exhibit planar fracturing, are pyroxenes
within the solid solution range of augite. The light grey
crystal chains between them are the olivine fayalite,
while the pink, blue, and yellow phases are solid
solutions of copper and iron sulphide. Frame is 0.6mm
wide.

Figure 7.65 Diagram of pyroxene end-members.

These common crystalline phases are useful when trying to determine the operating
temperatures reached by the smelting operations as they act as markers since they only form
and remain stable under specific atmospheric conditions. For example, pyroxenes are known
to crystallize at 1150 °C to form minerals in the augite range (Huebner and Turnock 1980),
while hedenbergite is only stable subsolidus at temperatures below 980 °C (Schreiner et al.

2003).

The intergranular matrix of all slag samples was composed of the full spectrum of micro- to
cryptocrystalline, usually too minute to be analysed by scanning electron microscope, giving
them the appearance of glass. Area analyses of these phases revealed them to be generally

composed of silicates with varying ratios of Ca-Mg-Fe.
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In addition to the more typical crystalline structures, some outlier minerals were observed in
a few samples, such as anorthite (CaAl,Si>Os) in two samples (Figure 7.66), and occasional
occurrences of barites/celestine (BaSO4/SrSOs; Figure 7.67). Chromite (Fe?*Cr,04) crystals

were also occasionally present in small quantity, as were rare earths.

Figure 7.66 SEM image of sample 443-3708 showing Figure 7.67 SEM image of sample 890-5774 showing
dark rectilinear anorthite and grey angular olivine elongated lath-like barite/celestine crystals growing
crystals in a microcrystalline matrix. Bright prills are  within a cavity. The surrounding matrix is composed
copper-iron sulphides. of dark grey fayalite and light grey magnetite.

Almost every specimen contained large amounts of magnetite spinels present in clusters
throughout the matrix (Figure 7.68) and as skins on the outside surfaces (Figure 7.69), which
testifies to the only lightly reducing atmospheric conditions present in most of the slags, and
to the contact of the slag to ambient air while still hot. Furthermore, there is a strong
correlation between the presence of magnetite and that of metallic copper prills. Spinels are
known to generally increase slag’s viscosity, thus preventing the formation of large copper
prills, and in so doing inversely affect copper yields (Gilchrist 1989). However, since
separation of slag and metal was never intended here, the formation of magnetite is not

thought to have greatly affected the success of the extraction process.
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Figure 7.68 Photomicrograph of sample 890-5774
showing large quantity of magnetite spinels. Note the
association with reddish copper metal prills in the
centre and larger blue-grey covellite surrounding what

may have been copper before corroding away. Frame

Figure 7.69 SEM image of sample 846-5528a. Note the
thick magnetite skin on the surface. The cored angular

crystals are diopside, the large dark bleb is
incompletely reacted quartz, while the bright phases
in the bottom left are the remnants of HSS in the

is 1.8mm wide.
process of dissolution.

The most striking features of the slag are high temperature solid solutions (HSS) of copper,
iron, and sulphur in the process of reduction (Figures 7.70 and 7.71), present in all of the
samples analysed. These phases are mainly composed of pyrrhotite (FeS) and covellite (CuS),
but also bornite (CusFeSs) and chalcocite (CusS), and more rarely, the original minerals
chalcopyrite (CuFeS;) and pyrite (FeS,). They are often abutting large porosities caused by

release of sulphur dioxide and other gases.

Although not ubiquitous to every sample or to every HSS bleb, many of the analysed sulphide
phases revealed some minor component of nickel and, more rarely, of zinc in solution. This
is in line with expectations as sulphides of both elements are geologically associated with
iron and copper sulphide deposits, and particularly so in ultramafic rocks. Given the
propensity of zinc to partition into the slag and for nickel to remain with the copper, the
presence of both of them in the HSS phases confirms that these sulphides originated directly

from the ore deposits and did not form secondarily in the melt.

Indeed, the various phases observed in the HSS commonly form from an original charge of
chalcopyrite or other iron-copper sulphide minerals under mildly oxidizing atmospheres. The
process involves first the formation of eutectoid magnetite ‘fingers’ at the grain boundaries
and the consequent loss of iron from the sulphidic body at elevated temperature. In parallel
to this reaction, a large portion of the sulphur is oxidized and escapes the melt as sulphur
dioxide gas. However the removal of sulphur is rarely complete in the typically reducing
conditions of a smelt. As the iron continues to be oxidized and dissolved into the surrounding
iron silicate slag melt, the remaining phases are enriched in copper while maintaining roughly

the same ratio of metal to sulphur. This process occurs unevenly and results in the
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characteristic phases seen here when the reaction is interrupted during cooling. When the
iron is allowed to be fully slagged, the remaining copper sulphides form discrete prills of
matte typical of these and other prehistoric copper smelting slags. These can then be further
reduced to copper metal in an oxidizing atmosphere or in the presence of copper oxides in a

co-smelting operation.

That being said, these HSS phases described here are generally associated with rounded prills
of copper sulphide, but rarely found in association with those fully reduced to copper metal.
In fact, only about a quarter of the analysed slag samples contained identifiable metallic

copper prills, which will be described in more detail below.

All in all, the consistent presence of HSS phases demonstrates that atmospheric conditions
prevailing during smelting, although lightly reducing, did not contain enough free oxygen to
fully remove the excess sulphur and may be largely responsible for the failure to produce
copper in many instances observed here. That is not to say that copper was not being
systematically produced at Camlibel, but only that most of the slag samples analysed here do
not exhibit the elevated copper metal content typical of early smelting slag and that sulphur

was commonly present in levels which drastically limited the copper yield.

70pm

Figure 7.70 Photomicrograph of high temperature L

Figure 7.71 SEM image of sample 630-3865 showing
the various phases of partially corroded HSS. The
bright grey angular phases are pyrrhotite and
covellite while the small fine finger-like structures at
the grain boundaries are magnetite.

solid solution of covellite (blue), bornite (yellow), and
pyrrhotite (bright yellow) in sample 836-4860. Frame
is 0.9mm wide.

Continuing with the description of the main microstructural characteristic of the slags, eight
samples, representing a fifth of the analysed slag, contained large pieces of semi-reacted
quartz gangue throughout the matrix (Figures 7.72 and 7.73). The quartz remnants were
usually fairly large and although some measured less than 50 um, most were between 1 mm

and 1 cm in size. They show the characteristic cracks and gas porosities of thermal damage
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and often appear to have been in a partial state of dissolution into the surrounding melt at

the moment of crystallization.

Four of the quartz-rich samples also contained large quantities of magnetite and metallic
copper prills were observed in two of them. Olivines are the main crystalline component of
these slags, with fayalitic chains present in five of them, kirschsteinite in two, and monticellite
in a further two. Pyroxenes were present in four, but only in minor quantities. No correlation
could be found between the presence of these large quartz particles and the surrounding

slag microstructure.

Figure 7.72 SEM image of sample 630-3866 showing Figure 7.73 SEM image of sample 222-326A. The
the large incompletely reacted quartz fragments large angular grey cracked crystals are quartz while
found throughout the sample, accounting for its the surrounding microcrystalline matrix is mainly
high SiO; content. composed of magnetite and olivines.

These quartz inclusions in the slags have been recognized in a variety of contexts and are
usually described as ‘free silica slag’ (Hauptmann 2007, 167-169). These features are widely
understood as the result of the addition of quartz to a charge, but the reasons for this are
still debated. They have been interpreted in a variety of ways which include the intentional
cooling of lead/silver smelting slags (Tylecote 1987) or the formation of a layer acting as a
sieve to facilitate liquefaction (Lutz et al. 1994). However, the inconsistency of the presence
of such inclusions at Camlibel and the clear absence of a fully molten slag means that these
are unlikely to have been added to optimize the formation or handling of the slag, which are

rather recent technical innovations.

Bulk analysis revealed that many of the samples containing quartz fragments were generally
too rich in silica (>50wt% SiO>) to form a fully molten slag and could never have been entirely
liquid at temperatures typical in Chalcolithic furnaces of less than 1200 °C. Although it does
not fully describe the complex composition of iron silicate slags, the binary diagram for FeOy
and SiO; clearly shows the low eutectic that allows most slags to be liquid at typical operating

temperatures and the steep liquidus line gradient in such silicates containing beyond 40%
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silica (Figure 7.74). It is much more likely these inclusions are the remains of quartz-rich host
rock as described for other early slags in Oman, the Faynan area of Jordan, and the Austrian
Alps (Hauptmann 2007). In addition, it seems likely, although this was not verified empirically
for these samples, that the remaining quartz particles had undergone partial structural
transformation to cristobalite much as has been observed in similar slags from Tepe Sialk and
Faynan (Hauptmann 2007; Schreiner et al. 2003). Fine fern-like tridymite were not observed
in any of the slags, probably due to the large size of the quartz grain particles introduced into

the charge (Hauptmann 2007).

Mole fraction Si0,

0.0 02 0.4
2100 - T s s S

190Q

1700 +

Cristobalite ——|

14707

Temperature, ‘C
=}
=3
o

Tridymite ————=|

1300

C 177 1178
24 38
100 -
o
v
r I~
&
o~
200 n L L ' . . 1 1
[V} 20 40 60 80 100
FeO, Si0,

Mass % Si0,

Figure 7.74 Binary phase diagram of FeOx and SiO, (Eisenhiittenleute 1995, 79).

Only 11 samples, representing 27.5% of the analysed slags, contained metallic copper prills,
mostly less than 5 um in size but occasionally up to 50 um. The scarcity of metallic phases
means that the bulk copper content of the slag is largely due to the prevalence of sulphide
phases. As sulphide phases are less dense than copper metal, it is possible that much of the
copper produced accumulated in the lower region of the slag cake which was later processed
to extract the copper prills and thus absent from the archaeological record. This would
certainly explain the fragmentary nature of much of the slag remains uncovered at Camlibel.
Thus, the remaining nearly complete slag cakes were likely those which were considered to

have too little copper to be of use and discarded as failed smelts.
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Although 11 samples contained metallic copper prills (Figures 7.75 and 7.76), two of them
consist of the arsenic-rich slags previously mentioned (740-6358 and 561-3957) and will
therefore be reported separately. The means of the analysis of several metallic copper prills

in each of the nine remaining samples are reported in Table 7.13.

Figure 7.75 SEM image of copper prills surrounded by Figure 7.76 SEM image of bright copper prills
magnetite spinels in sample 629-3860. The long dark surrounded by long dark diospide crystals in a glassy
crystals are olivines. matrix from sample 722-4629.

Table 7.12 Composition of copper prills within the Camlibel slag as determined by SEM-EDS. Results are
normalized to 100% and presented in wt%.

Sample # prills S Fe Cu Ni As

222-326A 2 0.1 5.1 93.7 0.4 b.d.l.
527-4329 6 0.1 1.5 97 0.9 b.d.l.
629-3860 8 2.8 96.5 b.d.l.
637-4226B 2 0.3 2.3 94.8 1.8 b.d.l.
722-4629 5 2.8 96.1 b.d.l.
777-5161 3 3 97 b.d.l.
846-5528b 3 5 95 b.d.l.
890-5774 8 6.5 93.3 0.2 b.d.l.
97-3588 12 0.4 4.9 94.3 b.d.l.

In all instances the prills were composed of nearly pure copper metal with arsenic well below the
detection limit of the SEM-EDS, estimated at 0.1 wt%. Further analysis of two samples by WDS
confirmed this and showed arsenic present near the detection limit of this second instrument,
reporting values between 10 ppm and 100 ppm, with a mean of 74 ppm (Appendix B.5). Arsenic
has a strong affinity for copper and should any arsenic have been present during the smelt,
significant detectable amounts would be expected in at least some of the metallic copper prills.
The difficulty in entirely removing arsenic from copper, even under strongly oxidizing conditions,
has been reported several times (Ozbal et al. 2002; Rehren et al. 2012, 1724) and it is therefore
unlikely to have entirely escaped the system if it had been present to begin with. The absence of
such impurities in all instances suggests that no arsenic was introduced with the charge and thus

the intended product was unalloyed copper metal. This point has been alluded to several times
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already and has several implications regarding the alloying of copper and arsenic at Camlibel

which will be discussed in more depth in later sections.

Four of the samples contained prills with detectable levels of nickel present. Nickel typically
partitions into copper metal during smelting and is thus easily concentrated in metallic prills. That
only half of the copper-bearing samples had significant amounts of nickel suggests some

variability in composition of the charge.

Zinc, which is present in one of the slags bearing copper metal (722-4629) is notably absent from
the metallic prills. This is likely due to zinc’s tendency to partition mainly into the slag during
smelting and easily lost to volatilization and oxidation (Tylecote et al. 1977). It appears that unless
zinc is present in the ores in the low percent level, only insignificant amounts end up in the
metallic copper phases. The previously discussed tailings recovered from the site showed that
zinc mineralizations were likely present in the ores, but only inconsistently and in very minor

quantity.

Analysed metallic prills found in the remaining nine samples were composed of nearly pure
copper with an average of 4 wt% iron, none of which were found to contain less than 1 wt%. It
can be questioned whether the iron being reported here is caused by analytical errors introduced
by the incidental interaction of the electron beam with the surrounding iron silicate matrix as has
been reported elsewhere (Georgakopoulou et al. 2011, 133), however this was found to be rather

unlikely in this case for a number of reasons.

Firstly, it can be confidently established that the electron beam did not reach the underlying iron
silicate matrix. The analysed prills were all larger than 10 um in diameter, which, assuming that
the prills are more or less spherical should insure that the copper extended well into the matrix.
Itis then possible to estimate the depth of penetration based on empirical data using an equation
offered by Potts (Potts 1987, 336-337) in order to verify that little unintended beam interaction

occurred:

0.1E,%°
X(um) = ——

Where E, = accelerating voltage (KV)

p = density (g/cm?)
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This calculation provides an estimated electron penetration depth of 1 um in pure metallic
copper with an accelerating voltage of 20 KV and is largely in agreement with theoretical
calculations which yield a maximum straight line distance of electrons travelling through
copper at 20 KV of 1.46 um based upon work by Kanaya and Okayama (Kanaya and Okayama
1972, 46). In addition, a number of electron trajectory simulations were run using the Monte
Carlo method in the Win X-Ray program. These simulations very rarely produced electrons
travelling more than 1 um; those that escaped the sample and could be analysed by the
detector had typically travelled a distance of between 0.1 um and 0.5 pum within the sample
(Figures 7.77 and 7.78). Since iron has a similar atomic mass and density to copper, it is not

expected that its presence had much impact on the penetration depth.
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Figure 7.77 Monte Carlo simulation of 200 electron Figure 7.78 Graph showing the penetration depth
trajectories in pure copper at 20 KV. Blue trajectories along the X axis and number of escaping electrons
indicate electrons that fail to escape the sample, along the Y axis in pure copper at 20 KV. Note that
while red reflect those that left the modelled sample the majority fall between 0.1 and 0.3 um.

and could be analysed by the detector. Diagram

obtained using Win X-Ray 1.3 with conditions set to

match those of the SEM-EDS instrument used.

Secondly, two samples which contained copper metal were analysed by an SEM-WDS at
UCL’s Wolfson Archaeological Science Laboratories in order to minimize the effects of pulse
pileup. The WDS instrument is also much better suited for detecting low concentrations of
silicon and oxygen which could be used to infer whether iron silicates were being analysed.
Much like the methodology employed for the SEM-EDS analysis, a series of several spots
were taken on various copper prills at a relatively low accelerating voltage of 20 KV to keep
the interaction volume low. All analysed prills were once again larger than 10 um. The
presence of only trace amounts of both oxygen and silica and the consistently elevated level
of iron (Table 7.14) is largely in agreement with the EDS data and confirms that the

background matrix was not responsible for the detection of iron in the prills since much
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higher ratios of iron to oxygen and iron to silicon would be expected should that have been
the case. A single analytical spot taken from a prill in sample 629-3860 showed that it was
partly corroded and contained oxygen above 10%. Although no silicon was detected in that
prill, it was excluded from the means reported here as it strongly skewed the other results.

Table 7.13 Result of microprobe analysis of copper prills within the slag matrix of two samples. Each row is the

mean of spot analyses of 11 and 12 different copper prills. Reported results are not normalized although ZAF
correction has been applied. The iron and copper account for more than 99wt% of the total.

Sample (o] Si S Cu Fe
629-3860  (11) 0.06 0.01 0.01 96.7 3.5
722-4629  (12) 0.22 0.13 0.05 96.3 2.8

Although the conditions in the smelt were far from equilibrium and phase diagrams should
not be overemphasized, it is worth pointing out that iron is soluble in copper up to a few
percentage points at high temperatures typical of copper smelting (Figure 7.79). Thus, at
1200 °C, up to about 6 wt% iron can be in solution. As the temperature drops, so does the
solubility of iron, down to approximately 0.2 wt% at room temperature (Salje and Feller-
Kniepmeier 1978), causing a iron dendrites to precipitate. Although these dendrites were not
observed in the prills, this is likely due to the instrument’s limited resolution at high

magnification.
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Figure 7.79 Fe-Cu binary phase diagram. From (Craddock and Meeks 1987).

It has been pointed out by Craddock and Meeks (1987, 198) that the presence of minor

amounts of sulphur (in the low percent levels), as copper sulphide or iron-copper sulphide,
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can lead to the accommodation of much more iron in solution at lower temperatures than in
pure copper. In theory, the sulphur is known to react preferentially with copper at
temperatures above 650 °C but, unless physically separated, will migrate to the iron upon
cooling below that temperature (Willis and Toguri 2009)(Figure 7.80). However, trace
amounts of sulphur were only detected in prills in four samples, and in each case the quantity

of iron and sulphur do not appear to correlate to each other (Table 7.13).
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Figure 7.80 Diagram of reaction dynamics of Pb, Fe, and Cu with
sulphur at varying temperatures (Rehren et al. 2012).

As such, it appears doubtless that most of the iron found in the copper prills is present in its
metallic state rather than as iron sulphides or iron silicate slag inclusions within the copper
or that it was inadvertently detected from the background iron silicate matrix. The iron could
therefore have been introduced into the copper during the smelting stage either through the
gradual reduction of iron oxides in the presence of strongly reducing atmospheres, through
the oxidation of iron-copper sulphides by co-smelting mixed oxides and sulphides, or a

combination of both.



Loic Boscher Analytical Results 171

However, for the former of these two pathways to the formation of iron to have occurred,
one would expect iron to be mainly present in its lower oxidation state of Fe?*, usually
observed in later Bronze Age copper smelting slag as dendrites of wiistite (FeO). The
reduction of magnetite to wistite is generally considered a precursor to the reduction of
wistite to iron metal, a process which requires strongly reducing atmospheres (Figure 7.81)
that are generally thought to only be achievable in much later shaft furnace designs (Killick
and Gordon 1988; Tylecote 1976). Since every slag sample which contained metallic copper
also exhibited abundant Fe?* in the form magnetite, pyroxene, or both, it is clear that fairly
reducing conditions were indeed present. As such, the absence of wiistite but the presence
of metallic iron in the prills is difficult to explain without pointing to the highly variable and
far from equilibrium atmospheric conditions prevalent during the smelts. It should be noted
that metalliciron, either in copper prills or as discrete phases, has been observed in a number
of prehistoric copper smelting contexts (Bourgarit 2007, 9; Georgakopoulou et al. 2011, 132-

133; Hauptmann 2007) and it therefore appears to be a common feature of such slags.
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Figure 7.81 This graph shows estimated temperatures and fO,
in which various phases coexist in slag. Adapted from
(Schreiner et al. 2003).

Bulk chemical composition of each sample was determined using a series of at least 3 SEM-
EDS area analyses at 100X magnification, each covering an area 1.2 mm by 0.8 mm.
Whenever possible, the analyses avoided exceedingly heterogeneous regions rich in metal
or gangue. In cases where the sample exhibited extreme heterogeneity, such as was the case

in some of the free-silica slags, the analytical areas were shrunk to 200X maghnification as it
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was felt that this would be more representative of the smelting conditions than analyses

which included large parts of gangue or metallic phases.

The results presented below are normalized to 100%, but the analytical totals were generally
lower due to factors discussed in the methodology (section 6.3). These mostly ranged
between 70 and 94, with the greatest variability attributable to porosity which could not be

avoided in bulk area analyses. The mean compositions of these areas are shown in table 7.15.



Table 7.14 Normalized bulk composition of slag remains from Camlibel as determined by at least three area scans by SEM-EDS. All elements reported as oxides except for chlorine.

Note that samples 602-3411 and 128-1083 are not included in this table as they essentially consists of highly corroded pure matte rather than slag and will be discussed separately. 5
Data for sample 97-3588 are for the slag inclusions within the conglomerate only. Some elements found in only a few samples at levels near the detection limit of the SEM-EDS o
were not included in this table but can be found in the appendix. é’
Sample Phase MgOo Al;0s SiO; P;0s SO3 K20 CaO TiO; MnO FeO CuO As;0s ZnO S
527-4329 Surface 12.6 4 45.7 11 1.2 1.5 11.4 0.4 b.d.l. 20.4 2 b.d.l. b.d.l. S
846-5515 Surface 3.8 0.5 47.7 b.d.l. 0.7 b.d.l. 17.2 b.d.l. 0.5 26 3.6 b.d.l. b.d.l
846-5528a | Surface 8 2.4 36.9 0.8 1.5 11 8.9 0.1 b.d.l. 39.3 0.9 b.d.l. b.d.l.
846-5528b | Surface 4.2 0.7 46.9 b.d.l. 14 b.d.l. 16.4 b.d.l. 0.3 28.6 1.6 b.d.l. b.d.l.
222-326A | CBT IV 9.4 1.8 41.4 1 1.2 1 19.7 0.2 0.7 23.2 0.4 b.d.l. b.d.l.
222-326B | CBT IV 1.6 6.5 28.3 0.4 3.4 0.2 1.8 0.4 b.d.l. 55.5 1.6 b.d.l. 0.3
443-3708 CBT IV 6.6 17.3 30.7 0.2 5.7 0.3 4.5 1.5 0.3 29.2 3.7 b.d.l. b.d.l
443-3710A | CBT IV 9.7 2.3 30.7 0.8 1.8 0.8 12.2 0.2 0.2 40.1 14 b.d.l. b.d.l. ]g
443-3710B | CBT IV 1.8 33 42.8 b.d.l. 0.9 0.2 8.3 0.3 b.d.l. 41.1 14 b.d.l. b.d.l. §r
445-3716 CBT IV 4.2 8.6 51.9 b.d.l. 0.5 0.2 12.6 0.7 0.2 20.9 0.2 b.d.l. b.d.l. %
446-3722 CBT IV 4.3 11 45.1 0.1 0.8 0.1 17.4 b.d.l. 0.6 27.9 2.6 b.d.l. b.d.l 2
466-4118 CBT IV 3 0.4 50.9 0 14 b.d.l. 15.6 b.d.l. 0.5 25.8 2.4 b.d.l. b.d.l. =
629-3860 CBT IV 10 2.9 47.6 0.9 b.d.l. 13 4.8 0.3 b.d.l. 27.1 5 b.d.l. b.d.l.
630-3865 CBT IV 5.5 13.2 34.3 0.2 2.7 0.1 10.7 11 b.d.l. 294 2.6 b.d.l. b.d.l.
630-3866 CBT IV 1.2 2.5 68.2 b.d.l. 0.9 0.2 4.9 b.d.l. b.d.l. 215 0.5 b.d.l. b.d.l.
637-4219 CBT IV 12 14 34.7 0.7 1.6 0.3 13.8 0.2 0.5 325 2.4 b.d.l. b.d.l
637-4221A | CBT IV 9.4 3.4 48.7 0.2 0.5 0.5 12.2 b.d.l. b.d.l. 219 1.6 b.d.l. 1.6
637-4225 CBT IV 4.4 0.4 46.1 b.d.l. 3.1 b.d.l. 15.7 b.d.l. b.d.l. 27.8 2.5 b.d.l. b.d.l.
637-4226a | CBT IV 3.2 0.7 45.5 b.d.l. 0.3 b.d.l. 16 b.d.l. 0.6 31.8 1.9 b.d.l. b.d.l.
637-4226B | CBT IV 4 33 26.8 0.7 1.2 13 6.4 0.3 0.3 52.6 2.4 b.d.l. b.d.l.
N
w




Sample Phase MgO Al,03 Sio; P,0s SO; K,O Cao TiO, MnO FeO CuO As,03 Zn0
637-4456 | CBT IV 11.3 24 38.9 0.7 1.5 0.6 13.6 0.1 b.d.l. 30.3 0.8 b.d.l. b.d.l.
646-4500 | CBT IV 31 1.6 46.3 b.d.l 0.5 0.2 15.9 b.d.l. 0.6 30.3 1.6 b.d.l. b.d.l.
722-4629 | SPEU 2.3 2.3 55.8 b.d.l. 2.6 0.7 2.6 b.d.l. b.d.l. 30.3 2.6 b.d.l. 0.4
740-6358 | SPEU 7.2 6.1 34.6 1.4 b.d.l. 2.3 9.3 0.6 b.d.l. 16.5 17.5 4.5 b.d.l
55-440 CBT Il 4.1 0.2 49.8 b.d.l. 0.8 b.d.l. 18.9 b.d.l. 0.5 25.2 0.6 b.d.l. b.d.l.
60-3094 CBT I 2.5 14.4 38.7 b.d.l 51 0.9 1.8 0.5 b.d.l. 34.7 1.4 b.d.l b.d.l.
440-3566 | CBT I 114 3 40.1 0.8 1.9 1.1 19.2 0.2 b.d.l. 21.8 0.4 b.d.l b.d.l.
440-3567A | CBT Il 10 2.7 37.9 0.8 1.3 1.2 225 0.2 0.3 22.7 0.2 b.d.l b.d.l
440-3567B | CBT Il 111 3 39.1 0.9 1.2 1.3 20.7 0.3 0.3 21.8 0.2 b.d.l. b.d.l
561-3957 | CBTIII b.d.l. 33 15.5 1.3 0.2 0.5 114 0.3 b.d.l. 25.8 23 18.3 b.d.l.
643-4264 | CBTIII 13.7 2.2 39.1 0.8 1.7 0.4 7.6 0.3 0.4 334 0.8 b.d.l. b.d.l.
890-5774 | CBT I 5.5 0.6 25.2 0.3 1 0.3 2.2 b.d.l. b.d.l. 59.6 5.1 b.d.l. b.d.l.
777-5161 | FPEU 16.5 2.8 37 0.7 1.8 0.8 144 b.d.l. b.d.l. 25.6 1.3 b.d.l b.d.l
836-4860 | CBT Il 3.8 0.8 44.4 b.d.l. 1.8 b.d.l. 14.6 b.d.l. 0.5 323 1.9 b.d.l. b.d.l.
842-4890 | CBTII 1.2 6 37.6 b.d.l. 3 0.3 21 0.6 b.d.l. 48.8 0.4 b.d.l. b.d.l.
97-3588 FP (1) / OSP (1) 9.4 2.7 40.5 0.8 b.d.l. 1 4.3 0.3 0.2 38.3 21 b.d.l. b.d.l.
210-299 CBTI 3.8 0.7 45.9 b.d.l. 1.3 b.d.l. 17 b.d.l. 0.5 28.9 1.9 b.d.l b.d.l.
251-984 CBTI 13 4.8 43.4 0.7 0.4 0.7 14.3 0.4 b.d.l. 17.6 4.7 b.d.l b.d.l
Mean 6.5 3.7 40.5 0.4 2 0.6 11.5 0.2 0.2 30.1 3.6 1.3 0.1
Min b.d.l. b.d.l. 3.9 b.d.l. b.d.l. b.d.l. 0.1 b.d.l. b.d.l. 1.3 0.1 b.d.l. b.d.l.
Max 16.5 17.3 68.2 1.4 21.5 11.5 225 15 3.6 60.5 23 18.3 1.6
Std. dev. 4.6 4 13.2 0.4 3.6 0.6 6.3 0.3 0.2 114 5.8 4.4 0.4
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The slag’s copper content is the first and most obvious observation to be made from these
results. With a mean of 1.8 wt%, it is just below typical expectations for Early Bronze Age
slags which have been described as usually containing between 2.0 and 4.6% copper (Gale et
al. 1985a). The mean is somewhat misleading given how variable the copper content truly is,
ranging from 0.2 to 5.1 wt% with a standard deviation of 1.3. This is easily explained by the
extremely high viscosity of the slag and lack of equilibrium conditions in the smelt which
prevented copper prills from freely travelling within the melt. The distribution and copper
content of the samples therefore represent a much broader normal distribution than in the

later fully liquefied tapped slags (Bachmann 1980).

The most relevant result is the confirmation of the absence of arsenic in any appreciable
amount within the bulk of the Camlibel slag, which is in accordance with preliminary results
from the previous study (Rehren and Radivojevi¢ 2010). The two notable exceptions (740-
6358 and 561-3957) are discussed in greater detail below. While trace element analysis has
not been conducted, the lower detection limit for arsenic of the SEM-EDS in an oxidic matrix
such as this is estimated to be 0.1 wt%. The absence of significant quantities of lead, which
tends to cause problems when detecting arsenic due to overlaps in energy levels, means that
the instrument’s measurement of arsenic is reliable. Although a bulk arsenic content lower
than the detection limit does not necessarily indicate the absence of arsenic, the instrument
should be adequate enough to identify arsenical phases within the slag and metallic prills.
That none of these phases were observed in any of the slag except for two distinctive samples
discussed separately below, suggests that arsenic was never present in high quantity within
the typical smelting charge and that these slags are therefore unlikely to be the result of
smelting of arsenic-rich polymetallic ores. The metal produced from them certainly could not
have been used to manufacture the arsenical copper objects found at Camlibel without the

subsequent addition of arsenic from a secondary source.

Looking at the results more broadly, the bulk analysis shows highly variable compositions
throughout every period. There does not appear to be any correlation between the
occupational phases and the composition of the slag, although the limited number of

available samples predating period CBT Ill may be partly responsible for this.

The majority of the variability in composition is represented in fluctuations in the aluminium,
magnesium, and calcium, which is likely caused by strong influences from fuel ashes and, to
a lesser extent, molten ceramic (Tylecote 1980; Tylecote et al. 1977) on what was clearly a

relatively small, possibly crucible-bound, charge.
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The influence of elements introduced by charcoal on the composition of the slag is attested
by the correlation between potassium and phosphorous, elements commonly known to
enter the slag through the formation of fuel ash. As expected, they are positively correlated
when plotted against each other (Figure 7.82), and consequently they have a high coefficient
of determination (R?) of 0.829 if one excludes result below the detection limit of the
instrument. Although there appear to be two distinctive clusters, this is probably due to
sampling bias as there does not appear to be any distinctive characteristics associated with

either group which matches the clusters visible here.
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Figure 7.82 Biplot of two compounds commonly related to fuel ashes, potassium and
phosphorous oxides. Samples which contained either element below the detection limit of the
instrument were included with a value of 0.

Aluminium and titanium are typically used as a measure of the absorption of furnace or
crucible ceramic material into the slag since they tend to be more commonly associated with
clay deposits than fully beneficiated ores. Although it is expected that the ore charge would
contain some quantity of both elements, elevated amounts are taken to indicate the
inclusion of clay minerals into the slag. When plotted against each other for the Camlibel slag,
a clear correlation can be observed (Figure 7.83). Indeed, R? between TiO,, and Al,Os is very
high at 0.901, suggesting a strong correlation between the two. The cluster near the bottom
left likely represents cases where there was little or no interaction between the ceramic and
the slag, while those with higher amounts of both represent instances where ceramic melted
and was absorbed into the slag to a greater extent. The single outlier from the otherwise neat
line of best fit, sample 60-3094, is most probably the result of inclusion of aluminium rich

mineral to the charge rather than solely originating from the ceramic. It also contains
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particularly low amounts of both calcium and magnesium, and so may have a rather different

mineral charge.
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Figure 7.83 Biplot of titanium oxide and aluminium oxide. Samples which contained alumina
or titanium below the detection limit of the instrument were included with a value of 0.

Interestingly, there does not appear to be any relationship between the elements associated
with the inclusion of ceramic material and those originating from the fuel ash (Figures 7.84
and 7.85). Such a relationship would normally be expected, as an increase in fuel ash
indicates either a longer smelt or more intense fuel consumption to achieve higher
temperatures, typically leading to more ceramic-slag interaction. However, Camlibel’s
‘technical ceramics’ are known to be poorly refractory, and as such the lack of direct
correlation between elements related to fuel ash to those related to the ceramics points at
causal parameters which cannot be observed through the study of the slag or ceramic

remains alone.
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Figure 7.84 Biplot of titanium oxide and potassium oxide. Samples which contained alumina or
titanium below the detection limit of the instrument were included with a value of 0.
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Figure 7.85 Biplot of phosphorous oxide and aluminium oxide. Samples which contained alumina
or titanium below the detection limit of the instrument were included with a value of 0.

Experimental reconstructions of 5" millennium BC Vinéa smelting techniques using

blowpipes and mixed oxide copper ores in bowl furnaces have yielded similar results

(Radivojevi¢ & Boscher, forthcoming) and can help explain this discrepancy. Despite the fact

that the tempered clay used in the reconstruction was even less refractory than Camlibel’s

(Figure 7.10), little ceramic material entered the slag. This was due to two factors. The first is

that the slag was only in direct contact with the blowpipe nozzles for brief intervals at a time,

resting rather in the coals above the charge. Constant changes in the position of the

blowpipes from the addition of fresh charcoal and the alternating blowers means that it was

doubtful that contact between the slag and blowpipes ever lasted longer than a few minutes.

The second, rather surprising factor is that the slag never reached the bottom of the bowl



Loic Boscher Analytical Results 179

furnace even with the operations lasting well over an hour and regularly reaching
temperatures up to ~1100 °C. This is understood to have been the case because of the
localized nature of the air flow from above the charge which largely prevented the charcoal
below the slag to fully combust. Thus the slag never interacted directly with the furnace base
or walls. A similar situation occurred when crucible smelting was attempted, with only the
edge closest to the air inlet, bag bellows in this case, showing any signs of vitrification. This
is in line with observations made by other experiments involving smaller reaction vessels

such as crucibles (Tylecote and Boydell 1978).

Although purely hypothetical in the case of Camlibel, it can be posited that the localized heat
applied to the small charge can limit interactions with the ceramic despite the intensity and
length of the smelt. Small, open vessels such as bowl furnaces and lid-less crucibles are not
efficient at heat retention and while high temperatures can be produced in them, this heat

dissipates too quickly to greatly affect the surrounding ceramic.

Also noteworthy from the bulk analysis is that the calcium oxide content is rather more
elevated (11.9 wt% mean and up to 20.7 wt%) than one would usually expect from
contamination from fuel ashes alone. In the fully flowing tapped copper slag of later Bronze
Age periods, fuel ashes typically only introduce up to 8 wt% calcium to fayalitic slag (Tylecote
etal. 1977). In Camlibel’s slags there seems to be little correlation between calcium and other
fuel ash elements. The measure of correlation r-square gives values of 0.2 between CaO and

K0 and 0.1 between CaO and P,0s.

This would seem to suggest that calcium was entering the smelt from some other source.
However, the analysis of ores and tailings (section 7.1.5) yielded little evidence of high lime

content, making it unlikely to have been a typical component of the ore charge.

The addition of lime as flux from some other source also seems improbable at such an early
period given that the technology relied on the extraction of prills from crushed slag rather
than the complete separation of fluid slag and molten copper. It has furthermore been
demonstrated that the presence of lime above 15% becomes detrimental to the free-running
temperature of iron silicate slag (Tylecote et al. 1977), which is the case in 12 of the 34 slag
samples analysed. The addition of calcium-rich flux would therefore have been counter-

productive in the separation of metal from slag had that have been the intended aim.

The lack of correlation between CaO and other elements is thus problematic since no source

for the oxide can be clearly identified from the analysed material. It is most likely that calcium
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entered the system through a combination of highly variable ore charges and highly

inconsistent fuel consumption.

The limited number of ores and tailings recovered from Camlibel, and their recovery from
excavations mainly based on their iron and copper oxide colouring may well have created a
strong sampling bias in favour of iron and magnesium rich minerals at the detriment of the

more faded colours usually associated with calcium-bearing minerals.

In addition, the small open-aired nature of furnaces and/or crucibles used for smelting at
Camlibel may have required a relatively large ratio of fuel to ore in order to achieve and
maintain the temperatures required for the reduction of metal. Certainly this ratio would
have been much greater than in the efficient Bronze Age and later shaft furnaces upon which
much of the archaeometallurgical literature is based. It is quite probable that in Chalcolithic
cases fuel ash played a much more important role in the formation of slag, thus leading to
the increased absorption of calcium. In that respect, elevated lime content in the slag may
have been unavoidable, but did not have an overly detrimental effect on the recovery of

copper prills since slag fluidity was not essential.

The combination of these two factors is therefore most likely responsible for the lack of clear
patterns in relating the calcium content to other elements and adds to the overall

heterogeneity observed in the composition of the slag.

Magnesium is also highly variable and elevated in some of the slag. This comes as no surprise
as it is a major component of the local ultramafic geology (Marsh 2010) and likely entered
the slag with the ore charge. Indeed, ores and tailing previously discussed (see section 7.1.5)
show magnesium oxide as ranging between less than 1 wt% to 33 wt%. The high degree of
fluctuation in the magnesium content of the slags (ranging from 1.2 wt% to 16.5 wt%, with a
mean of 6.6 and a standard deviation of 4.2) is thus probably mainly a reflection of the
mineralogy of local ore deposits. It is also worth noting that many naturally occurring
magnesium minerals are green, which may have led to their accidental inclusion as part of

the charge due to their confusion with copper minerals

Its presence makes it a major factor in the thermodynamic reactions occurring during the

smelt in about half of the slag and will be considered accordingly.

The main components of the system are therefore SiO,, Fe oxides, CaO, and MgO, together

forming between 80 and 98% of the total weight of the bulk slag. Given the crystallo-chemical



Loic Boscher Analytical Results 181

behaviour of Mg in iron silicate melts, it was observed that MgO behaves in much the same
way as FeO as described in similar cases (Bachmann 1982; Hauptmann 2007), although in
reality Mg?* ions can easily replace both Fe?* and Ca? ions in the various pyroxene end-
members (Figure 7.65). Regardless of which form the magnesium takes, the effect on smelt
thermodynamics would be similar, bringing the slag compositions nearer to the eutectic

region.

The melting behaviour and firing temperature was therefore estimated using the ternary
diagram often applied to copper slag, CaO-FeO-SiO, with MgO combined with FeO (Figure
7.86). Given the relatively low alumina content of most of the slag, it was deemed that the
Al;,05-Fe0-SiO; diagram used in many of the studies of Bronze Age fayalitic slags would not
be representative of the compositions observed here. It is of note that all samples appear to
be somewhat silica-rich, moving the system away from the eutectic, particularly in samples
722-4629 and 630-3866. This is generally caused by the already described large incompletely
reacted quartz grains which were unavoidably analysed as part of the bulk. In reality, the
glassy phases are lower in silica than the bulk analysis suggests, and therefore closer to the

low temperature trough of the ternary diagram.

The presence of incompletely reacted material also points to the conditions in the melt being
very far from the assumed equilibrium modelled in the ternary diagrams. As such, it would
be a mistake to make any overly literal interpretation of these diagrams and they should be
used for rough estimates rather than reliable inferences. With this warning in mind, it can be
estimated that the firing temperature was between 1100 and 1200 °C, which is typical of
copper slag from this period and easily achieved in small furnaces or crucibles
(Georgakopoulou et al. 2011; Hauptmann 2007; Merkel et al. 1994; Shugar 2000). This
temperature is slightly higher than the minimum that had to be reached in order to fully melt

the metallic copper prills (1083 °C) observed in the slag cakes.
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Figure 7.86 Equilibrium phase diagram of the CaO-Fe0-SiO2 system, with MgO added to FeO.
Adapted from (Eisenhiittenleute 1995, 126).

Soil, slag, charcoal conglomerate
It is clear from the slag discussed thus far that there is a large amount of compositional and

microstructural variation between the different slags produced at Camlibel. While most of
these specimens have some features which can be used to describe the samples in subsets,
none are consistently distinctive enough to formally group them into separate categories.

They are thus best described generally as smelting slags.

That being said, there are a number of samples which cannot be clearly described as smelting
slag and are worth describe in more detail as they highlight particular aspects of the

metallurgical technology employed at Camlibel.

Sample 97-3588, which is one of two specimens recovered from the earliest levels of
Camlibel, is quite distinct from the rest in that it consists of several fragments of slag
embedded within a conglomerate of a variety of oxide minerals, fired clay, and pieces of
silicified charcoal (Figures 7.87 and 7.88). The sample appears to be highly degraded and

many of the metal-bearing phases are present as corrosion in porosities or as veins.
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Figure 7.87 Photomicrograph of sample 97-3588 Figure 7.88 SEM image of sample 97-3588's mixed
showing one isolated fragments of slag embedded in  matrix. In the bottom right is a large fragment of
a conglomerate matrix. Frame is 2.4mm wide. silicified charcoal while in the top right is a large
fragment of copper-bearing goethite. Between them is
fayalitic slag.

One particularly interesting aspect of this sample is the presence of discrete angular pieces
of slag in cold contact with the surrounding matrix (Figure 7.89). Based upon their
morphology and context, they do not appear to have formed in situ but rather to consist of
fragments of slag mixed in with the conglomerate. Other phases of slag within the
conglomerate clearly show a large amount of interaction with the surrounding material, with

both hot and cold contacts, while these are isolated and stand out in their angularity.

They are also very distinct in their microstructure and compositions. The microstructure of
the angular slag is dominated by large cored angular olivine crystals generally in the
composition range of the forsterite endmember (Figure 7.89), clusters of magnetite,
microcrystalline dendrites too small to analyse, and large numbers of metallic copper prills
ranging in size from 2 um to 10 um. It is worth noting that analysis of these prills showed iron
content to be appreciably higher (4 wt% to 6 wt%) than in the other slags so far described,
but that results also showed oxygen and sulphur to be present in this case. This suggests that
some of the iron being reported is likely present as either copper-iron sulphide or the
background iron silicate matrix is being accidentally included in the analysis. These prills also
contained around half a percent of nickel. Overall, these angular slag inclusions have up to

30 wt% copper in their bulk.

The other phases of slag identified in the sample were entirely devoid of copper prills,
although they did contain up to 10 wt% of the element in bulk, present as oxides bound in
the microcrystalline matrix. Their microstructures are dominated by pyroxenes rather than
olivines, with skeletal chains in the solid solution range of augite within a very fine

microcrystalline to glassy matrix (Figure 7.90).
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Flectron Image 7

100

Figure 7.89 SEM image close up of slag inclusion in Figure 7.90 SEM image of skeletal chains of
sample 97-3588. The zoned grey angular crystals are  pyroxenes in glassy matrix identified in the majority
olivine while the light grey blebs are magnetite and  of the slag of the sample.

the bright prills are metallic copper. The matrix is

microcrystalline.

The composition of these more common pyroxene slags is very much in line with that of the
minerals identified and analysed in the rest of the conglomerate. These were mainly iron-
magnesium-aluminium silicates along with some iron oxides and hydroxide. Very occasional
minerals of pyrite and chalcopyrite were also identified within the mass, suggesting that the
charge likely originated from the gossan and included remnants of the primary sulphide
deposit. However, most of the identified minerals had undergone significant weathering,
with the bulk of the copper-bearing phases identified as copper silicates, containing between

2 and 30 wt% copper.

The similarity in the composition of these minerals with the slag formed in places seems to
suggest that it was in essence self-fluxing — that is to say, they could be fully liquefied at
reachable temperatures without the addition of anything else to the charge. This is in
contrast to the gangue and tailings minerals already discussed in the previous section which
were typically too high in either silicon or iron to be fully molten at reasonable temperatures.
The rich copper content also indicates that the mineral phases identified in this sample more

likely to reflect the true ore minerals used at Camlibel.

About a third of the sample is made of what appears to be ceramic or sintered clay included
in the charge. In some areas this clay has been nearly completely vitrified while in others it
appears to have suffered little heat damage (Figure 7.91), testifying to highly variable heat
applied across the material. Where vitrified, it appears to have had strong interaction with

the copper rich material as analyses of these areas showed a large increase in copper content.
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Figure 7.91 SEM image of ceramic area of sample 97-  Figure 7.92 SEM image of large piece of incompletely

3588. The bottom fabric has only light bloating from reacted charcoal found within the conglomerate.

heat while the top has been partially vitrified. While this was the largest, several smaller examples
were identified throughout the sample.

The presence of charcoal directly associated with some of the slag (Figure 7.92) suggests that
the whole mass was subjected to fairly high temperatures and formed in situ rather than
through post-depositional corrosion processes. It was unfortunately not possible to identify
the species of plant which was used due to the highly degraded nature and limited nature of
the charcoal preserved within the slag. They do, however, clearly belong to angiosperm
(leaved) trees since the microstructure is clearly that of heteroxylous wood (Gale and Cutler

2000).

The conglomerate nature of this sample is unlike any other slags observed at Camlibel and
thus does not represent a typical smelting process. The limited amount of slag indicates that
while it was indeed exposed to high temperatures it never attained a fully molten state. It
likely never formed the major constituent of a smelting charge, but rather is composed of

several associated remains fused together due to the proximity of heat.

Despite not being a true slag, the partially reacted nature of this sample provides insight into
the original copper ore minerals of Camlibel. In addition, although beyond the scope of this
thesis, further study of this sample may provide appropriate charcoal remains to enable the

identification of the wood type used as smelting fuel at Camlibel.

Copper sulphide droplet and cake
Looking at the other end of the smelting process, samples 602-3411 and 128-1083 are

composed largely of copper sulphide and represent either intermediary or waste products of
the operations. The first of these two specimens consists of a droplet of matte, while the

second appears outwardly as a dense fragment of slag and only revealed itself as matte when
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cross sectioned. Although these samples are not strictly slag, they are included in this section

as they form one of the products, intended or otherwise, of the smelting process.

Sample 602-3411 (Figure 7.93) measures just over 1 cm?® and weighs 9 g, although the old
break suggests it was larger when first produced. The droplet has a flattened base and a
rounded top surface which implies that it was fully molten at one point and therefore cannot
be geological in origin. Interestingly, this particular shape is typical of a regulus which would
have formed below another liquid, with a flat surface and rounded sides caused by surface
tension. This is surprising since, as has been previously mentioned, none of the slag
fragments showed any evidence of such negative impressions. It remains doubtless that this
material was at one point fully liquid, and thus must have completely separated from the slag
without being in contact with it. This seems probable given the low melting point of copper

sulphide and the highly viscous slag preventing it from pooling on top of the matte.

O0cm 5cm

Figure 7.93 Photograph of top view of a matte droplet. Sample 602-3411.

Although the sample has significantly corroded, forming iron and copper oxide veins
throughout the samples, many sulphide phases remain free of corrosion. These have been
identified as covering a range of composition similar to the sulphide phases found in the rest
of the slag, mainly bornite and pyrrhotite, with some occurrences of chalcocite (Figure 7.94).
The body of the matte droplet is composed of a series of small grains with a crosshatch
pattern of iron sulphide pyrrhotite and iron-copper sulphide bornite phases (Figure 7.95).
Large cracks appear throughout the sample which have filled with corrosion and are
surrounded by a halo of covellite, likely formed by the loss of iron and sulphur ions by
corrosion. Surrounding the grain boundaries are networks of elongated phases of magnetite,

much like the high temperature solid solutions previously discussed for the slag.
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Figure 7.94 Micrograph of sample 602-3411. The
droplet is formed of a series of alternating crosshatch
patterned grains of copper sulphide. The light blue is
covellite encasing cracks which have filled with
partially oxidized copper sulphide. The yellow space

Figure 7.95 Close-up SEM image of sample 602-3411
showing clearly the two distinct phases of copper
and iron sulphide. Also visible are the thin
elongated darker phases of magnetite at the grain
boundaries. The dark veins are corrosion.

phase is a combinate of both yellow bornite and
bright yellow pyrrhotite. Frame is 0.9mm wide.

Sample 128-1083 on the other hand appears, at first glance, to be an amorphous lump of
dense material. Although some results have been published for 128-1083 (Rehren and
Radivojevi¢ 2010), it was not described as a fragment of matte but rather as slag with a large
sulphide component. Having revisited the sample for this thesis, it is clear that phases which
first appeared to be iron silicates to the naked eye were in fact highly corroded copper and
iron sulphides very similar in appearance to the roasted ore (619-3497) described in the
previous section. The main distinction with the roasted ore lies in that this sample was at one
point nearly completely liquid and therefore exposed to higher temperatures than typical of
a roasting hearth, somewhere between the melting points of CuS (500 °C) and Cu,S (1130
°C).

It weighs 20 g and measures 3 cm by 4 cm and is 1.5 cm thick. It has a somewhat flat base
and a rough upper surface. One of the edges is very slag-like, having a rather heterogeneous
appearance. In contrast, the opposite edge is composed of a series of concave pits giving the
appearance of either large trapped gas bubbles or a liquid-liquid interface. In cross section,
the sample appears mainly metallic grey with a pinkish hue around the edges. A few large

undissolved mineral fragments are also visible in cross section.

The microstructure of this sample is in many ways similar to the matte droplet. Although
highly corroded (Figure 7.97), it is still possible to identify phases which are identical to those
previously identified, consisting of grains of bornite with crystals of pyrrhotite arranged in
regular crosshatch patterns (Figure 7.98). The halos of covellite could also be found along

cavities and fractures throughout the sample. However, unlike in the droplet, the sample is
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much richer in iron than copper, with grains of pyrrhotite dominating the matrix. Most of

these phases have to a large extent oxidized, with many small pores throughout.

Also striking are the large fragments of gangue minerals, which consists of iron
oxide/hydroxide. It seems that the scarcity of silicon in the charge prevented the iron from
forming iron silicate slag, and thus, while the sulphides could melt at relatively low

temperatures, the iron oxide remained solid throughout.

O0cm 5cm

Figure 7.96 Photograph of cross section and top surface of sample 128-
1083. Note the series of concave pits along the lower edge in the
photograph where molten metal likely formed.

Figure 7.97 SEM-EDS image of sample 128-1083 Figure 7.98 Micrograph of sample 128-1083.

showing the largely corroded matte phases. Barely Although highly corroded, some remains intact. In

visible is the dendritic arrangement of the grains. the left centre of the image can be seen the familiar
crosshatch pattern of bornite and pyrrhotite. The
dominant, slight corroded pinkish phase is
chalcopyrite.
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The composition of both of these fragments is not overly informative beyond what could be
surmised microscopically (Table 7.15). The iron content of the matte droplet is in line with
expectations given that the body is mainly composed of bornite along with some pyrrhotite

and magnetite.

In contrast, the slag-like matte cake is much richer in iron and contains significant amounts
of silicon. Area analyses avoided all regions with gangue minerals, so the increased iron and
silicon does not indicate the inclusion of such material in the area under investigation. Rather
it marks the greater prevalence of iron sulphide in this material, much of which has been
oxidized by corrosion, along with only a minor component of iron silicates in the intergranular
matrix. This composition confirms that the operation which formed this material was unlikely
to have resulted in much slag. Instead, it seems that the sulphide phases, in this case mainly
pyrrhotite, simply melted and formed a cake in which much of the gangue remained solid.
This is completely distinct from the appearance of the slag cakes already described which do
not show any evidence of liquid-liquid interfaces. The concentration of gangue minerals
along one edge indicates some form of manipulation of the charge while semi-molten.

Table 7.15 Composition of the two samples of iron-copper sulphide material. Results are the means of 3 area
analyses of the matte (the gangue material of sample 128-1083 is not included). Results are presented here as
oxides since both samples had significant corrosion present in association with ubiquitous fractures throughout

both samples. 30-40 wt% was detected in sample 128-1083, while 10-18 wt% oxygen by bulk was detected for
sample 602-3411. Much of the iron and copper are therefore present as sulphide phases.

Sample Phase SiO, SO; FeO CuO
128-1083 CBT IV 3.6 10.2 74.7 11.5
602-3411 CBT IV/Surface 31.6 14.6 53.9

The presence of discrete lumps of matte is not surprising given the sulphur-rich smelting
charge suggested by the common presence of sulphide corrosion products on many of the
slag fragments, tailings, and lump minerals which have already been described. In fact, it is
likely that matte was a common by-product of smelting these types of mixed sulphide-oxide
ores, and as such one would expect matte cakes and droplets to be much more common
remains at the site. This would be in line to the evidence uncovered at Shahr-i Sokhta
(Hauptmann et al. 2003) where matte, an undesirable product, was consistently discarded
along with the slag. That these two pieces of matte were the only recovered specimens from
smelting operations dominated by mixed sulphide and oxide ores tentatively points towards
matte having been reintroduced into later smelting charges to extract the remaining copper
as has been suggested elsewhere (Bourgarit et al. 2003). Although this negative evidence is

by no way sturdy proof, and despite the fact that copper sulphide was clearly not the
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intended product of smelting activities at Camlibel, the site may yet represent one of the

earliest examples of matte conversion, albeit via co-smelting.

Arsenic-rich slag
During the 2013 season of fieldwork, an analytical program of surface pXRF analysis was

conducted on all available material in order to identify the presence of broad distinctive
compositional groupings. Although the pXRF is not an ideal instrument for the analysis of
corroded, geometrically complex, multi-phased material and the results show an extreme
range of results, the analysis did succeed in the identification of two small fragments of slag
which, unlike the rest of the assemblage, contained significant amounts of arsenic. This led
to the export of two samples (740-6358 and 561-3957) for further analysis which will be
discussed here, but separately from the other slag fragments as it will be argued that they

belong to an entirely different set of activities.

The two arsenic-rich pieces of slag are macroscopically indistinguishable from the rest of the
assemblage (Figure 7.99). Both samples were collected from the field as single fragments of
what must have been larger pieces, but were broken in order to expose a fresh surface for
pXRF analysis. The two fragments are small, measuring 1-2 cm?® and weighing 1-2 g, and both
have the same beige oxidized exterior as the other slag cakes and fragments. They are
roughly spherical yet angular in appearance, and seem to have been crushed or processed in
some way rather than in their original shape. In cross section they are slightly darker with
noticeably greater porosity, although not so different from the smelting slag to set them
clearly apart. Both fragments exhibit significant amounts of green copper corrosion in cross

section.
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Figure 7.99 Arsenic-rich slag samples identified by pXRF. Note that they were both
recovered single fragments but were broken to expose a clean fracture for analysis.

Arguably the most interesting samples from the whole assemblage, the microstructure of
these two specimens is considerably different from the rest and worth describing in some

detail.

Both slag samples have largely heterogeneous microstructures with very frequent
occurrence of magnetite and magnesioferrite spinels. They also both contain large quantities
of arsenical copper and pure copper prills embedded throughout the matrix. However,
although the composition of the glassy phases in the samples is roughly comparable, the bulk
composition and the main crystalline phases present in each sample do not match up well
(Table 7.16). This is most likely due to the limited nature of the slag produced from the
operations which caused just slight variations in the charge, fuel, length and intensity of the
fire, and the amount of interaction with the crucible walls, to have a large impact on the final
composition of the samples. Furthermore, the highly heterogeneous nature of the sample
made the acquisition of a representative bulk difficult without first homogenizing the

samples.

Table 7.16 Results of random bulk area and glassy matrix analyses by SEM-EDS. Results presented here are the
means of three analyses each, normalized to 100%.

Sample Area Na,0 | Mgo | Al,0; | SiO, P,05 SO; cl K,O0 Ca0 TiO, FeO CuO | As,0;
740-6358 Bulk b.d.l. 7.2 6.1 34.6 14 b.d.l. b.d.l. 23 9.3 0.6 16.5 17.5 4.5
561-3957 | Bulk b.d.l. b.d.l. 33 155 1.3 0.2 0.3 0.5 114 0.3 25.8 23 18.3
740-6358 | Glassy matrix 2.4 5 7.4 35.5 24 b.d.l. b.d.l. 4.6 20.3 0.9 7.6 9.5 4.5
561-3957 | Glassy matrix 1.5 2.1 6.2 40 b.d.l. | b.d.l b.d.l. 0.8 21.6 b.d.l. 11.4 5.5 10.9
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The glassy phases appear to have formed in the low temperature trough of the quaternary
Al;,03-Ca0-Fe0,-SiO; diagram (Figure 7.100), with the balance crystallizing out of the melt
upon cooling. Copper and arsenic identified in the glassy phases are assumed to be present
as oxides rather than as metallic prills since at such high concentrations metallic prills should
be readily identifiable. The difference in bulk composition is thus mainly expressed through
the variety in the microcrystalline phases prominent in each sample. These being quite

different for each specimen, they will be discussed separately below.
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Figure 7.100 Quaternary phase diagram for the glassy phases of the slag
approaching the composition of Al203-Ca0-FeOx-SiO2 with 10wt% FeO. The
glassy matrix being quite rich in both arsenic and copper rich microcrystalline
phases, the diagram poorly reflects the actual composition of the melt but
still centres around the 1200°C low temperature trough in the centre of the
diagram. Adapted from (Eisenhiittenleute 1995, 154).

The most prominent feature of these specimens when compared to other samples is the large
number of metallic copper prills present, which amounts to 23 wt% by bulk for 561-3957 and
18 wt% for 740-6358, easily an order of magnitude above all other slag samples. While many
of the metallic prills appear reddish under plane polarised light, suggesting nearly pure copper,
others have a clear whitish tint which is caused by elevated arsenic content. The larger prills
tend to be encased in a ring of cuprite, and in a few instances these also have small copper
oxide inclusions trapped within and likely formed while molten due to a relatively oxidizing
atmosphere. A few prills of copper sulphide could also be found in both samples, although they
are rather uncommon and certainly do not dominate the matrix in the same manner as seen in

the slag cakes. The composition of these prills will be discussed separately for each sample.
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Equally significant is the arsenic content which exhibits a strong presence in the bulk values of
both samples, a marked contrast from its complete absence, or at least in such low
concentrations as to be undetectable by SEM-EDS, in every other recovered slag fragment of
the assemblage. Although sample 561-3957 has four times more arsenic content than sample
740-6358, discrepancy comes as no surprise given the strong volatility of the element and
should still have resulted in a consistent arsenic content in the final copper product if enough

of the element was present to reach the solubility limit of arsenic in copper.

Each sample will now be described in more detail individually as some fine points are relevant

to the arsenical copper chaine opératoire.

Sample 740-6358 is iron deficient and contains angular crystals of diopside, needle-like
delafossite, as well as the distinctively cubic icositetrahedra-shaped potassium-aluminium
silicate leucite (KAISi,O¢) (Figures 7.101 and 7.102), all of which are associated with a
microcrystalline matrix largely dominated by olivines. Overall, although many of the phases are
typical of smelting slag, the bulk composition is far from one typical of smelting slags given the
low iron content. The delafossite points at atmospheric conditions which were much more
oxidizing than was present in the operations which resulted in the formation of the previously
described slag cakes. These conditions can be best described as only lightly reducing. It can also
be said that, given the low amount of sulphur present, these atmospheric conditions probably

resulted in significant oxidation and loss of arsenic during the operation.

Figure 7.102 Closeup of slag matrix of sample 740-6358
with a cluster of black cubic aluminium silicate

Figure 7.101 Slag matrix of sample 740-6358. The dark
polyhedral crystals are leucite, the grey blebs and the

large grey angular crystal are magnetite, and the
needle-like crystals are delafossite. Bright prills are

arsenical copper. The underlying matrix is

microcrystalline.

crystals. The dark grey angular crystals are diopside,
the light grey blebs are magnetite, and the bright prills
are arsenical copper. The underlying matrix is
microcrystalline mainly composed of olivines and
includes laths of delafossite visible in the top left
corner of the image.
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The matrix of this sample contains a large number of small, nearly pure, copper prills
measuring between 5 um and 25 um that include impurities of iron between 0.5 wt% and 2
wt%. Larger copper prills, measuring over 50 um and up to 500 pm, tend to be arsenical,
usually containing up to the limit of arsenic’s solubility in copper of around 6.5 wt% but
entirely free of iron (Table 7.17). Most of the larger such prills also contain the y CusAs phase
which commonly forms in arsenical copper rapidly cooling below 827 °C (See section 2.1). A
few exceptions from this trend were observed where large prills were composed of pure
copper with just traces of iron; in all these instances no arsenic could be detected.

Table 7.17 Composition of large binary phased arsenical copper and pure copper prills and smaller single-

phased prills in sample 740-6358 as determined by SEM-EDS spot analyses of a number of prills. All results are
normalized to 100%.

Prill size Phase S Fe Cu As
>100 um (4) | Prill matrix 93.32 6.68
>100 um (7) | y CusAs phase 0.1 0.2 70.8 28.9
>100 um (3) | Prill matrix 0.4 99.6
<25um (6) | Prill matrix 1.7 98.3

Some of the copper prills also contain rare sulphide inclusions, often along with both
selenium and tellurium, and in rare instances also included traces of silver. These elements
were identified in only one other sample (133-6376), but are known to be ubiquitous to
copper deposits worldwide, and to concentrate within sulphide inclusions (Rehren 1991).
Although difficult to remove entirely, these elements are usually mostly partitioned out of
the copper through refining or re-melting processes. Although these elements indicate
nothing unusual or unexpected, their presence in detectable quantity here suggests that the
copper had not been previously refined and was probably either added directly after

production or was formed within the same operation.

The most interesting features of this sample is the remnants of a large fragment of gangue
(Figure 7.103) which gives clues as to the nature of the arsenic minerals employed. The
amorphous fragment of gangue measures approximately 3 mm across and has a large
number of gas-formed porosities, indicating that it was in the process of being dissolved
when the operation was halted. The main body of the fragment consists of calcium-
magnesium-iron silicate with up to 3 wt% arsenic oxide by bulk (Table 7.18). In some places,
the gangue has vitrified and a few crystals of the pyroxene hedenbergite could be observed
there. Although clearly heat altered, the bulk composition shows it to be mainly silicon with

nearly equal parts of magnesium, aluminium, calcium, and iron. Interestingly, the gangue
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contains detectable, albeit low, amounts of copper. This indicates some geological relation
between the mineral and copper deposits.

Table 7.18 Composition of undissolved gangue as determined by SEM-EDS. Data presented here is the
normalized mean of four area analyses.

Sample Na;0 | MgO | AlOs | SiO: P20s K20 Ca0 TiO: CrO MnO | FeO CuO | As,04

740-6358 24 9.5 10.7 47.8 0.5 6 8.9 1.8 0.2 0.1 11.3 0.3 0.5

Around the edge of the gangue, close to the interaction zone with the surrounding slag, the
frequency of pyroxene crystals increases and exsolved metallic phases begin to appear
(Figure 7.104). These metallic blebs can best be described as iron-arsenic (FeAs) and copper-
arsenic (CuAs) speiss. Analysed ferrous speiss contained traces of sulphur (0.3 wt%), minor
quantities of copper metal (2.5 wt%), and, in about half the analysed phases, some minor
amounts of nickel (1.7 wt%). Cuprous speiss on the other hand usually had slightly higher
levels of nickel (2.1 wt%) while retaining significant quantities of iron (8.23 wt%), but did not

have any detectable sulphur.

Figure 7.103 Large incompletely dissolved fragment of Figure 7.104 Close-up of the top left edge of the
gangue or ore within the arsenic-rich slag sample 740- undissolved gangue in sample 740-6358.
6358.

These phases indicate that the partial pressure of arsenic in the melt near the gangue was at
least equivalent or higher than that of sulphur, but much greater than that of oxygen as the
presence of iron speiss excludes these possibilities (Chakraborti & Lynch 1983, 243-244). The
same is true for copper, and it is clear that both ferrous and cuprous types of arsenic speiss
form under these atmospheric conditions as long as sulphur is not a major constituent of the
charge. This suggests that the arsenic-bearing mineral was not a primary sulphide but rather

an arsenide or arsenate associated with some minor copper-bearing component.

Since under lightly reducing conditions iron-speiss is readily slagged to form iron silicate, it is

understood that as the gangue dissolved, arsenic bound within ferrous speiss was released
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and free to combine with the copper as has been described in a previous section (3.1.5) in a
manner similar to that suggested for Arisman (Rehren et al. 2012). Although arsenic losses
were likely substantial, given that the larger copper prills in the main body of the slag are all
strongly arsenical, it does not appear that arsenic loss due to oxidation and volatilization was

overly problematic as long as enough arsenic was present in the system.

The iron content of the cuprous speiss is also relevant here in distinguishing between
arsenical copper produced directly from the arsenic-bearing ore or that which has been
added separately. According to Chakraborti and Lynch (1983), under equilibrium conditions
iron is preferentially oxidized before arsenic. This means that it is impossible for the arsenic
to be entirely removed from cuprous speiss without also oxidizing most if not all of the iron
also present within these phases. In other words, exposing cuprous speiss to the lightly
oxidizing conditions found in the melt here would first result in the formation of arsenical
copper free of iron impurities, and only then would the remaining arsenic be potentially
oxidized. While this process could have resulted in the large arsenical copper prills observed
in the main slag body, it is not possible for the small pure copper prills containing detectable
amounts of iron found throughout to have been produced directly from the arsenic-bearing
minerals. This distinction counters the common observation that arsenic will often segregate
unequally in copper prills during smelting leading to the presence of both prills with high
arsenic content along with pure copper prills (Bourgarit 2007; Gale et al. 1985a; Selimkhanov
1982). Although there is little doubt that this is the case in most far-from-equilibrium smelts,

the divergent iron content of the prills here suggests two distinct sources.

Identifying the mineral from which the arsenic originates remains difficult beyond what has
already been surmised since much of the microstructure of the gangue has recrystallized and
due to loss of material on ignition. Bulk analysis of the least altered parts of the undissolved
gangue shows that it has a much less basic composition than other minerals recovered from
Camlibel (see section 7.1.5). However, a series of four area analyses taken at regular intervals
across the sample show an increase iniron and arsenic and a proportional decrease in copper
nearer to the gangue (Figure 7.105 and Table 7.19), which suggests that the arsenic-bearing
mineral was originally richer in iron than is now apparent from the remnants of gangue.
Indeed, the gangue is surrounded by a large area rich in magnetite spinels. Thus, the lower
Mg and Fe contents of the undissolved material are likely largely due to their removal by

oxidation and slagging.
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Spectrum 14

Spectrum 15
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Figure 7.105 SEM image of analytical areas across slag sample 740-6358. The gangue mineral can be seen
in the bottom right while the copper rich areas are to the left of the SEM image. Results of the analyses can

be seen in Table 7.19.

Table 7.19 Area analyses of slag at regularly increasing distance from incompletely dissolved gangue as

determined by SEM-EDS. All results are normalized to 100%.

Distance from gangue (mm) | MgO | ALOs SiO2 P20s K20 Ca0 TiO2 FeO CuO | As203
1 5.3 6.2 32.2 1.4 1.9 9.9 0.5 24 12.4 5.9
2 3.2 5.7 29.1 2 1.4 11.2 0.6 14.5 23.1 9.2
3 4.8 6.3 394 1.5 0.8 12.2 0.7 239 7.7 2.8
4 3.1 4.8 24.1 1.8 0.2 10.2 0.9 49 2.1 3.7

Sample 561-3957, on the other hand, contains more iron and comparatively little silicon. In

addition, the bulk is very rich in copper, containing between 15 and 24 wt% of the element,

and up to 10 wt% arsenic. The main silicon-bearing phase consists of a glassy matrix with

elevated calcium. The crystalline makeup of the sample is thus characterised by an unusual

assemblage of needle-like delafossite (CuFeO;) and angular polyhedral calcium arsenate

crystals approaching the composition of johnbaumite (Cas(AsQ4)3(OH)), although these are

unlikely to be present as hydroxides given the high temperature present in the melt (Figure

7.106). Much like the other arsenic-bearing slag sample, this particular specimen is unlikely

to have originated as a smelting slag. The high copper and low iron content along with

presence of phases formed under relatively elevated oxygen partial pressures is rather

suggestive of a refining or melting slag under oxidizing conditions.



198 Analytical Results Loic Boscher

100pm

Figure 7.106 Slag matrix of sample 561-3957. The two main crystalline phases
are the long thin needle-like grey delafossite and the angular polyhedral
calcium arsenate. Light grey rounded prills are arsenical copper. All these
phases are within a glassy silicate matrix.
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Figure 7.107 SEM image of small prills in sample 561- Figure 7.108 SEM image of typical large arsenical

3957. The grey blebs are a combination of calcium copper prill in sample 561-3957. The small dark

arsenates and some magnetite within a glassy matrix. inclusions are cuprite while the bright veinlet is filled
with y phase of CuszAs.

The calcium arsenate crystalline phases identified here are of particular relevance as their
composition is clearly reminiscent of the crucible residues (see section 7.1.2). They appear
here in large tight clusters throughout the sample and are always observed along with small
copper prills and delafossite. It appears that under these thermodynamic conditions arsenic
is quickly oxidized and will not combine with other metal oxides, but rather has a tendency

to form calcium arsenate compounds similar to those observed in the crucible residues.

Despite the prevailing oxygen rich atmosphere, a large number of small metallic copper prills

were identified throughout the body of the sample (Figure 7.107). Much like sample 740-
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6358, the prills identified here could be categorized into two distinct compositions: small
prills containing between 2 and 4 wt% of iron impurity and less than 2 wt% or no arsenic, and
large prills containing little iron (less than 1 wt%) and between 3 and 6 wt% arsenic along
with the expected y CusAs phase (Figure 7.108, Table 7.20). Small prills are defined here as
measuring less than 25 um, while large prills as those found to be greater than 100 um.
Although not as clearly defined as in the previous sample, the inverse relationship between
the iron and arsenic is still very much present and suggests distinct origins for the copper and
arsenic. Had they been introduced to the melt together, prills containing high iron should
also contain high arsenic since the arsenic should, in theory, be retained until most of the

iron is removed.

Table 7.20 Composition of copper prills in sample 561-3957 as determined by SEM-EDS point analyses. Each
result is the mean of several points taken from different prills, represented by the number in parentheses.

Prill size (# analyses) | Phase S Fe Cu As
>100 um  (3) Prill matrix 0.1 95.9 4
>100 um  (4) y CusAs phase 0.1 0.1 70.3 29.5
<25um  (19) Prill matrix 33 95 1.7

Notably, a few copper prills were found to contain traces of silver. Although the area analyses
of the prills revealed no silver, small concentrations of the element could be seen within the
copper corrosion products surrounding some of the larger prills. Although definitively
present, the bulk content of silver within the copper prills must therefore be lower than the
detection limit of instrument, estimated at 0.1 wt%. Such silver concentrates were found in
corrosion phases associated with both pure copper and arsenical copper and thus likely
originated with the copper metal rather than with the arsenic. Only three other samples in
the entire assemblage also contained traces of silver (133-6376, 251-984, and 740-6358), and

in two of these cases the silver was found to be related to selenium and tellurium inclusions.

Although this particular sample does not have any undissolved gangue material to
conveniently point at the original charge, it seems reasonable to suggest that the process
was similar to the one proposed for the previous sample given the same relationship

between the arsenic and iron in the copper prills.

Overall, it appears that these fragments of slag resulted from operations which combined
unrefined copper metal, which included several weight percent of iron impurity, with iron
arsenide or arsenate minerals containing minor quantities of copper. For reasons already
discussed, the arsenical minerals are unlikely to have been rich in sulphur and therefore were

probably not the more common arsenic-bearing types (realgar, orpiment, and arsenopyrite).
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Although rare, I6llingite, scorodite, or leucopyrite are the most likely candidates. Since no
such minerals have been recovered from the archaeological assemblage or identified in the

general vicinity of the site, it is not currently possible to confirm this.

The size, morphology, and composition of these slag fragments are consistent with the
expected waste produced from small crucible-bound operations. Although they cannot be
directly matched to the residue layers found on the crucible fragments recovered from
Camlibel, this is probably because they were formed through distinct but parallel chemical
reactions. While the slag was thus formed directly from the melting and reactions within the
crucible charge, the crucible residues were formed by the re-depositions of volatile elements

from the same operation.

7.2 Arisman

7.2.1 Assemblage

Unlike Camlibel, where only a preliminary study of the metallurgical material had been
conducted, the metallurgical assemblage from Arisman has already been the subject of several
studies and publications. It was therefore not necessary to entirely revisit much of the already
well-characterized samples and the focus was instead placed on the poorly understood ceramic
technology and the black glassy slags previously described as containing both ferrous speiss

and arsenical copper prills (Boscher 2010).

The material of interest was obtained from the Curt-Engelhorn Zentrum Archdometrie, in
Mannheim, Germany, where samples from the excavations had been sent by the German
Archaeological Institute for preliminary analysis (Pernicka et al. 2011). Following encouraging
results from the thorough micro-phase analysis of a small subset of 15 samples (Boscher 2010;
Rehren et al. 2012), approximately 50 kg of metallurgical materials from 88 distinct contexts
were made available for this analytical program with the aim of completely characterizing the

speiss and arsenical copper production processes at Arisman.

These 50kg were collected by the excavators as a representative sample of several tons of
material recovered from the various excavated areas of Arisman |. A few additional samples
collected from the surface of Arisman Il and Ill, which remain unexcavated to this day, were

also included in the shipment.

Unfortunately, it proved difficult to obtain provenance data for just over half of the material
obtained and as such it was not possible to assign them to specific areas of the site. However,

and despite the fact that Arisman’s occupation layers span several centuries and are spread
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across a number of loci, it should be noted that copper and arsenic production remains appear
to be consistent across all seven areas of the site, with only the slag originating from Area D
showing slightly higher calcium content (Pernicka et al. 2011, 644-654). This is broadly
suggestive of some measure of standardized ore extraction, beneficiation, and smelting
technology across the site. Slags associated with melting and casting operations from the so-
called workshop in Area C proved to be clearly distinctive from the rest of the assemblage.
These were found to be rather poor in iron (<20 wt%) and much richer in copper metal (>10
wt%) than smelting slag and could be easily identified as such (Pernicka et al. 2011, 650-651).
Data obtained from smelting slags originating from any of the production areas should
therefore be broadly, although cautiously, comparable. The lack of provenience information

should thus not be overly problematic in the interpretation of the Arisman results.

In order to remain objective and avoid the introduction of false information, samples without
provenience which were found to be isolated or form distinct compositional groupings will be
discussed separately. In addition, because Arisman Il and Il have not been excavated or dated,

remains known to have originated from these sites were not included in this research.

Several of the sample bags contained multiple fragments of materials collected from the same
archaeological contexts and bagged together but not necessarily representative of a single
process or even material type. The assemblage was therefore sorted in order to enable a
complete catalogue of the different materials available for analysis. Where individual contexts
contained several distinctive types of material, these were separated and given catalogue
numbers with a new suffix (e.g. FG-000118 became FG-000118A and FG-000118B). This
resulted in a complete list of 119 individual or groupings of identical specimens available for
analysis (Table 7.21). Upon closer examination, eight of these were found to consist of material
not relevant to this research (soil, ash, plaster, and small stones) and will therefore not be
discussed.

Table 7.21 List of metallurgical remains of Arisman | available for analysis and their provenience. Numbers in

parentheses represent samples that were evaluated macroscopically but were not prepared or analysed by
SEM-EDS.

Slag Technlf:al Minerals/ores Other Total
ceramics

Area A 23 (6) 5 - - 28 (6)
Area B 5(3) - - - 5(3)
Area C 1(1) - 2 - 3(1)
Area D 7 (4) 2 - - 9 (4)
Unknown 35(11) 17 (6) 14 (12) 8(8) 74 (37)
Total 71 (25) 24 (6) 16 (12) 8 (8) 119 (51)
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7.2.2 Technical Ceramics
The analysis of Arisman’s technical ceramics was of particular interest when this research

was proposed as a means to clarify the distinction between the ferrous speiss and arsenical
copper chaines opératoires and to shed more light on the use of the vaguely described
tapping receptacles (Rehren et al. 2012). While it was one of the aims of this research to
sample some of the early Qabrestan-type crucibles from Area B, access to these for sampling
could not be obtained and could thus not be included in this study. The technical ceramics
described and analysed here are divided morphologically between ceramics described as flat-

based crucibles (Helwing 2011d, 262-263,306-309) and furnace linings.

Twenty-four samples received for this thesis had been marked as ceramics in one way or
another associated with metallurgy. Upon closer inspection, four specimens were found to
be unrelated to metallurgical processes. Two of these consisted of molten lime plaster (FG-
000117D and FG-012274), while one was comprised of a number of fragments of molten
ceramic showing no recognizable metallurgical features (FG-012272), and the last was
described by the excavation report as coarse black ceramic lining a pit (FG-030707). Although
no heat alteration was evident on this last sample, the excavators had suggested that it may
be related to charcoal production and thus fell outside the scope of this study. Only one of
these four samples was analysed (FG-000117D) and it was confirmed to be composed
entirely of lime plaster. Since none of these were found to be directly related to the

metallurgical processes of Arisman they will not be further discussed.

Although the remaining 20 samples of technical ceramics could easily be classed as either
crucible or furnace fragments, it was at this stage unclear whether they were related to speiss
or copper smelting or both. Since the crucibles and furnace linings were mainly recovered
from the slagheaps of Areas A and D and only rarely from workshop Area C, they were
assumed to be related to either ferrous speiss or arsenical copper production. This
assumption was confirmed by the analysis of slag residues attached to the ceramic or by the
presence of prills embedded within the ceramic and is summarized in Table 7.22. In only
three furnace samples was it impossible to determine the intended product due to a lack of

appropriate analytical targets.
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Table 7.22 List of ceramic samples available for analysis arranged by function. Numbers in parentheses are the
samples which have not been analysed by SEM-EDS.

Crucible Furnace
Other Total
Speiss | Copper/Black | Speiss | Copper | Unknown
Area A 2 1 1 1 - - 5
AreaD - 2 - - - 2
Unknown 1 - - 9 3(3) 4(3) 17 (6)
Total 3 1 3 10 3(3) 4(3) 24 (6)

The first group of technical ceramics, the flat-based bowl crucibles, was mainly identifiable
through the ceramics’ macroscopic appearance. Although they show a high degree of
variability in their shapes and sizes it is still possible to make a general description which
encompasses the full range of morphologies. In all instances the bases are flat to slightly
concave and clearly show the negative impression of soil and organic matter embedded on
their underside (Figure 7.109). Similarly consistent across the entire assemblage are the
vessel walls which are invariably at right angles from the bases and between 2 cm and 2.5 cm
thick. Although all base fragments analysed for this thesis were broken and missing the rims,
at least one piece reported in the excavation monograph had a full cross section extending
from the base to the rim (Helwing 2011d, small find no. 203, pp 280, 308) and measured 13.8
cm in height. The crucibles’ inner diameters are reported as rather small, ranging between 8
cm and 10 cm (Helwing 2011d, 262), but at least one fragment analysed during the MSc
research (FG-030119A) was found to have a diameter of 16 cm (Boscher 2010). Most
fragments had small spurs or ledges extending outwards from the base (Figure 7.110) which
is likely to have been used to join the crucibles to the furnace superstructure (Steiniger 2011)

or to increase stability.

Assuming a perfect cylindrical shape, the maximum capacity of the crucibles can be
estimated at ranging roughly between 700 cm? and 1100 cm?3. If these were filled with copper
metal, their total capacity would equate to approximately 6-10 kg. However, since some slag
is also known to have been present in the crucibles and because the crucibles are unlikely to
have ever been filled to the brim, the volume of copper produced in them was probably

significantly lower.
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Figure 7.109 Photographs of sample FG-030119B. Image on the left is the base of the ceramic showing
the organic matter impressions. Photograph on the right is a cross section. Note the slag scraped to the
side.

Figure 7.110 Drawing of crucible base and wall (Helwing 2011d,
small find no. 203, pp 280, 308). Note the slag dripping on the
outside and the small edge extending outwards from the base.

The crucible fabrics are well fired, suggesting that these were manufactured and fired prior
to smelting. This is no surprise given Arisman’s large pottery industry evidenced by a number
of kilns recovered from Area B (Boroffka et al. 2011). Macroscopic observations of the
ceramic cross sections revealed them to be relatively dense and lacking any form of temper.
The redox conditions are difficult to pin down as the bodies range in colour from beige to
grey, probably reflecting changing conditions between the initial firing and the later smelting
operations. The darker grey colour was probably caused by reducing conditions present
during the original manufacturing stage, while the lighter reddish and yellowish tones were

likely the result of oxidation during and directly following the metallurgical process. The
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crucibles appear to have largely retained their initial shapes and integrity despite exposure
to high temperatures. The outside surfaces are in fact largely unaffected by heat, indicating
that the source of heat was inside the crucibles. Given the lack of bloating in general, it is
unlikely that heat was applied for any length of time. Rather than being used for smelting or
casting, it seems more likely that these vessels were intended to capture a molten mass

which was allowed to cool gradually.

The furnace fragments are macroscopically distinctive from the crucibles in several ways.
Firstly they tend to be much thicker, typically measuring 3 cm to 5 cm in thickness. They are
also much rougher in texture and always have a large organic temper component clearly
visible in cross section as elongated voids (Figure 7.111). Most of these fragments have thick
layers of slag attached to their inner surfaces. In all instances heat damage was extensive,
resulting in strong bloating, vitrification, and slagging of the ceramic body. Chemical
interaction between slag and ceramic was the norm and resulted in thick layers of mixed
compositions. Given the amount of vitrification which clearly took place on much of the inner
wall, furnace ceramic must have greatly contributed to overall slag formation during

smelting.

Y _ LRk

Figure 7.111 Photomicrograph of furnace wall sample FG-030670 with typical
organic temper voids. Although the matrix here is relatively fine grained and
thus poor in mineral inclusions, the rest of the sample does contain
significant quantity of them.

Unlike the crucibles, most of the furnace ceramic bodies appear to have been fired in situ as
evidenced by the poor preservation of non-vitrified furnace walls. Indeed, the outer surface
rarely survives on most samples due to being poorly fired. In most cases only the slagged,

and thereby much more weathering resistant, inner surface of the furnace wall survived.
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In three furnace samples (FG-030669, FG-030671, and FG-030672A), and in several examples
in the excavation report (Helwing 2011d, small finds nos. 237-242, figure 84, p312) rims
could be identified which were in some cases covered by slag that had spilt over and covered
the edge. This is somewhat unusual since it would be nearly impossible to add enough ore
and fuel to the point that slag could spill over the top. This is therefore either the result of
manipulation of the charge during smelting or the sherds first broken and discarded and only

later covered in slag in subsequent operations.

Ocm 1 2 3 4 5

Figure 7.112 Three furnace fragment samples with rims. All show extensive heat damage applied mainly to
the inside but extending deep into the fabric. Note two distinct layers of slag on the leftmost example, with
the top layer extending over the edge and most likely deposited after the ceramic had been broken and
discarded.

In one previously reported sample (FG-030113) (Boscher 2010, 41), a large semi-circular hole
piercing the width of a fragment of furnace wall was identified (Figure 7.113). Although no
further analysis was conducted on the sample, the 5.7 cm diameter hole was tentatively
interpreted as a vent or tuyére inlet. It should be noted that no tuyere fragments have been
reported from any of the activity areas of Arisman. This does not exclude the possibility of
the use of more perishable materials as sources of forced air but it does open the floor to the
more unconventional ‘draft furnaces’ reported elsewhere (Juleff 1996). As such, wind
patterns and the orientation of the furnace recovered from slagheap A may be worth

exploring as an added reason for Arisman’s location.

Analysis of this sample has now been conducted and will be discussed below; suffice it to say
for now that the prills embedded in the furnace walls were arsenical copper and thus it is

assumed that this was the intended product of this particular furnace.
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Figure 7.113 Photograph of sample FG-030113 showing the semi-circular hole running through the furnace
wall interpreted as a tuyére or vent hole. The hole can be seen here in half-section in the center-left part
of the photograph.

Another sample of note is FG-12235A, a roughly cubic shaped furnace fragment measuring 5
cm on each side which is essentially composed of two furnace linings (Figure 7.114). The
specimen has two well-defined layers of blueish-green corrosion measuring 0.3 mm to 0.5
mm overlying reddened ceramic which fade into the more typical organic-tempered orange-
beige furnace fabrics. A thin layer of ceramic at the bottom of the sample also shows
evidence containing the same greenish corrosion as the two distinct layers. The layers
therefore testify to at least three separate smelting events and at least two repairs. The
fragmentary nature of the specimen means that more layers may have been present
originally but have since broken away. Evidently, Arisman’s smelters re-used the same
furnace structure several times as was already discussed in the archaeological background
for the site in relation to the furnace structure from slagheap A which had been re-lined up
to 33 times (See section 5.2.5). This sample will be discussed in more depth at the end of this

section.
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Figure 7.114 Photograph of sample FG-012235A.
This furnace lining fragment shows two smelting
events and three ceramic linings, testifying to the
reuse of the furnaces.

Microstructurally, all furnace and crucible samples are very similar except for the presence
of organic temper in the former and its absence in the latter. Mineral grains range from 5um
to 250 um and consist mostly of quartz in a lime rich clay matrix (Figures 7.115 and 7.116).
Little porosity is present in non-heat altered parts of the ceramics. There does not appear to
be any difference between speiss and arsenical copper furnace fragments. Every sample with
attached slag also exhibited intensive alteration from heat damage to a depth of at least 1cm
and at times penetrating the entire thickness of the furnace walls, resulting in bloating,
increased porosity, vitrification of the ceramic, and mixing with the slag at the point of
interaction. Volatile elements clearly penetrated the ceramic in many instances, as shown by

the presence of increased metallic phases embedded in the bloated ceramics.

™ xY e
Figure 7.115 Plane polarized photomicrograph of Figure 7.116 Cross polarized photomicrograph of
sample FG-012232 showing typical technical ceramic sample FG-012232 showing typical technical ceramic
microstructure. microstructure.
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Bulk chemical data for the ceramics were obtained through a series of area analyses
conducted at a standard 100X magnification covering areas of approximately 400 um by 500
pum (Table 7.23). Analytical totals were quite variable due to porosity inherent in ceramic
fabrics, ranging from just about 60% in highly porous and heat altered samples up to 80% in
the denser ceramic crucibles. The amount of computer modelling necessary to normalize

these totals is expected to account for some of the variability observed in the results.

Despite this, much of the bulk data, with a few notable exceptions, appears consistent across
all sample types. The only pattern between function and composition which could be
identified is the relatively elevated calcium oxide content of the crucibles (mean 17.2 wt%)
when compared to the furnace fragments (mean 8.6 wt%). However, it should be noted that
four furnace fragments also contained elevated calcium oxide content that reached levels
similar to those of the crucibles. This variability is assumed to represent the natural range
found in the clay sources rather than differences in function or metallurgical technique. That
being said, there is a clear correlation between high calcium content and known provenience:
all technical ceramics uncovered from slagheap A were high in calcium oxide (n=4; mean of
17.6 wt%), while the only two objects from slagheap D had very little calcium (mean of 1.9
wt%). Since no other samples could be assigned to any specific area, it is difficult to ascertain
whether this is indeed representative of the original distribution of technical ceramics or due

to sampling bias.



Table 7.23 SEM-EDS bulk chemical results for Arisman technical ceramics. Results normalized to 100%.

Function | Type Sample Area anaNI(;;es Na;O | MgO | AlOs | SiO: P203 SOs cl K20 Cao TiO2 MnO FeO CuO | As;0: SrO
Copper/Black | FG-030116B | 1A47 3 2.3 2.9 13.1 53.7 b.d.l. 0.3 0.4 2.7 17.7 0.5 b.d.l. 5.9 0.1 0.4 b.d.l.
FG-011993 6 21 3.4 13.9 52 0.4 0.5 0.3 3 17.8 0.6 0.1 5.4 b.d.l. 0.6 b.d.l

Crucible . FG-030119A | 1A50 5 1.5 3.4 124 | 45.8 | bd.l 7.8 0.6 2.2 19.4 0.1 b.d.l 5.3 b.d.l 1 b.d.l
Speiss FG-030119B | 1A50 3 2.9 3.9 14.6 54 b.d.l. b.d.l. b.d.l. 13 14.3 0.8 b.d.l. 7.4 b.d.l. 0.7 b.d.l.

Mean 2.2 3.6 13.6 | 50.6 0.4 4.1 0.4 2.2 17.2 0.6 0.1 6 b.d.l. 0.8 b.d.l

FG-012235A 6 1.9 4.2 14.2 51 0.4 2.7 0.5 33 10.6 0.7 0.1 5.7 0.3 4.3 b.d.l

FG-030113 1A45 6 1.9 3.5 13.8 59.9 | b.d.l | b.d.l 0.3 2.8 9.1 0.8 b.d.l 5.9 13 0.7 b.d.l

FG-030665 3 2.9 3.1 14.5 66.7 | b.d.l. | b.d.l 0.2 3.2 33 0.6 b.d.l 5.6 b.d.l | bdl | b.d.l

FG-030669 3 2.5 2.4 14.4 63.8 | b.d.l. | b.d.l 0.3 3.7 5.6 0.7 b.d.l. 6.5 b.d.l. | b.dl | b.d.lL

FG-030670 3 2.4 4.5 15.7 51.6 b.d.I. b.d.l. 0.3 13 16.9 0.7 b.d.l. 6.7 b.d.l. b.d.l. b.d.l.

Copper FG-030671 3 21 45 16.5 53.5 | b.d.l | b.d.l 0.2 1.6 13.9 0.7 0.2 6.8 b.d.l | bdl | b.d.l
FG-030672A 3 2.6 2.5 14.4 68.5 | b.d.l | b.d.l 0.2 3 2.2 0.6 b.d.l 6.1 b.d.l | bdl | b.d.l

Furnace FG-030672B 3 25 2.6 14.8 67.7 | b.dl | b.dl | b.d.l 3.2 1.9 0.7 b.d.l 6.6 0.3 b.d.l | b.d.l
FG-993152A 3 2.2 2.9 13.8 55.1 0.2 0.4 0.2 2.7 15.6 0.6 0.2 5.7 0.2 0.3 b.d.l.

FG-993152B 3 1.9 23 13.1 49.8 b.d.l. 13 0.1 2.4 7 0.7 0.3 17 3.7 0.5 b.d.l.

Mean 23 33 145 | 58.8 0.3 1.5 0.3 2.7 8.6 0.7 0.2 7.3 1.2 1.5 b.d.l

FG-012232 1D45 3 2.4 35 13.3 53.9 0.3 0.8 0.6 33 16.1 0.7 0.2 5.0 b.d.l | bdl | b.d.l

. FG-012234 1D45 3 2.4 2.7 15.3 66 b.d.l. b.d.l. 0.1 33 2.4 0.8 b.d.l. 7 b.d.l. b.d.l. b.d.l.

speiss FG-030117B | 1A48 3 1.7 3.1 11.5 56.3 b.d.l. b.d.l. b.d.l. 2.6 18.9 b.d.l. b.d.l. 5.2 b.d.l. 0.7 b.d.l.

Mean 2.2 3.1 13.3 58.7 0.3 0.8 04 3.1 12.5 0.7 b.d.l. 5.7 b.d.l. 0.7 b.d.l.

Other Lime plaster FG-000117D | surface 1 2.2 0.5 14 b.d.l. 0.7 b.d.l. | b.d.l 94.7 b.d.l. | b.d.l 0.3 b.d.l. | b.d.l 0.4
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Another distinction which could be tentatively seen is the difference in sulphur content
between the crucible and furnace fragments. However, this difference is largely due to a
single high sulphur crucible fragments (FG-030119A) which contained 7.8 wt% of SO; and
largely skewed the results. Although no sulphur was detected in any of the furnace fragments
related to speiss production, this could again be due to sampling bias rather than any real
trend. Given that the current interpretation of speiss production at Arisman assumes the ore
source to be arsenopyrite, one would expect there to be detectable amounts of sulphur
present in the ceramics relating to these operations. That there is none is surprising but does

not invalidate the theory since the sample count is so low.

Although arsenic is clearly more consistently present in the speiss-related furnace and
crucible fragments, it is still present in detectable levels in many of the copper smelting
ceramics. This is assumed to be caused by arsenic’s strong tendency to volatilize and
penetrate within the ceramics even when present in low quantity. It is also possible that the
post-depositional proximity of arsenic-bearing material to porous ceramics may have led to
the leaching of the element into ceramics which were not related to speiss smelting.
However, and as will be discussed in the section on Arisman’s slag, many of the metallic
copper prills associated with copper smelting also contained detectable amounts of arsenic,
so its presence in the ceramic is likely to be the direct result of human activity rather than

taphonomic processes.

Conversely, the presence of copper is limited to ceramics involved in copper smelting. This
comes as no surprise since speiss smelting is not thought to have involved the use of copper-
bearing ores. Given copper’s low volatility and strong surface tension, the element was only
detected in ceramics bodies which had strongly interacted with the adjacent copper smelting

slag.

In all other respects (Na;O, MgO, Al,0s, P,0s, K,0, TiO,, MnO, and FeO) the ceramics are

consistent across functional types, occupation periods, and activity areas.

In order to assess the refractoriness of Arisman’s technical ceramics, their compositions were
plotted according to a diagram proposed by Freestone (1989). The diagram clearly shows the
two separate clusters formed by the high and low calcium clays already discussed (Figure
7.117). What is interesting is that the low calcium clays plot in the zone typical of low
refractory prehistoric ceramics which bloat by 1300 °C, but that most of the Arisman material
actually plot quite far from this region. They are indeed very poorly refractory and, as could

be surmised by the amount of vitrification apparent in furnace material, probably could not
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handle extended periods of operation. The melting of the furnace walls thus assuredly

contributed to slag formation.

Si02

80, . Furnace - speiss
@ Furnace - copper
(©)
@)

Crucible - speiss

Crucible - copper

50 50
50 40 30 20 10 o
Al203 K20+Na20+

FeO+MgO+CaO

Figure 7.117 Composition of technical ceramics from Arisman plotted according to elements
known to greatly affect refractoriness. The outlined section to the bottom left delineates the
composition of modern refractory firebricks while the one in the centre is of clays that bloat by
1300°C. Adapted from Freestone (1989).

The evidently poor refractory properties of the clays also further reinforce that the crucibles
could not have been exposed to long periods of extreme heat or they would also have
experienced the same level of alteration as the furnace fragments. In many cases, slag was
present as thick 0.5-2 cm layers covering the inside of the crucible fragments and occasionally
also as drippings on the outside of the vertical walls (Figure 7.118). Although these fragments
usually showed some clear heat damage on the contact surface with the slag, such as bloating
and discolouration, the interface between the two does not appear to have sustained high
temperatures over extended periods. In fact the interface between the slag and ceramics
exhibits only minimal interaction and thus appears to have been relatively cold (Figure

7.119).



Loic Boscher Analytical Results 213

Figure 7.118 Photographs of exterior wall of two crucible fragments. Object on the left is sample FG-030116B
while the one on the right is FG-030119A. Note the droplet downward direction of flow on the left sample
helped in orienting the ceramic body sherd.

Ocm 1 2 3 4 5
|

Figure 7.119 Cross section photograph of crucible fragments FG-030119B on the left, and FG-030116B on the
right.

In an effort to avoid repetition and because the slag attached to most of these technical
ceramics is essentially identical to the rest of the slag samples recovered from the site, they
will be discussed together in section 7.2.4 rather than separately here. Two samples,
however, are worth discussing here as the findings relate more to the nature of the technical

ceramics than to the slag.

The first of these two samples is the piece of furnace wall with the tuyere or vent hole already
mentioned (FG-030113) found within slagheap A. Two distinct areas of the specimen were
mounted together to obtain a picture of the scale of vitrification and interaction with the
slag. As can be expected, areas closest to the hole are highly vitrified and contain abundant
phases commonly associated with prevailing oxidizing conditions. Magnetite spinels, often
clustered in elongated bands could be observed throughout the slag, indicative of the
formation of a sequence of oxidized surfaces continuously covered by new layers of slag. The
slag is further dominated by skeletal fayalite chains, dark elongated pyroxene crystals rich in

calcium and aluminium and smaller angular crystals approaching the composition of
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hedenbergite (Figure 7.120). The bulk analysis of the slag showed it to be almost identical to
the ceramic body but with an increase in iron and magnesium and an equivalent decrease in
silicon (Table 7.24). This is understood to be the direct result of interaction with an iron-rich

ore body causing the ceramic to vitrify and form slag.

Figure 7.120 SEM image of sample FG-030113 Figure 7.121 SEM image of sample FG-030113
showing typical slag matrix. The light grey blebs are showing ceramic body with matte and arsenic
magnetite, the skeletal chains are fayalite, the dark  Phases filling available porosity.

elongated crystals are pyroxenes, and the

microcrystalline matrix is mainly composed of

hedenbegite crystals.

What is particularly interesting is the presence of detectable levels of arsenic in much of the
lightly heat altered ceramic body (Figure 7.121) but absence in the heavily vitrified phases
and slag. This reinforces how arsenic gases, in the absence of copper metal, tend not to
partition into the slag but rather to escape through any available porosity, in this case
ceramic, where they can then condense and precipitate upon cooling. In this case the ceramic
body also contained minor quantities of copper oxide in association with this arsenic,
presumably also volatilized and redeposited in the ceramic in the same way as the arsenic.
The penetration of these elements is relatively low, entering the ceramic only up to a
maximum depth of approximately 1 cm.

Table 7.24 Bulk chemical composition of the slag and ceramic fabrics of furnace wall fragment FG-030113. The
results are normalized totals resulting in each case from the mean of three area analyses using SEM-EDS.

Phase NaO: Mgo Al,03 SiO2 P203 SO; cl K20 Ca0 TiO, MnO FeO Cuo As;03

Ceramic 1.8 4.0 13.8 | 60.6 | budLl bdll | 0.3 | 2.8 | 109 | 0.8 | bdll 5.1 b.dLl b.dLI

Heat-altered ceramic 2.0 3.1 | 13.8 | 59.3 | bdll | bdll | 0.3 | 29 | 7.2 0.8 | bdll | 6.7 2.7 13

Vitrified ceramic 2.2 3.8 | 145 | 564 | bdll | 04 | 0.1 | 2.7 | 133 | 0.7 | bdll | 6.0 b.dLl b.dLI

Slag 14 | 33 | 152 | 413 | 05 04 (01|21 95 03 | 0.6 | 248 | 0.6 b.dl.l

Matte-infused ceramic 15 1.3 8.9 353 | bdll | 143 | 09 | 1.2 1.8 0.4 | badll 8.7 25.8 b.dL.l

In some areas of the sample, copper sulphide and oxide appears to have also entered the

ceramic body up to approximately 0.5cm deep. The penetration in of itself is not surprising
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given matte’s relatively low surface tension compared to both slag and metallic copper
(Donald 1997; Hamuyuni et al. 2012), but the presence of sulphide phases so close to the
oxidizing atmosphere created by the tuyere is remarkable. It seems that the matte must have
suffused the ceramic body first as it melted out of the charge and that the sulphur simply
remained trapped within the ceramic porosity despite the prevailing atmospheric conditions.
Given that the tuyére is unlikely to have been right at the base of the furnace, a higher
amount of matte likely penetrated the furnace bottom to a much greater depth, which would
have resulted in significant copper losses during the smelting process. Unfortunately, no

such furnace base samples were identified or analysed as part of this thesis to confirm this.

The second piece of technical ceramic with interesting slag attached is sample FG-012235A.
This sample, already described macroscopically as a series of two furnace linings with three
greenish layers, provides the only available analytical evidence of sequential smelting events
occurring over a presumably short period of time. Since all other samples are disconnected
fragments representing just a single event, this particular sample offers a unique opportunity
to assess the consistency in smelting and furnace building technology and materials of a
single furnace. Of course, there remains the possibility that an old furnace was relined at a
much later date, but given the relatively short occupation of each area and the intensity of
industrial activities this is highly unlikely. It should be noted that the find location for this
sample is not known but given the similarity in fabric to the other furnace fragments
recovered from areas A and D and the nature of the slag remains attached to it, it is believed

to have originated from one of those two areas.

Microscopic comparison of the two ceramic layers immediately revealed differences in the
grain sizes. The bottom (older) layer is composed of very fine clay with only a few larger
mineral grains mainly in the 15-30 um range (Figure 7.122), while the top (younger) layer is
dominated by larger grains measuring 20-100 um (Figure 7.123). While both of these fabrics
are extreme variants of what is typically seen throughout the assemblage, most samples are
rather similar to the topmost layer observed here and no other analysed ceramic was as fine
grained as the bottom furnace lining. Given the range of mineral inclusions seen in all furnace
samples, it does not appear that mineral temper was being added, but rather reflects the
natural range of grains found in the clay. The bottom layer’s microstructure is therefore

unique amongst the Arisman technical ceramics analysed.
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Figure 7.122 SEM image of sample FG-012235A's Figure 7.123 SEM image of sample FG-012235A's top
bottom ceramic layer. ceramic layer

Despite the clear microstructural differences between the two layers, their chemical
compositions are in actuality nearly identical (Table 7.25), with most of the elemental
variability well within the expected range of natural soil fluctuations, differences potentially
introduced by the levigation process, or instrumental detection range. The only notable
difference which cannot be thus explained is the arsenic content, which, along with copper,
are assumed to be introduced by the smelting process rather than originally present in the

ceramic.

Table 7.25 Chemical composition of the two ceramic layers of sample FG-012235A as determined by SEM-EDS.
Results are the mean of three area analyses and normalized to 100%.

Area Na,0 | MgOo | AlLOs; | SiO, P,0; SO; cl K,0 | CaO | TiO, | MnO FeO | CuO | As,0;
Bottom ceramic 1.2 4.7 15.2 50.9 0.4 2.2 0.3 35 10.5 0.8 0.2 6.6 0.4 31
Top ceramic 2.7 3.8 13.2 51.1 0.4 3.2 0.3 31 10.6 0.6 0.1 4.7 0.3 5.5
Vitrified ceramic 2 1.2 5.8 59.7 b.d.l. | b.d.l. b.d.l. 9.1 2.8 0.4 b.d.l. 9 0.7 9.4

Not only is this sample unique amongst the analysed technical ceramic assemblage for having
a very fine ceramic body, but also for the blueish green layers that separate the furnace
linings. Upon closer inspection, the first impression of these as copper corrosion or slag layers
proved false. They are in fact ceramic bodies which have been infused with metal or metal
oxide gases which have later undergone minimal corrosion (Figures 7.124 and 7.125). Since
these layers are not formed of slag but rather of volatile elements, it seems most probable
that this particular sample originated from an upper area of the furnace wall. That it was re-
lined also suggests that it belonged somewhere along the back of the furnace since the front

is known to have been destroyed after each smelt.
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Figure 7.124 SEM image of sample FG-012235A's Figure 7.125 SEM image of sample FG-012235A's top
bottom blueish-green deposit. blueish-green deposit.

Bulk chemical analysis confirmed that these layers were mainly composed of ceramic which
had been greatly enriched in arsenic and to a lesser degree with zinc and copper (Table 7.26),
all elements known to be volatile under typical smelting conditions. Spot and area analyses
of the bright phases filling the ceramic voids showed them to be rather complex compounds
of arsenic, calcium, iron, and copper oxide. Although no known naturally occurring minerals
have a composition that matches these phases, calcium and arsenic form a wide variety of
compounds which readily combine with all of the elements represented here (such as in
nickenichite (Nag gCao,a(Mg,Fe3*,Al)3Cuo,4(AsO4)3) and lukrahnite
(Ca(Cu,Zn)(Fe,Zn)(AsO4)2(OH,H,0),) for example) (Robinson 1918, Hughes et al. 2011).

Table 7.26 Composition of layered deposits in on inner surfaces of furnace fragment FG-012235A as determined
by three area analyses by SEM-EDS. Results are normalized to 100%.

Area Na20 MgOo Al203 Si0, P203 SOs3 cl K20 Cao TiO2 MnO FeO Cuo Zn0o As203

Top deposit 2 1.8 | 10.2 | 415 | bdl | 0.7 | bdl | 6.4 6.2 0.5 | bdl | 3.5 6.9 | 0.2 | 203

Middle deposit | 4.2 24 | 11.2 | 333 | bdl | 1.2 | bdl | 6.4 | 81 0.6 | bdl | 47 | 41| 03 | 23.7

Bottom deposit | 3.7 | 1.7 65 374 ] 02 |02]014 ] 3.1 8 02 ] 02 |122 62| 19 | 184

Bright phases 5.2 5.4 b.d.l. 0.4 0.3 | 0.2 | bdl 1.7 | 139 | bdl | 0.3 9.7 89 | 05 | 535

These blueish-green deposits cannot therefore be described as slag surfaces but rather
redeposited volatile elements in a high temperature environment which precipitated upon
cooling within the ceramic porosities. A comparison of the composition of the ceramic,
enriched ceramic, and the bright phases reveals which elements were thus introduced into
the ceramic fabric during smelting (Figure 7.126). The composition of the enriched ceramic
is generally bound between that of the original furnace wall and the bright arsenic oxide
phases. Some exceptions exist, however, in that the magnesium and calcium in the enriched
ceramic are notably lower while potassium is higher than both other phases. This is most

likely the result of post-depositional corrosion causing ions to migrate between the ceramic
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and metallic oxide phase. The comparison between the bulk compositions of the original
ceramic with that of the enriched ceramic is therefore much more representative of the

addition of material occurring during smelting.
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Figure 7.126 Line graph comparing the compositions of the means of three distinct phases of sample FG-
012235A.

7.2.3 Ores and Tailings
A total of 16 specimens made available for this research can best be described as mineral

fragments recovered from Arisman |. While two of these are known to originate in the
secondary processing centre of Area C, the rest are unfortunately of unknown provenience,

severely limiting their interpretative value.

That being said, all but two samples appear to have been collected based upon the presence
of green staining on otherwise unremarkable stones. Such field identification and sampling
of green minerals was, of course, based upon the assumption that copper smelting was the
main metallurgical activity of Arisman and thus largely biased in favour of minerals perceived
to be related toit. Since the exposed areas of the site have not only revealed copper smelting
but also ferrous speiss extraction as well as silver cupellation and possible lead smelting, this
collection bias is problematic as it does not offer any potential analytical evidence of non-

copper bearing deposits.

Fourteen of the minerals can be classified as a single group composed mainly of a dense iron
rich matrix with a surface layer of greenish to blueish copper mineralization (Figure 7.127).

Exactly half of these have white quartz veins (Figure 7.128), which in some cases also have a
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greenish tint. Only one of these samples (FG-011992) stands out particularly from the rest

for its grey metallic-looking inclusions throughout the matrix (Figure 7.129).

Two samples were found entirely distinct from the rest of the assemblage. One of these, FG-
030126, is very light, entirely yellow, and therefore most probably composed of sulphur
compounds. The other, FG-030125, is very dense, dark grey, and shows no green staining at
all but instead some reddish iron corrosion and yellow sulphide inclusions in cross section

(Figure 7.130).

Figure 7.127 Photograph of sample FG-992864, a Figure 7.128 Photogrz.-:ph ?f sa'mple FG-030663
dense iron-rich mineral with green copper oxide showing typical dense iron-rich mineral with green
staining. copper oxide staining and white quartz veins.
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Figure 7.129 Photograph of sample FG-011992 Fijgure 7.130 Photograph of the iron-rich mineral
showing once more a dense iron-rich mineral wi